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ABSTRACT
Nuclear microscopy is a technique based on a focused beam of accelerated particles
that has the ability of imaging the morphology of the tissue in vivo and of producing the correspondent elemental maps, whether in major, minor, or trace concentrations. These characteristics
constitute a strong advantage in studying the morphology of human skin, its elemental distributions and the permeation mechanisms of chemical compounds. In this study, nuclear microscopy
techniques such as scanning transmission ion microscopy and particle induced X-ray emission
were applied simultaneously, to cryopreserved human skin samples with the purpose of obtaining
high-resolution images of cells and tissue morphology. In addition, quantitative elemental proﬁling
and mapping of phosphorus, calcium, chlorine, and potassium in skin cross-sections were obtained.
This procedure accurately distinguishes the epidermal strata and dermis by overlapping in real
time the elemental information with density images obtained from the transmitted beam. A validation procedure for elemental distributions in human skin based on differential density of epidermal
strata and dermis was established. As demonstrated, this procedure can be used in future studies
as a tool for the in vivo examination of trans-epidermal and -dermal delivery of products. Microsc.
Res. Tech. 70:000–000, 2007. V 2007 Wiley-Liss, Inc.
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INTRODUCTION
Human skin provides an excellent barrier to avoid
outward percutaneous water loss and inward penetration of external agents, either biological or chemical.
However, the persistent long-term contact of the skin
to certain cosmetic, household, or pharmacological
products may bias skin function, as corneocyte layers
of skin are continuously affected (Fluhr et al., 2005;
Nielsen et al., 2000; Tsuji et al., 2006). The inﬂuence of
dermatological afﬂictions on the quality of life has
recently raised the concern of both clinical practitioners and associations of consumer’s protection.
Many research efforts have been invested in studying
the skin physiology and the mechanisms of skin permeability to inorganic or metal compounds. Considerable
knowledge has been gathered despite the broad margins of variability observed for skin as a target organ,
although the mechanisms by which permeable compounds inﬂuence skin metabolism and barrier function
are still not fully clariﬁed. Numerous studies on this
matter have been conducted over the past 25 years,
some associated with the purpose of using the skin as
an alternative route for systemic administration of
active drugs (Barry, 2001; Forslind et al., 1997; Hadgraft, 2004; Hostynek, 2003; Pallon et al., 2006; Pechtold et al., 2001; Thomas and Finnin, 2004).
Several methodologies have been developed to quantify the percutaneous absorption of products, either
in vivo or in vitro. The most common in vivo procedure
C
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is to estimate the diffusion of topically applied products
by tape stripping. Nevertheless, this method is limited
to the upper skin layer, the stratum corneum, and the
results can be inﬂuenced by the anatomic site, tape
application pressure, duration, and removal (Löffer
et al., 2004; Van der Molen et al., 1997). Eventually,
the procedure can induce irritant dermatitis (Fluhr
et al., 2005). As such, this method is unable to give a
complete diffusion proﬁle of the skin as a whole or a
straightforward interpretation of its results. Alternative procedures such as in vitro approaches, e.g., diffusion cell chambers using skin sections, or cell cultures
(Filon et al., 2004; Moser et al., 2001), provide a more
efﬁcient way to measure percutaneous absorption of
products across the various skin layers. However, there
are still some limitations considering the penetration
depth of the compounds and the quantiﬁcation of the
precise amount of product that accumulates in each
cell layer. In addition, the normal physiological processes of the skin in vivo, which are likely to inﬂuence
percutaneous penetration of products, such as desqua*Correspondence to: Teresa Pinheiro, Laboratório de Feixes de I~oes, Instituto
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mation and sebum secretion cannot be replicated
in vitro. It is therefore imperative to develop methodologies enabling the visualization of skin permeability
in vivo, providing at least 2D images with quantitative
measures of the permeating vehicle, or molecule, which
eventually may arrive at very low concentrations in
the viable epidermis (Forslind, 2000; Hostynek et al.,
2001).
Nuclear microscopy is especially proﬁcient when
trace metal quantities are to be determined. It is a
technique based on a focused beam of MeV particles,
usually protons, generated by a small accelerator that
has the capability of imaging the morphology of the tissue and producing the corresponding elemental distribution maps, whether they are major, minor, or trace
concentrations (Forslind, 2000; Forslind et al., 1997;
Johansson et al., 1995; Pallon et al., 2006). This can be
accomplished by the simultaneous use of three different ion beam techniques: Scanning transmission ion
microscopy (STIM), Rutherford backscattering spectrometry (RBS), and particle induced X-ray emission
(PIXE). STIM is particularly suited to study thin samples (30 lm or less) and is based on the transmission of
incident protons (from a 1.5 to 3 MeV proton beam)
that have not suffered nuclear backscattering collisions. The energy loss of the transmitted protons is
dependent on the density variations of the sample,
and by measuring density variations high-resolution
images (*0.5 lm) of samples, morphology can be
obtained routinely. Beam spatial resolutions below
100 nm have been reported for particular operating
conditions (Watt et al., 2003). This is particularly helpful in the study of tissue morphology and structure
since it can identify cell boundaries, being particularly
proﬁcient in stratiﬁed organs such as the skin. Using
PIXE analysis, maps of minor and trace elements can
be produced through the detection of characteristic
X-rays emitted by the sample elements after the ionization of atomic inner-shells by the incident protons.
PIXE is a nondestructive analytic procedure allowing
the simultaneous detection of multiple elements (virtually from aluminum to uranium). It has excellent quantitative precision and analytical sensitivity (1–10 lg/g
on a dry weight basis) for most of the elements detected. Finally, RBS is based on the energy of protons
that are backscattered from atomic nuclei in the sample and provides information on the matrix composition and on the thickness of the sample. The combination of PIXE and RBS data allows quantitative measurements of elemental concentrations, therefore
adding information on skin elemental proﬁles to the
above-mentioned outputs. Earlier, Forslind and coworkers (1997) studied human skin physiology using nuclear microscopy, and showed epidermal strata to have
discrete variations in elemental concentrations. Moreover, some elemental changes could be correlated with
the skin’s physiological status, whether normal or diseased (Forslind, 2000), although the accurate visualization of tissue morphological details using transmission images was not fully developed at the time. Development of the proton probe optics enabled a reduction
of the beam dimensions and to progressively improve
image resolution. By combining morphological images
with elemental distributions that are obtained through
STIM and PIXE/RBS, respectively, important informa-

tion can be gathered regarding speciﬁc cell environments and tissue structures. These features are of the
utmost relevance for understanding the penetration
proﬁles of metals, whether allergenic or not, since the
cell layers can be imaged along with concentrations, at
each layer or at each cell.
This study presents data on human skin morphology
and elemental composition through the simultaneous
application of the above-mentioned nuclear microscopy
methods. Based on the nuclear microscopy’s imaging
capability in identifying individual cells and strata, a
validation procedure for elemental distributions along
the differentiating epidermis of human skin will be
presented. This procedure can be used in future studies
as a helpful tool on trans-epidermal and -dermal delivery of products. Finally, a review of the available microscopy techniques relevant for the study of skin morphology and physiology will be presented, along with
the major beneﬁts and limitations of each technique.
MATERIALS AND METHODS
Materials
Human skin was collected by punch biopsy of 3-mm
diameter at lumbar–sacral region, immediately frozen
in 2-methylbutane cooled in liquid nitrogen (LN), and
kept in the appropriate containers at 808C or in LN
containers until processing. Specimens were supported
by mounting medium for microscopy (OCTTM compound), guaranteeing that they would not become fully
immersed. Sections of 14-lm thick were cut from the
nonimmersed portion of the tissue in a cryostat at
258C. Sections were allowed to dry inside the cryostat
and mounted in speciﬁc frames in self-supported mode
hold at the edges with AgarTM carbon tape.
The present work is based on a compilation of data
from 10 individuals aged 25–66 years (6 women and
4 men), without skin afﬂictions. The study was performed in accordance with applicable regulatory requirements for ethical and clinical practice. All subjects were informed of the objectives of the study and
each was given a consent form. Patient conﬁdentiality
was also assured.
Nuclear Microscopy Techniques
The nuclear microscopy techniques used in this
study were incorporated into and implemented in our
nuclear microprobe set-up. In a nuclear microprobe
(NMP), charged particles, most frequently protons or
He+, can be focused using electric or magnetic ﬁelds.
The charged particles are generated in a small accelerator with accelerating voltages typically between 1.5
and 3 MV.
The essential components of the nuclear microprobe
constitute a focusing system, a scanning system, an
irradiation chamber where several detectors and devices can be connected, and adequate data collection
modules, as represented in Figure 1. Samples are usually analyzed in vacuum.
The focusing system contains two sets of slits in addition to the lens system. The ﬁrst set of slits is called the
object from which the system of lenses produces their
demagniﬁed image on the sample at the focal plane.
The opening of these slits controls the beam transmission/resolution parameters. The second set of slits, the
aperture slits, deﬁne the beam divergence into the lens
Microscopy Research and Technique DOI 10.1002/jemt
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Fig. 1. Schematic of the basic components of
a nuclear microprobe focusing system. OS, object
slits; CS, collimation slits; SS, scanning system
for beam deﬂection.

system by limiting lens aberrations, such as the spherical aberration. Typical values of 4–8 m for the distance
between object and collimation slits and 8–16 cm for
the distance between the lens system exit and the
image or target plane can be found in the nuclear
microprobe set-ups used in this work at CENBG (Moretto, 1996), ITN (Alves et al., 2000), and Lund Institute
of Technology (Malmqvist et al., 1993). The ﬁnal attainable beam’s spatial resolution is dependent on several
parameters such as accelerator stability, quality of the
lens system, mechanical vibrations damping, and thermal stability. Nevertheless, dimensions of 1–3 lm are
easily attained on a routine basis for backscattering
imaging and *0.5 lm for transmission imaging. The
high spatial resolution of the beam coupled with a
scanning range of 1–3 mm improves the imaging capabilities of the system and permits the scanning of a
selected region of interest in the sample.
The irradiation chamber can accommodate the placement of a Si(Li) or Ge detector for X-ray detection
(PIXE analysis, e.g., minor and trace elements in skin),
a Si surface barrier detector for backscattered particles
(RBS analysis of matrix constituents, e.g., carbon,
nitrogen, and oxygen), a collimated windowless photodiode or a Si surface barrier detector for transmitted
particles (STIM analysis of the energy loss of particles
across sample), and a Faraday-cup for beam charge
measurements. The target holder is mounted on a x, y,
z manipulator for positioning the target into the lens
focus plane with the help of a microscope.
Detector signals are ampliﬁed by a preampliﬁer and
a spectroscopy ampliﬁer. The fast count rate signals
are fed into ADCs (analogue to digital converter) with
each recorded event assigned to a digital positional
coordinate. Thus, electronic components are essential
not only for assuring power stability of the lens system,
but also for data acquisition and operational control
through a computer interface. Data acquisition is made
by a multiparameter and a multidetector system that
provides several modes of operation to generate bidimensional maps (Elfman et al., 1999). To integrate this
information, the computer codes used were either commercially available such as, GeoPIXE II, (Ryan et al.,
2005), and OMDAQ (Grime and Dawson, 1995) or the
codes were developed in-house by adapting commercial
software environments for image processing (MicheletHabchi et al., 2005). A single map is obtained for the
spectral data (X-ray peak area, barrier area, etc.) and
for the statistical treatment of the events occurring at
each pixel which are then used to produce quantitative
elemental maps. Maps can be generated on-line using
qualitative information taken from spectra energy
intervals, or off-line if all the events were recorded
in an ‘‘event-by-event’’ mode. For any given scanned
Microscopy Research and Technique DOI 10.1002/jemt

Fig. 2. Human skin density images obtained with high-resolution
STIM (a), (b) general geometry, (c) STIM images obtained simultaneously with PIXE and RBS. sc, stratum corneum; sg, stratum granulosum; sp, stratum spinosum; arrows indicate basal layer of epidermis.

area, spectral information can be extracted from a
selected region (regular or irregular in shape) and analyzed separately. Point analysis is also possible either
by selecting independent isolated details or speciﬁc
transects.
RESULTS
Nuclear Microscopy Imaging
High-resolution images of skin sections were obtained with STIM, and the tissue details were easily
identiﬁed (Figs. 2a and 2b). STIM allowed not only the
differentiation of the various cell layers of the skin and
therefore the identiﬁcation of strata, but it also gave
further details on a cell to cell level in small scan areas
(Fig. 2b). Since STIM is based on the differential
energy transmission of the incident particles through
the sample, it also enabled the visualization of different density areas providing additional information on
skin structure and morphology. This technique can be
used in different geometric assemblies as a stand-alone
technique or in parallel with other techniques, such as
PIXE and RBS (Aguer et al., 2005; Pallon et al., 2004).
In the RBS condition, there is a loss in lateral resolution that is compensated for by on-line imaging of mass
density. This was helpful in distinguishing tissue

4

A. VERISSIMO ET AL.

Fig. 3. Quantitative distribution maps (left) and proﬁles (right) corresponding to the transept indicated in the maps of mass, P, S, Cl, K, and Ca. Gradients from white to black indicate increasing concentrations in maps. sc, stratum corneum; sp, stratum spinosum; d, dermis.

details, such as stratum corneum high density regions,
epidermis and dermis (Fig. 2c).
In conjunction with STIM, simultaneous RBS and
PIXE analysis produce elemental maps of a given scan
area (Fig. 3). When applied to transects, elemental proﬁles can be obtained or extracted from maps. Both
maps and proﬁles can be fully quantitative, since for
each beam position (positional coordinate) the density
and thickness of the specimen given by RBS or STIM
and the measurement of the impinging number of particles are known. Thus, the concentrations of the various elements can be accurately linked to each skin
strata. For healthy human skin, phosphorus (P) and
potassium (K) concentrations sharply decreased in the
stratum corneum (Fig. 3). On the other hand, calcium
(Ca) concentrations were remarkably increased in the
stratum corneum while the iron (Fe) and zinc (Zn) concentrations remained essentially constant in the epidermis (data not shown). At the epidermal–dermal
interface, the Fe and Zn concentrations were at least 2fold higher relative to the values observed in stratum
spinosum or dermis. Also, a decreasing trend in the Fe
contents of dermis and stratum corneum were observed
(Fe and Zn images and data not shown in Fig. 3). The
concentrations of sulfur (S) and chlorine (Cl) were
higher in stratum corneum when compared to the
steady and lower values of stratum spinosum. The
observed distributions and concentrations agree with
previous reported data for human skin (Forslind et al.,
1997; Pallon et al., 2006). No signiﬁcant gender varia-

tions were observed in skin elemental concentrations
and distribution pattern, although the limited statistical signiﬁcance in terms of total number of individuals
involved in this work has to be taken into account.
Some elements such as Ca and P produced very distinct and characteristic distribution proﬁles (Fig. 4),
showing a clear difference in the concentration at the
boundary between the dead cells of the stratum corneum and the living cells of the strata granulosum, spinosum, and basale. The highest Ca concentration levels were observed in the stratum corneum, sharply
decreasing in the stratum granulosum and remaining
relatively constant along the epidermis and papillary
dermis as can be observed in Figure 4. The lowest P
concentration level was found in the stratum corneum
(Fig. 4), increasing in the stratum granulosum to concentrations twice as high. The P content progressively
increased along the epidermis until the epidermal–dermal junction where it reached a maximum concentration value, and then decreased to concentrations of
4,300 6 1,800 lg/g in the papillary dermis.
Validation of Skin Layers in Elemental Maps
All elemental proﬁles obtained from several human
skin transects were grouped for each individual element. The distribution of the concentration values was
plotted according to the distance from the stratum corneum/stratum granulosum interface, in 3 lm intervals. The stratum corneum/stratum granulosum interface was ﬁrst discriminated through STIM high-resoluMicroscopy Research and Technique DOI 10.1002/jemt
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Fig. 4. Distribution of Ca and P levels with distance from the base of the stratum corneum/living cells
interface (3 lm intervals). Box plots showing median; box length: interquartile range; bars: 1.5 box
length; and outliers (*): >1.5 box length (sc, stratum corneum; lc, living cells).

tion images. From the characteristic elemental distributions observed, for P, Cl, K, and Ca, the interval of
concentrations at the stratum corneum–granulosum
interface was estimated using a logistic ﬁt procedure.
Standard deviations for each concentration value were
used as weighting for the function parameters estimation (i.e., upper and lower asymptotes, half height and
rate of the curve, and respective errors).
The results obtained for P distribution were found to
constitute the best estimate for strata characterization,
as exempliﬁed in Figure 5. In fact, the half height of
the ﬁtted curve set the interface between the stratum
corneum and the ﬁrst line of living cells (stratum granulosum) as 2.20 6 0.02 lm, a very good approximation
to the coordinate value extracted from STIM images
(considered as zero in the graph). At this interface, the
P concentration calculated from the function ﬁt was
5,110 lg/g. The upper and lower asymptote values provided an estimation of average concentration levels for
stratum spinosum and stratum corneum, respectively.
The method described earlier can be applied to skin
exposed to formulations containing a permeation molecule with a metal ion or dispersed nanoparticles. As
exempliﬁed in Figure 6, the distribution, coverage, and
permeation of nanoparticles of titanium (Ti), used as
physical ﬁlters of UV radiation in sunscreens, along
skin can be studied. The image of a human skin longitudinal section shows a patchy distribution of Ti in the
surrounding of the opening of an air follicle onto the
skin surface. The Ti proﬁle showed a maximum for the
stratum corneum outer layers, quickly decaying to concentration levels within the minimum detectable concentration range (Pallon et al., 2005) and continuing
without signiﬁcant variations once in the living cell
layers. P contents remained low along all the stratum
corneum length increasing beyond the stratum granulosum. Therefore, both the elemental maps and the diffusion proﬁles can be linked with STIM images and P
(or Ca, as shown earlier) proﬁles can be used to determine and validate the depth of penetration and skin
strata involved. Furthermore, the cell layers interacting with the permeation molecule and quantitative difMicroscopy Research and Technique DOI 10.1002/jemt

Fig. 5. Elemental proﬁle of P according to distance (in lm) from
the stratum corneum/stratum granulosum interface (zero in the
graph) to stratum corneum (sc) and to living cells of epidermis. The
logistical ﬁt gives an adjustment of 2.2 6 0.02 lm to the initial zero
value (dashed line). Low P concentration: 791 6 11 lg/g; high P concentration: 9,395 6 13 lg/g; P values at 1/2 height: 5,110 lg/g; R2 ¼
0.74. [Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

fusion proﬁles according to dose can in due course be
established.
DISCUSSION
Nuclear microscopy can provide useful and complementary information compared with that obtained
from conventional histological and histochemical methods and other microanalytical microscopes. In this
work, it was demonstrated that the skin morphology at
the cell level is easily recognized through relatively
high-resolution images obtained with STIM. In addition, the elemental maps and distributions acquired
are fully quantitative with a good sensitivity at the
microgram per gram level (on a dry weight basis). A
typical analysis of a sample area of *0.04 mm2 can be
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Fig. 6. Human skin image covering a hair follicle opening (h) onto
the skin surface where a patchy distribution of titanium (white/color)
can be observed. The titanium image was overlapped with the STIM
density image (from low density––black, to high density––white). In
the graph, the concentrations of Ti and P along skin, for the transept

indicated by the dashed line on the map, are plotted for 3 lm distance
intervals. The titanium permeation is limited to stratum corneum (sc)
outer layers. sp, stratum spinosum; sb, stratum basale. [Color ﬁgure can
be viewed in the online issue, which is available at www.interscience.
wiley.com.]

easily achieved in 2 h, even for elements in low concentration levels. Both the elemental maps and the diffusion proﬁles of a permeating molecule can be correctly
correlated with STIM images, enabling the accurate
determination of the concentrations at each skin
strata. In addition, diffusion proﬁles can be determined
quantitatively and the effect of each dose level can be
established in vivo.
Forslind and coworkers have called attention to the
potential of nuclear microscopy by studying the physiology of human skin in health and in pathological conditions, as elemental proﬁles could be obtained and
linked to skin strata and therefore to the differentiation of keratinocytes (Forslind, 2000; Forslind et al.,
1997). The elemental concentrations in skin observed
in this work fully agree with previous published data,
where the elemental variations within the epidermis,
especially P, Cl, and Ca, were associated with speciﬁc
physiological functions of skin and keratinocyte differentiation. In the present work, the simultaneous use of
STIM and PIXE made it possible to image and identify
skin strata, directly associating them to elemental distributions, which is crucial in permeation studies. In
addition, the discrete variations in the concentration
proﬁles of P, Cl, K, and Ca, among other elements, with
epidermis depth can be used to accurately identify cell
strata, enabling further studies of dermatological medical condition where the metabolism of essential elements are involved. Alterations in these proﬁles were
used to characterize skin condition and pathology as
electrolyte imbalances could be related to proliferation
and upregulation of inﬂammatory mediators (Forslind,
2000; Pallon et al., 2006).
The most relevant feature of nuclear microscopy is
the ability of inspecting tissues and cells, preserved as
close as possible to their in vivo condition, while provid-

ing good image resolution and contrast, and fully quantitative data at the microgram per gram levels. This is
particularly useful in skin permeability studies, since
by avoiding pretreatment steps in tissue preparation,
such as chemical ﬁxation, the tissue structure and elemental distribution integrity can be maintained. Nonetheless, the diffusion of permeation molecules across
skin is only traceable if the target compound contains a
metal ion or an element possible to be measured by
PIXE. Also, the identiﬁcation of chemical species or
compounds is not possible, as only atoms are detected.
These aspects constitute the major limitations of nuclear microscopy analysis. The simultaneous use of
STIM, PIXE, and RBS techniques provided important
information about the distribution of elements, the
density proﬁle, and the morphological arrangement of
the different cell layers of the skin. By correlating
image information obtained through STIM with quantitative elemental maps from PIXE and RBS, elemental distribution patterns can be accurately associated
with tissue morphology. As time-dependent information is linked to spectra acquisition and imaging, tissue
damage, which eventually occurs during irradiation,
can also be estimated by assessing intermediate stages
of analysis from the initial to the ﬁnal stage. Although
in terms of lateral resolution nuclear microscopy cannot compete with other microanalytical microscopies,
e.g., electron microscopy, as technology evolves, system
resolutions are being forced down to the 40 nm or less
and 3D capabilities (tomography) can also be added,
which constitutes an outstanding beneﬁt in cell morphology and cell physiology studies (Dymnikov et al.,
2005; Ross et al., 2005; Schwertner et al., 2006).
When studying the physiology and morphology of
the skin, and in particular the permeation of chemicals
and/or metal ions, it is important to have a detailed
Microscopy Research and Technique DOI 10.1002/jemt
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characterization of cell layers. Different microscopy
techniques, based on light, electrons, or other sources
of radiation, could also provide relevant morphological
information and quantitative data on elemental distributions that can be useful for studying the permeation
of a chemical through skin.
Transmission electron microscopy (TEM) or scanning
electron microscopy (SEM) with associated X-ray microanalysis offers excellent resolution of ultrastructure
details and the use of cryosections is also possible, to
guarantee tissue integrity in an in vivo condition.
Although methodologies can be adapted to produce better
detection limits at the expense of resolution, the quantiﬁcation of a permeating chemical is demanding, as it often
requires the determination of trace quantities. The detection limits for a wide range of elements obtained in ultrathin and semithin section analysis are of the order of several hundreds of microgram per gram making trace elemental analysis unfeasible (Forslind et al., 1997; Pallon
et al., 2006; Pechtold et al., 2001). Even when carrying
out elemental analysis in thicker cryosections (15 lm)
and dramatically limiting spatial resolution to a few
micrometers (Kozlova and Roomans, 2003), the improvement in detection limits is not sufﬁcient. Nevertheless,
the technique is proﬁcient in studying electrolyte distribution in tissues in vivo such as, Na, Cl, K, and Ca, or Fe
accumulation in organs or cells, which are often in concentrations of the order of milligram per gram (Akar
et al., 2003; Kozlova and Roomans, 2003; Rohrbach et al.,
2005; Vanthanouvong et al., 2003).
Synchrotron radiation as a bright source of infrared
or hard X-rays photons has been exploited in microscopy
for the study of tissues, individual cells, and for functional group imaging. By using infrared spectroscopy, Xray ﬂuorescence, and absorption edge spectrometries,
excellent detection limits for speciﬁc compounds, metals
and metal species, respectively, are possible (Dumas
and Miller, 2003; Golosio et al., 2003; Harris et al.,
2005). These techniques can be combined in biological
research and would constitute an outstanding set of
tools, although assessing fully quantitative results is
still a challenging task and resolutions achieved in elemental imaging are so far limited to a few micrometer.
Soft X-ray microscopy and X-ray diffraction microscopy
are emerging techniques, based on sample irradiation
by a coherent beam of soft X-rays. This approach makes
it possible to image hydrated or frozen-hydrated biological specimens and cells at 10-nm resolution in two or
three dimensions (Johansson et al., 2004; Shapiro et al.,
2005). So far, elemental analysis is modest as beam
energies are limited to *1 keV.
Light, electron, laser, and X-ray microscopy are important techniques for the analysis of cellular structure
physiology and function of biological tissues. In spite of
their many advantages in various applications, they
require an extensive chemical treatment of the tissue
before examination (Haftek et al., 1998). Furthermore,
the quantitative determination of metals in in-vivo condition and its eventual diffusion across skin layers can
be a difﬁcult task to achieve, as metals are often
weakly bound to organic structures and therefore easily mobilized (Filon et al., 2004; Hostynek, 2003). Conventional histological or histochemical methods based
on light microscopy allow direct examination of viable
or ﬁxed cells and tissues using stains or ﬂuorescent
Microscopy Research and Technique DOI 10.1002/jemt

probes or radioactive tracers. Though it is possible to
follow the permeation of a molecule using these methodologies, chemical ﬁxation may induce delocalization
or a partial loss of the metals from the tissue. In addition, the out-of-focus condition due to overlapping tissue structures cannot be totally circumvented even
with modern image contrast-enhancing software. Confocal laser scanning microscopy provides semiquantitative high-resolution images (<1 lm). It can prevent
some of the imaging artifacts since it avoids ﬁxation
and sectioning, but it is drastically limited by the range
of lasers for which efﬁcient ﬂuorophore excitation can
be achieved (Alvarez-Román et al., 2004). Although
many ﬂuorescent probes are available commercially to
assess skin physiology, the existence of an adequate
ﬂuorophore for molecular analysis can be a difﬁcult
prerequisite to fulﬁll (Grams and Bouwstra, 2002). In
theory, a depth proﬁle of the permeant can be achieved,
though some difﬁculties need to be overcome in what
concerns the relationship between the signal obtained
and an absolute concentration. Laser illumination of
viable tissue can also be destructive both for cells and
for the ﬂuorophore resulting in photobleaching. Nevertheless, the technique offers the ability to assess endogenous biological molecules (aminoacids, peptides, proteins, phospholipids, enzymes, coenzymes, etc.). Mechanistic studies addressing the preferred penetration
pathways following the use of different delivery processes are also possible to conduct using this technique.
In summary, for the particular case of skin permeation studies, nuclear microscopy shows appealing
advantages, as it enables in vivo examination of the
metal plus carrier permeation, its imaging, and a quick
and accurate evaluation of its depth of penetration.
The analysis is relatively fast and costs are similar to
those of an electron microprobe. Although the installation of a NMP system is restricted to laboratories with
small particle accelerator facilities, more than 100 laboratories spread worldwide have nuclear microscopy
capabilities. An increasing number of set-ups have
been upgraded to submicrometer resolution with tomographic imaging capabilities, which is a clear advantage over conventional microscopies. The fast development of detectors and instrumentation for beam focusing, as well as for producing brighter sources of
radiation capable of exciting atomic inner-shells will
undoubtedly overcome the present deﬁciencies and will
a complementary method for biological imaging.
Despite the advantages and disadvantages that can
be associated with these techniques the quantitative
determination of metals in an in vivo condition with its
eventual diffusion across skin layers has been a difﬁcult undertaking. Metal oxides are widely spread in
modern hygiene products with no restrictions to topical
use by consumers. Metals play a vital role in human
physiology although the mechanisms by which they
penetrate through skin or induce skin responses are
far from being understood.
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