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Abstract 

Particle probe methods ( electron probe and proton 
probe X-ray microanalysis) have been applied to investi
gate the distribution of elements and water over the 
different layers of the epidermis. For major elements, 
electron probe X-ray microanalysis (XRMA) provides 
the advantage of superior spatial resolution, but for trace 
element analysis the more sensitive proton probe (parti
cle induced X-ray emission, PIXE) analysis has to be 
used. On a dry weight basis, the concentration of S is 
rather constant across the epidermis, whereas the con
centrations of P, K, Cl and Na show gradients with high 
levels in stratum germinativum (basale) and stratum spi
nosum but low levels in the stratum granulosum and 
stratum corneum. Essentially, Fe and Zn are confined 
to the basal region in normal skin. The concentration of 
Ca, however, increased steadily from the basal region to 
the stratum corneum. The probe technique allows quan
titative analysis of stratum-specific changes in elemental 
content in a variety of pathological conditions, e.g., 
changes induced by nickel, detergents and other chemi
cals, or in psoriatic skin. Of particular interest are 
findings of increased Fe and Zn in non-involved psoriat
ic skin. Since the different layers of the skin have dif
ferent elemental concentrations and react differently un
der pathological conditions, the probe techniques are far 
superior to bulk chemical analysis in elucidating physio
logical and pathological processes in the skin. 

Key Words: Skin, epidermis, apoptosis, trace elem
ents, particle probe analysis, electron microprobe, scan
ning proton rnicroprobe, energy dispersive X-ray micro
analysis. 
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Introduction 

The cellular part of the skin, the epidermis, is a 
very thin structure, approximately 120 µm thick, a fact 
which has been prohibitive to the exploration of the 
physiology of the epidermis in normal and pathological 
conditions [31]. Since the epidermis contains layers of 
cells at different stages of differentiation, it follows that 
conventional physiological capillary probes cannot be 
located with any satisfactory precision within a specified 
cell of a specified layer of the skin in vivo. Therefore, 
alternative ways for the exploration of skin physiology 
are required. 

The distribution of ions in normal tissues serves as 
reference for pathological changes. In recent years, 
trace element analysis has been a subject of special inter
est as it becomes clear in many cases that these elements 
work as secondary messengers or regulatory substances. 
In a great variety of cellular systems, calcium (Ca2 +) 

has proven to be a very important signalling substance 
[ 1]. Studies of Ca2 + distributions using the transmission 
electron microscope (TEM) and histochemical methods 
have allowed an understanding of the role of Ca2+ in 
the differentiation process of the epidermis which even
tually results in the formation of the physical barrier. 
The role of trace elements, such as, calcium, may also 
be extended to include direct effects on lipid aggregation 
in the barrier, but such effects remain to be unequivo
cally demonstrated. 

The biological essentiality of zinc has been recog
nized already in the previous century. However, the 
exact role played by zinc in the skin and in the epider
mal differentiation process is still an enigmatic question, 
in spite of the fact that zinc metallo-enzymes are in
volved at all biochemical levels from nucleic acid poly
merase activity to specific roles in protein, fat, and car
bohydrate metabolism and catabolism [30] . With the 
sensitivity of the proton probe, and present day good 
spatial resolution, we expect this technique to provide 
precise quantitative data that can be related to histochem
ical observations. 
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Table l. The great variation in data on the elemental content of skin. 

Element Content (ppm) Range (ppm) Mean (ppm)• Method 

Ca 0.034 20 7.9 (0.18) AESIXRF 

Cl 2654 2654 2654 SAS 

Cu 6.9 143 75 .8 AAS/AES 

Fe 34 1900 589 (58.1) AAS/AES 

K 0.846 118 30.8 (3 .06) AAS/FES 

Mg 0.009 0.87 0.25 (0.049) AES 

Na 1016 4968 2248 (2612) FES/misc 

p 0.3 40 8.4 (0.5) AES/SAS 

s 1577 1850 1602 SAS/misc 

Se 0.061 1.2 0.51 NAA 

Zn (whole skin) 6.1 1000 261 AAS/NAA 

Zn (epidermis) 39 83 62.5 NAA 

Zn (dermis) 13 23 16.3 NAA 

Data compiled from ref. [15) . •Mean value given here does not imply any biological significance. Mean values within 
brackets are recalculated excluding extreme values. 

AAS: atomic absorption spectrometry; FES: flame emission spectrometry; NAA: neutron activation analysis; SAS: 
solution absorption spectrometry; XRF: X-ray fluorescence spectrometry; misc: miscellaneous techniques. 

Apoptosis ("programmed cell death") is currently a 
"hot" subject for the obvious reason that the final 
differentiation step between the stratum granulosum level 
and the stratum comeum represents a particular aspect 
of "programmed cell death" . The importance of calcium 
and zinc in apoptosis has been clearly demonstrated in 
a number of cellular systems [2]. There are old sugges
tions of the human skin's dependence on zinc (Zn) for 
normal function [13), and this is practically demonstrat
ed by the topical use of zinc ointments. Obviously, this 
is a field of research that needs to be thoroughly ex
plored in a near future . 

Two decades ago substantial iron (Fe)-losses via 
psoriatic lesions were demonstrated [26, 27) but were 
given new meaning when we found that a more discrete 
loss in clinically normal looking psoriatic skin occurs 
[32). No doubt, such findings stress the importance of 
understanding the relation between elemental content and 
normal and abnormal physiology. 

In the past, analysis of the elemental content of skin 
has been done as bulk measurements. It can be demon
strated from the data compiled by Iyengar et al. [15) 
that surprisingly wide ranges of elemental content have 
been recorded (Table 1). Considering the precision of 
most of the methods used, the width of these ranges 
must be due to the sampling method rather than the sen
sitivity of the chosen method of analysis. In addition, 
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the sampling method of such measurements does not dis
criminate between the different strata. Consequently, 
this old information provides little, if any, substance for 
a functional analysis of the processes involved in normal 
and pathological differentiation of the epidermis. The 
particle probes, however, have been able to bridge these 
methodological problems, and for such reasons, we 
have, in the past two decades, pursued PIXE (particle
induced X-ray emission) studies of normal human skin, 
normal looking paralesional skin from psoriatics, and 
skin from persons suffering from atopic dermatitis [5, 6, 
7, 10, 11 , 32, 45). The aim of this paper is to give an 
overview of the state of the art in skin physiology made 
possible through the use of particle probes. 

The ultimate goal of particle probe studies is to pro
vide an understanding of the formation of a mature stra
tum comeum with a functional barrier [4, 8) reflected in 
physiological/biochemical mechanisms behind the prop
erties of changed skin in patients afflicted with skin 
disorders of genetic and constitutional origin. 

Particle Probes in the Study of the Integument 

Analyses using particle probes are based on the fact 
that the impinging particles cause excitation of the 
elements contained within an irradiated volume resulting 
in emission of both characteristic and background X-ray 
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Figure 1. (a) Particle probe generation of X-rays utilizing an energy dispersive detector system. (b) The actual ele
mental distribution is represented in a compound diagram (right) representing the characteristic radiation (left) and the 
continuum (the "Bremsstrahlung") generated as a function of mass density in the specimen (middle). The heavy protons 
generated effectively no continuum due to low stopping power of (energy transfer to) the biological matrix . (c) The 
electron excitation volume is pear-shaped in a biological, organic matrix. This sets limits to the spatial resolution using 
bulk specimens (right) compared to thin section analysis (left) . It should be noted that the diminished excitation volume 
requires longer exposure time for accumulation of the same number of quanta, hence sensitivity becomes reduced. 

radiation (Fig. 1). The characteristic radiation can be 
used for assessing the elements present in the volume of 
analysis. In addition, the background radiation can pro-
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vide information on the mass present in that same vol
ume [6, 7) . A limitation of particle probe analysis is 
that the techniques only provide data on the elemental 
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Figure 2. Generalized major elemental (a) and trace elemental (b) distribution over human skin cross-sections. 

content irrespective of the chemical status of an element 
under analysis. A specified element covalently bound to 
any substance, e.g., a nucleic acid or a protein, cannot 
be differentiated from ions of the same element present 
in the volume of analysis [43]. 

Electron versus Proton Probes 

In experimental dermatology electron probes in 
scanning (transmission) electron microscopes and proton 
probes generated from high energy particle accelerators 
have been used. The electron microprobe (EMP, also 
called XRMA, X-ray microanalysis) has a spatial resolu
tion of approximately 200 A (0.02 µm) under optimal 
conditions. The sensitivity of XRMA is approximately 
200 ppm (µgig dry weight), which allows the study of 
the common physiologically important elements such as 
Na, P, S, Cl, and K [5, 37, 44, 46] (Fig. 2). Elements 
that are present in concentrations just around or below 
this sensitivity threshold, e.g., Mg, Ca, Fe, Cu, and Zn, 

1014 

cannot be studied with this technique. These elements 
are important constituents of either messengers or of 
enzymes and these elements can be determined using the 
nuclear or proton microprobe (PMP) (Fig. 2) which has 
a spatial resolution of approximately 1-5 µm and a sen
sitivity down to about 1 ppm [31]. The PMP detector 
window which has to be adequately thick to prevent 
scattered protons from entering the detector, however, 
does not permit adequate passage of the very weak X
ray signal due to absorption and therefore does not give 
reliable X-ray data with PIXE (proton-induced X-ray 
emission) analysis. Nuclear reactions caused by the up
take of protons in the Na nucleus results in emission of 
-y-radiation with a yield that gives satisfactory sensitivity 
for Na quantitation when desired. Recently, the appli
cation of PIXE analysis technique to biological tissues 
[32] and to dermatological problems in particular was 
reviewed [6, 10]. 

An electron has a mass which is approximately 
1/2000 of the mass of a proton. The retardation of the 
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Figure 3. Analysis of a skin cross-section in the scanning transmission electron microscope involves localization of 
the probe in defined cell layers (left panel). With the proton probe scanning a cross-section of skin results in the build
up of a pixel maps which at present does not distinguish between the intra- and extracellular compartments due to probe 
size and section thickness (compare text). 

electron and the energy transfer at this process generates 
the appreciable background of the electron probe spec
tra. Protons pass through biological sections virtually 
without any loss of speed, i.e., no appreciable energy 
transfer occurs, hence the very low background of the 
proton probe. 

XRMA is usually performed in cells of different 
strata, i.e., the dermis, the stratum basale, stratum 
spinosum, stratum granulosum and stratum comeum. 
To account for the biological and other possible varia
tions between cells of the same stratum, three or more 
points are chosen in each stratum (Fig. 3). Today, 
PIXE analysis usually scans a chosen area of the section 
to produce a pixel map which contains spatial informa-
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tion as well as elemental intensity information of each 
pixel (Fig. 3). The scanning procedure has the advan
tage that the particle probe resides within a particular 
volume for only a fraction of time. This minimizes the 
thermal load on the specimen in contrast to the effect at 
constant irradiation of the specimen in a single spot 
which may carbonize the biological material, resulting in 
too high elemental concentrations due to loss of light 
elements (e.g. , C, 0, N) that constitute the bulk of mass 
in a biological specimen. Although it is possible to 
obtain pixel maps with the electron probe, the cross
section of the electron beam being about 50 times 
smaller than the proton beam cross-section, it follows 
that the acquisition time for corresponding sizes of pixel 
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maps at maximal resolution will practically be too long 
for the XRMA. 

Requirements for Preparation 

From the moment of biopsy, any redistribution of 
ions must be hindered or at least minimized. When 
specimens are processed at very low temperatures move
ment of diffusible components, e.g., physiologically im
portant ions such as Na+, K+, ct·, and Ca2+ is satis
factorily minimized. Fresh biopsies are immediately 
quench-frozen at very low temperatures (from -120°C to 
-190°C), and subsequently sectioned and freeze-dried at 
low temperature. Through this process, it is possible to 
obtain satisfactory samples for elemental analysis [37, 
38, 39). 

Particle probe techniques are essentially spectro
graphic methods and therefore give data of relative con
tents of elements contained within the volume of analy
sis . Absolute quantitation can be obtained using stand
ards based on crucial elements in stoichiometric amounts 
added to an organic matrix approximating the content of 
organic material in the cytosol [37, 38] . 

We perform particle probe analysis on skin-sections 
which are either thin sections (60-100 run) or on bulk 
specimens, i.e., sections 1-15 µm thick. The stopping 
power of thin sections made for elemental quantitation 
using EMP in the scanning (SEM) or scanning transmis
sion (STEM) electron microscope is too low for use with 
the proton probe. For PIXE analysis, we therefore, use 
bulk specimens which, even at a cross-section thickness 
> 15 µm, can still be regarded as "thin" sections. 

The protocol usually adhered to in our investigations 
on human skin can be summarized as follows: Skin 
biopsies are obtained from the chosen area after subcuta
neous infiltrations of the chosen area with 10 mg/ml 
lidocaine in 5 mg/ml adrenalin using 4 mm punches. 
Biopsies for controls are taken from a corresponding 
area from individuals with no records of skin disorder. 
The biopsies are immediately quench-frozen (and some
times stored) in liquid nitrogen. Depending on the 
choice for subsequent preparation, i.e., thin sections or 
bulk sections, the appropriate measures are taken. 

Specimens prepared by thin sectioning are glued to 
a specimen support using Tissue-Tek OCT compound 
(Miles, Elkhart, IN, USA). Sectioning should be per
formed at about 173 K (-100 ° C) and the sections can be 
mounted in "clam" grids that are folded to fix the sec
tion without the need of a support film, or the specimen 
can be mounted over a hole in a solid carbon support us
ing a carbon based glue at the edge of the section where 
analysis will not take place. Prior to analysis, the sec
tions are covered with a thin carbon film by evaporation 
in vacuum to render the surface conductive. 
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We store bulk specimens in a deep-freeze at -70°C 
until sectioning, which is performed at -25°C in a con
ventional cryostat with a nominal section thickness of 16 
µm. The sections are subsequently transferred to speci
men support rings covered with Kimfol® foil which 
gives virtually no contribution to the parti'rle induced X
ray spectrum if the specimen cannot be accommodated 
within "clam"-grids with central openings of a diameter 
of approximately 1 mm. The mounted specimen is 
stored in sealed, preferably evacuated, vessels with 
drying material to prevent water uptake until analysis. 

Freeze-Substitution - an Alternative Preparation 
Method for Particle Probe Analysis 

The requirement that tissues processed for particle 
probe analysis should be prepared in accordance with the 
cryo-methods described in the previous paragraph in
volves problems related to thin sectioning. In practice, 
the outcome of thin sectioning of quench-frozen tissue is 
unsatisfactory with relation to the number of sections 
feasible for XRMA analysis, i.e., sections with constant 
thickness and free from artifactual cracks and folds. 
This is actually the main reason for the present day use 
of bulk sections ( > 5 µm). 

An attractive alternative preparation method is 
freeze-substitution. A quench-frozen tissue sample is 
immersed in a non-reactive solvent which replaces the 
diffusible water at low temperature. A new approach to 
this technique was recently elaborated by Palsgard et al . 
(34, 35]. Using tetrahydrofurane (THF , Merck, 
Darmstadt, Germany) which is dried overnight by con
tact with a 0.4 nm molecular sieve, the quench-frozen 
sample is immersed in THF at -70°C for 48 to 72 hours. 
The substitution is then continued at -30°C for 48 hours 
and at -18 ° C for 36 hours. The samples are subsequent
I y thawed at -3 ° C for 48 hours and at + 8 ° C for another 
22 hours. The freeze-substitution medium can be re
placed by an embedding medium, e.g., Araldite, when 
the substitution has come to an end. Specimens pre
pared according to this protocol can be thin-sectioned on 
a dry knife and mounted on folding ("clam-") grids with
out support film. In the STEM, it is possible to recog
nize cells and subcellular compartments, which is gener
ally the main obstacle when analyzing bulk samples. 

The Lund Nuclear Scanning Proton Microprobe 

The new Lund Nuclear Scanning Microprobe facili
ty is representative of the modem generation of proton 
probes for elemental analysis. The system provides a 1 
A, 2.5 MeV proton beam for irradiation of the speci
mens and the proton beam is focused by quadrupole 
electromagnets. For skin analysis, we use a beam of 
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about 1 nA with a beam cross-section of 5 µ,m x 5 µ,m. 
A rectangular beam scan is located over a selected area 
on each skin-section so as to cover a cross-section of 
epidermis and dermis down to the reticular dermis (c.f. 
Fig. 3) which corresponds to a total depth in the skin of 
about 200 µ,m. The probe irradiates each specimen vol
ume (pixel) on the average 5 ms (milliseconds) in an it
erative process. The pixel size is chosen to avoid over
lap of the beam halo (8 µ,m in x- and y-directions, re
spectively). Typical acquisition times for a pixel map 
(64 x 64 pixels) are 30 minutes to 2 hours and the beam 
charge is collected in a Faraday cup positioned after, 
and in line with the sample. A Kevex energy dispersive 
system detects and quantifies the induced X-ray radia
tion, and the mass cross-section at a point (i.e., speci
men sub-volume) of analysis is determined by the back
scatter (BS) which is subsequently used for mass nor
malization of the samples [ 42]. Beam-scanning control 
and data collection are performed using a VME bus 
computer [24], while storage and sorting is done on a 
MicroVAX-II computer. The complete X-ray data (the 
relative elemental content) and BS (the mass cross-sec
tion) data for corresponding pixels are merged into a 
number of pixel spectra which can be evaluated by com
puter fitting using HEX [16]. Pixels representing simi
lar structures (e.g., parallel band in the epidermis) can 
be chosen for the data on the quantitative elemental con
tent of a specified cellular layer (Fig. 4) from the pro
duced elemental maps. 

Comparison between XRMA and PIXE Data 

The basic principle of generating characteristic X
rays that denote the elemental content of the volume of 
analysis is essentially the same for XRMA and PIXE. 
However, it is not self-evident that the two methods give 
consistent data . We have used a reference system which 
contains the appropriate elements in known stoichiomet
ric amounts and prepared according to the protocol used 
for specimen preparation. In this way, we were able to 
show that the two methods give data that fit with a cor
relation coefficient of0.996 [2]. We are, therefore, able 
to evaluate the findings with either method within the 
same frame of reference. 

Results from Particle Probe Analysis of Skin 

Our initial studies were done on thin sections of 
guinea-pig skin in the scanning transmission electron 
microscope. All later data have been obtained from 
fresh biopsies from human subjects except for a few ex
perimental studies [9, 19, 20, 21, 22, 23]. Here, we 
first outline the findings in normal skin using XRMA 
and then add more recent results obtained with PIXE 
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analysis. A generalized representation of findings is 
presented in Figures 2a and 2b. 

Sodium, potassium and chlorine gradients 

Sodium (Na), potassium (K) and chlorine (Cl) are 
basically responsible for the ion gradient that creates the 
cell membrane potential which is essential for the phys
iological functions of the living cell. The initial experi
ments on guinea-pig skin showed that the content of Na, 
K and Cl varied with the degree of differentiation in the 
tissue [9, 48]. The basal cell layer of the epidermis was 
the only stratum that possessed a Na/K quotient compati
ble with the ion content of cells capable of renewing the 
tissue by cell division. In the next cellular layer of the 
differentiating epidermis, the stratum spinosum, there 
was a conspicuous increase in the Na content of the cells 
and a lowered content of K which is interpreted to mean 
that the Na+ -K+ membrane pumps are no longer effi
cient in maintaining an ion gradient over the cell mem
brane and/or the cell membrane is leaking. The Cl dis
tribution corresponds to the amount of the positively 
charged ions. The general outline of these elemental 
distributions have been verified in later studies and the 
data harmonize with the fact that, normally, no cell divi
sions are seen above the basal cell layer [10, 45]. 

The phosphorus gradient 

The bulk of the phosphorus (P) resides in the nu
cleic acid and the phospholipids of the membranes of the 
Malpighian layers (stratum basale, stratum spinosum) [9, 
14] . In addition, there are phosphorylated precursors to 
the fibrous protein, keratin, in these layers which con
tribute to the total P content to an unknown extent. 
Also, the phosphorylated precursor to filaggrin present 
in the keratohyalin granules of the stratum granulosum 
is another source of P in skin [36]. The P has a maxi
mum in the basal cell layer and the lower stratum spino
sum. The P content there successively declines to nil at 
the border between the stratum granulosum and the stra
tum comeum in harmony with the fact that no phospho
lipids or nucleic acids can be found in the stratum 
comeum. 

Sulfur and mass distribution 

Keratins characteristically contain high amounts of 
sulfur (S) located to the amino acid cyst(e)in. The mass 
(the keratin content) successively increases and the S 
follows this increase closely, as expected [9, 10, 32], as 
keratinocytes differentiate into comeocytes of the stra
tum comeum. 

Water distribution profile of the skin 

Skin samples prepared by freeze-drying methods 
allow determination of one important aspect of the 
physiology, namely the role of water. We used XRMA 
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Figure 4. Pixel map of a normal skin cross-section showing the Fe distribution. 

analysis of gluteal skin-sections and standards in the 
frozen hydrated state followed by freeze-drying in the 
STEM followed by a renewed analysis, to obtain data on 
the distribution of water over the skin cross-section [ 45] . 
It was shown that the distribution of Na, K, Cl, P and 
S followed the patterns previously established and served 
as control of validity for the measurements. The mass 
difference between the frozen-hydrated specimen and the 
freeze-dried specimen allowed calculation of the water 
profile. It was shown to give a constant value around 
75 % of wet mass from the reticular dermis to the stra
tum spinosum, i.e., the hydration level of the dermis is 
not significantly different from that of the cellular epi
dermis. In the stratum corneum, a substantial decrease 
to roughly 50% of wet mass, occurred and this value is 
slightly higher than what has been reported by other 
authors (47]. The difference may well be accounted for 
by the source of epidermis which, in the latter case, was 
lower leg epidermis and, therefore, thinner than gluteal 
epidermis. So far, only two sites, gluteal region and 
lower leg, have been investigated. In view of the fact 
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that the permeability barrier has different properties in 
different locations of the skin, it is likely that the water 
distribution gradient over the skin cross-section also will 
vary. An interesting approach to the problem has been 
taken by Warner involving densitometric evaluation of 
transmission electron microscopic images of the stratum 
corneum (Ronald Warner, personal communication, 
1995). Once correlation between such methods and 
XRMA have been established, a more extensive analysis 
of stratum corneum hydration will be possible. 

In a tissue, a substantial part of the water is bound 
to diffusible ions and organic material. XRMA studies 
have shown that virtually no elements of the species 
important for the physiology of living tissues are detect
ed in the stratum comeum (9, 46, 48] and the mass of 
keratin in the epidermal cells increase as they approach 
the stratum comeum. Thus, the corneocytes mainly 
contain fibrous protein and no cell organelles. Keratins 
bind substantial amounts of water and the amount avail
able as a solvent for ions decreases towards the stratum 
corneum although the total amount of water is the same 
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over the epidermal cross-section. This creates a gradient 
for ions with a down-hill slope towards the dermis and, 
therefore, no active mechanism of ion transport is nec
essary to save precious ions. 

PIXE elemental quantitation 

The PIXE method has its strength in its sensitivity 
rather than its spatial resolution. In full agreement with 
the XRMA data, the mass distribution curves reach a 
peak in the stratum corneum region and flatten out in the 
basal cell region, again to rise in the dermis. The S 
distribution curves follow the mass curves in concert 
[10). 

The P distribution peaks somewhat 50 1,tm below the 
maximum mass peak at a region corresponding to the 
stratum spinosum [6, 7, 9, 10). 

Chlorine (Cl) has a weak minimum approximately 
where the P distribution has its peak followed by a con
spicuous drop in the CJ content in the vicinity of the 
stratum corneum which is virtually free from Cl. Con
versely, Cl content rises in the dermis well above the 
epidermal content. K reaches its highest levels in the 
Malpighian layers and drops to nil in the stratum cor
neum. In the dermis, relatively low values are recorded 
as is expected for the extracellular compartment [6]. 

Calcium (Ca) maintains a relatively constant level 
up to the stratum corneum and lingers somewhat closer 
to the skin surface than the trace elements Fe and Zn 
although very close to the detection limit so that true 
quantitation is not possible [7, 10, 32). 

The trace element iron (Fe) bas a high peak value in 
the basal cell region. The iron content then drops to 
values less than half the peak value in the uppermost 
epidermal layers and is not detectable in the stratum 
corneum region [10). Zinc (Zn) is represented in the 
dermis by concentrations below or just at the detection 
level of the system [10, 32). It shows a comparatively 
stable level over the Malpighian epidermis and disap
pears coincidentally with Fe in the stratum corneum re
gion. Based on neutron activation analysis, it has been 
suggested that the ratio of epidermal to dermal Zn con
tent should amount to 6: 1 [28 , 29). Our PIXE studies 
so far suggest a more moderate difference, giving a ratio 
of 3: 1. Copper (Cu) is just barely detectable in the Mal
pighian layers and, generally, no quantitation is possible 
within the acquisition times used in most of our experi
ments [32). 

There are slight but obvious variations in the ele
mental distribution patterns from one section to another, 
although a general trend is clearly at hand. In a few 
cases, the Fe distribution has its center of gravity in the 
stratum spinosum/stratum granulosum area rather than 
in the basal cell region but in contrast Zn is confined to 
the basal layer. 
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Horizontal elemental distributions 

The scanning procedure of modern PIXE analysis 
resulting in pixel maps allows additional analysis of 
data. One such set of data is represented by pixel 
"channels" that cover a specified stratum horizontally. 
The mass distribution along the basal lamina of normal 
skin varies somewhat along the horizontal scan (Fig. 5) 
but in contrast, remains approximately constant at the 
upper level (the level of the stratum spinosum/granulo
sum). We expect this as the population of cells in the 
basal lamina contains quiescent cells and cells in the 
process of entering or leaving the cell division cycle. In 
consequence with this reasoning, the K and Cl co-vary 
with mass in the basal region but the variation is more 
independent in the upper region. S co-varies to a great 
extent with the mass distribution but in both regions 
(upper and basal) there are more conspicuous variations 
in the P distribution as related to mass. Fe and Zn dis
tributions vary extensively in the basal region and the Fe 
content is close to or below the detection limit in the 
upper region, whereas the Zn content shows some peaks 
above the detection limit. Single off-limit values in 
these trace elements were seen. It is of interest to note 
that Ca appears to stay rather constant within each hori
zontally scanned band which underlines the fact that the 
increase in Ca towards the stratum corneum is related to 
the physiological and regulatory effects of this ion. 

The Physiology of Pathological Conditions 

Experimentally induced irritative reactions 

Non-sensitized guinea-pigs were injected intrader
mally with 0.05% potassium chromate (K2Cr2O7) and 
l % nickel sulphate (NiSO4) dissolved in isotonic NaCl. 
XRMA on sections obtained after 24 hours showed that 
Ni had the most pronounced effect in the stratum germi
nativum [21). This was revealed by an increase in the 
relative content of Na and Cl by almost 100% and Mg 
by approximately 50%, whereas the K content was di
minished. It has been shown that increases in Na, Mg, 
Cl, P, and S occur under conditions corresponding to 
increased mitotic activity [19, 20). The effects of 
K2Cr2O7 were less conspicuous and an intracellular in
crease of Na and Cl and a decrease in K was recorded, 
compatible with effects seen in autolysis [18). While 
K2Cr2O7 is a potent oxidant and, therefore, has a high 
affinity to fibrous proteins such as the collagen of the 
dermis, whereas the Ni2+ ion does not have such prop
erties. Therefore, the actual concentration of Cr2o/
ions in the epidermis is likely to be much lower than 
that indicated by the concentration distributed intra
dermally. 
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Table 2. Elemental content of psoriatic epidermis. 

Element Normal Psoriatic uninvolved Psoriatic involved 
mean± SD range 

Fe 26.5 ± 6.7 16.5 - 30.5 

Cu 3.8 ± 0.8 2.6 - 4.6 

Zn 39.3 ± 12.4 28.7 - 59.2 

mean± SD 

30.6 ± 12.4 

4.4 ± 0.6 

41.0 ± 7.1 

range 

17.0 - 46.4 

3.7-5.1 

34.1-48.3 

mean ± SD range 

57.5 ± 26.3 

4.3 ± 1.2 

90.8 ± 48.2 

27.5 - 97.8 

3.0 - 7.4 

46.6 - 198.7 

Data in µgig dry weight compiled from Molin and Wester [25, 26]. SD: standard deviation. 

Sodium lauryl sulfate 

In a study on non-sensitized female guinea-pigs, 
exposed to 5 % sodium lauryl sulfate (SLS) for 24 and 
48 hours, it was shown that Na, Kand P increased, and 
there was also a rise in the Na/K ratio (22]. The in
crease in Kand P is compatible with a mild proliferative 
activity comparable with the changes seen in involved 
psoriatic skin as opposed to the non-involved skin. An 
increased Na/K ratio suggests a membrane damage and 
experimental studies on the effect of dinitrochlorbenzen 
(DNCB) [20] have shown such effects . 

Nickel penetration through guinea-pig skin 

We used the guinea-pig skin model to study the 
enhancement effect of SLS on Ni2+ ion penetration [22]. 
Comparing the effect of a 5 % NiS04 in distilled water 
and a 5 % NiS04 in 5 % SLS solution with untreated con
trol animals, we could show that SLS enhanced the Ni2 + 
ion penetration manifold to allow a detection in all strata 
of the epidermis, i.e., at levels > 100 ppm. Pure 
NiS04, in distilled water only, allowed detection of Ni 
in the stratum corneum, corresponding to an accumula
tion of Ni2+ ions reported previously, using PIXE 
analysis on human skin in vitro (see below) . 

Metal ion penetration through human skin 

After an 18 hour penetration of Cr2o/-and Ni2 + 
ions through cadaverous human skin, PIXE analysis re
vealed an accumulation of both Ni2+ and Cr2o/-in the 
stratum corneum, although the Cr2o/- penetrated the 
stratum corneum barrier more effectively [11]. It must 
be admitted that, at the time of those studies, the spatial 
resolution of the system was low and the detection limit 
around 30 ppm (gig). New studies on living human skin 
are in progress to clarify the matter. 

Psoriasis 

Uninvolved and involved (a stable plaque) psoriatic 
skin [14] was compared with the skin from healthy, nor
mal persons in an XRMA study that revealed that Mg, 
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P, and K were increased in the involved skin corre
sponding to what is recorded in highly proliferative, 
non-neoplastic cells [41]. A significant increase in P 
and Ca content in involved psoriatic skin compared to 
uninvolved skin from the same patients was previously 
seen by Burkhart and Burnham [3]. Kurtz et al. [17] 
reported corresponding findings from a PIXE study of 
psoriatic skin. These authors found no difference 
between the Zn content of control skin and uninvolved 
skin from psoriatic patients, but recorded a significant 
increase of Zn in pin-point lesions [ 17] as was the case 
in the study by Molin and Wester [26, 27] using neutron 
activation analysis (Table 2). 

Our recent PIXE analysis of non-involved psoriatic 
skin showed a mass distribution that has the same 
general features as that of the normal skin, although 
generally at a lower level (absolute mass content). The 
P and S distributions are not conspicuously different 
from those of skin from healthy individuals (Y. Werner
Linde, J. Pallon, B. Forslind, submitted for publication). 

This recent study of uninvolved psoriatic skin has 
revealed some interesting aspects on the elemental distri
bution. In contrast to the Ca distribution in normal skin, 
that of psoriasis follows the mass distribution more 
closely. Ca shows a two-fold or even higher increase in 
the stratum granulosum region compared to normal skin. 
In many sections, we observed an additional Ca peak in 
the vicinity of the basal cell layer but the full signifi
cance of this is not clear at the moment. 

The uninvolved psoriatic skin has a Fe peak that ap
pears closer to the mass distribution peak than in normal 
skin. There are obvious variations in the Fe content in 
different strata (cell layers) and it is of interest to note 
that the lowermost values are consistently at least twice 
as high as those in normal skin. The previously report
ed findings that psoriatic patients lose iron (Fe) through 
the shedding of stratum corneum cells in lesional areas 
[26] are, therefore, substantiated by the PIXE investiga
tion which shows that clinically normal skin in psoriatic 
patients contains higher than normal amounts of Fe [32]. 
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The Zn content of the uninvolved psoriatic skin is 
increased especially in the stratum spinosum except in 
one single section where the Zn closely follows the Fe 
distribution. Such variations are likely to occur as a 
function of the cell cycle position of a particular cell. 

As a rule, the Cu concentrations are below the de
tection threshold and, therefore, not considered in this 
context (Y. Werner-Linde, J. Pallon, B. Forslind, sub
mitted for publication). 

Elemental distributions in different strata of psoriatic 
normal-looking skin - Horizontal scans 

The mass distribution pattern essentially follows that 
which is seen in the normal control skin but with some
what more variability in the upper layer. In comparison 
to the control skin, there are high mean values and 
prominent variations in the trace elements, notably Fe 
and Zn in the upper level of the epidermis. In compari
son to the control skin, where copper (Cu) is a spurious 
finding, there are more spots of Cu above the detection 
limit in the psoriatic skin-sections both in the basal and 
the upper level. The reason for this finding is still 
unclear and the issue needs further exploration. 

Bearing in mind that the spatial resolution of the 
PIXE method does not allow discrimination between the 
intra- and extracellular compartments, some crucial 
points concerning the physiology of normal-appearing 
psoriatic skin as opposed to the normal skin can be dis
cerned. The Ca distribution profile is of special interest 
since it remains at an almost constant level over the skin 
cross-section in the normal skin but in certain specimens 
shows a slight increase in the stratum granulosum re
gion. This finding differs to some extent from our ear
lier experience in a preliminary study [32] based on se
lected point measurements in different strata of skin-sec
tions. These continuous changes seen in studies using 
quench-frozen specimens should be regarded as an effect 
of "snap-shots" depicting momentarily what are actually 
transient processes. 

For a clearer indication of the background to these 
abnormal elemental distributions, further studies, includ
ing psoriatic plaques, will be needed. It may be noted 
that preliminary data from PIXE analysis of dry skin of 
atopics also present elemental distributions that vary 
conspicuously from those found in normal skin [32]. 

General Discussion 

Multielement analysis is possible with particle probes 

One obvious drawback of cytochemical methods is 
the difficulty of multielement analysis in the same sec
tion. A great advantage of the particle probes is the fact 
that virtually all elements of physiological interest can be 
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measured simultaneously within one and the same sec
tion volume. This allows comparison of the relative ele
mental contents and formation of elemental ratios, e.g., 
Na/K, that provide sensitive markers for cellular func
tion [39] . 

The Ca2 + signal 

A full understanding of the influence of trace ele
ment content in the skin has not yet been reached. Elias 
and his group have contributed to the understanding of 
the role of calcium for epidermal differentiation in a se
ries of elegant studies using ion capture cytochemistry at 
transmission electron microscopic resolution [25]. In the 
normal murine skin, the most prominent localization of 
Ca2+ was noted in the upper stratum granulosum and 
the dermis, whereas the basal region was virtually free 
from precipitates denoting the presence of Ca2+. If the 
barrier was broken by acetone treatment, a redistribution 
of Ca2+ took place, with a conspicuous accumulation of 
precipitates in the extracellular space of the stratum cor
neum and loss of the stratum granulosum localization. 
Treatment of the barrier-disrupted skin with isoosmolar 
sucrose containing Ca2+ replenished the epidermal Ca2+ 
reservoir but impeded the secretion of lamellar bodies 
and hence barrier recovery. Conversely, treatment with 
isoosmolar sucrose only lead to barrier repair through 
lamellar body secretion in absence of the normal Ca2+ 
gradient. The authors [25] concluded that loss of the 
Ca2+ reservoir is an important signal for restoration of 
barrier function after damage. Obviously, there is a 
need for fully quantitative data to support these findings 
and such quantitative data can be obtained using PIXE 
analysis. In this context, it is of interest that melanin 
production in culture is successful only if Ca2+ levels of 
1.5 mM are at hand [40]. 

Programmed cell death or apoptosis 

Ca2+ has shown to be an important signal for vari
ous cell functions. Another aspect of the Ca2+ function 
is its property to promote "programmed cell death" or 
apoptosis; and zn2+, to inhibit this and the effects of 
Ca2+ ions, have therefore become a topic of interest [2]. 
No doubt, the sequences of cellular differentiation in the 
epidermis constitute a kind of "programmed cell death" 
which involves the complete dissolution of nucleic acid 
material in the stratum granulosum. One indication of 
the importance of increased Ca levels in this cellular 
stratum is related to the finding that a full differentiation 
of the epidermis does not occur in tissue culture unless 
the Ca content equals at least 0. 1 mM [33]. Taken 
somewhat further (on a speculative basis as yet), these 
findings suggest an explanation to the sporadic occur
rence of parakeratotic cells in the stratum comeum in 
the paralesional psoriatic epidermis where unusually high 



Human skin physiology studied by particle probe microanalysis 

Zn levels are recorded in the stratum granulosum zone. 
If this effect is directly coupled to an increased cellular 
activity in the germinative pool may be a matter of spec
ulation but the actual high levels of Fe compared to nor
mal skin suggest such an increased activity. More de
tailed analyses including particle probe studies are re
quired before this question can be settled. 

The skin seems to depend on an appropriate availa
bility of zn2+ for iiormal function [13, 29] but this sub
ject has not been completely resolved. It is conceivable 
that these problems can be solved at least partially, using 
particle probe analysis. 

Pixel maps provide information on the dynamics of 
tissue activity 

One conspicuous feature of PIXE pixel maps is the 
variations of element and trace element distributions seen 
in different sections from the same tissue block. This 
is a finding occurring both in the normal skin and in the 
clinically normal psoriatic skin. Such variations in the 
distribution of elements and especially trace elements, 
indicate that there are obvious differences in the detailed 
cellular physiology of the differentiating keratinocytes. 
This underscores ouF previous experience from electron 
microscopic studies of contact irritative reactions which 
show that the correlation between the morphological 
image and the quantitative elemental data is not a direct 
one [19, 22]. Thus, certain stratum cells that morpho
logically appear to be similar, reveal their different stage 
of differentiation in the patterns of elemental distribu
tions as suggested by the elemental maps. Future inves
tigations using, e.g., immunological techniques to tag 
different markers of differentiation in parallel with 
elemental analysis should provide an additional detailed 
insight into the keratinization process programmed to 
develop a complete stratum comeum with a functional 
barrier. 

Limitations of PIXE analysis 

The spatial resolution of the PIXE analysis system 
is consequently low compared to the resolution obtain
able with an XRMA system which allows subcellular 
compartment ( < 1 µm) analysis. The nominal probe 
size used in our recent PIXE experiments was 5 µm x 
5 µm to which must be added a halo of approximately 2 
µm width. PIXE analysis thus superposes the intra- and 
extracellular compartment data during analysis, depend
ing both on the comparatively low spatial resolution of 
the measuring system and on the thickness of the sect
ions (16 µm), which of necessity must contain both com
partments in a cross-section. This is the reason for the 
considerable smoothing of curves describing the elemen
tal and mass distribution over the cellular layers of a 
differentiated epidermis (Fig. 4). Perhaps, this effect is 

1023 

most conspicuous in the very narrow stratum comeum 
region (a total width in a section of approximately 10 
µm) where the mass curve is rather wide in these 
experiments. 

The number of specimens investigated in a PIXE 
study may appear small in comparison with correspond
ing numbers used in different types of light microscopic 
investigations or biochemical studies. It must be real
ized that the typical acquisition time for a pixel map 
from a single section is generally at least 2 hours. 
Costs/benefits aspects of running an experiment will re
quire optimization of data acquisition for evaluation. 
Cu, for example, was only occasionally detected above 
the threshold of sensitivity in our experiments. For a 
number of data that would allow statistical analysis by 
the algorithm used, the time allowed has not been 
sufficient so far. 

Future Roles of Particle Probe Analysis 

Modem microprobes, e.g., the new scanning nu
clear microprobe in Lund, which collect data in the for
mat of pixel maps, provide extensive possibilities of 
analysis of the primary data. Choosing interfollicular 
areas for the different strata of the skin it is possible to 
extract information on quantitative elemental contents of 
the skin cross-section, e.g., from stratum comeum down 
into the dermis from the maps in addition to the new 
information expressed in elemental maps. The PIXE 
maps can reveal the dynamics of the differentiating epi
dermis and give a more detailed image than morphology 
has hitherto provided. Future studies should help to re
late the variations in elemental content of specific strata 
to the anabolic and catabolic processes that are the meta
bolic expressions of cellular differentiation in normal 
and diseased skin. 
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Discussion with Reviewers 

C.W. Kischer: I am fascinated by your assignment of 
apoptosis to the case of a renewal tissue such as epider
mis. Normally, in "programmed cell death", a charac
teristic fine structural phenomenon is observed, that of 
paracrystalline arrays of the rough endoplasmic reticu
lum. In all of my observations by electron microscopy 
of epidermal cells, I never saw this illustrated. This is 
not to say that apoptotic cells must go through this 
event. What is your opinion about this? 
Authors: The rough endoplasmic reticulum is not a 
very prominent part of the keratinocytes which could be 
one answer to the question. We like to stress that our 
interpretation of the Ca and Zn distributions as yet rep
resent tentative assignments of the role of these trace 
elements in the differentiation process. The matter obvi
ously needs to be substantiated with parallel studies 
using particle probe analysis and histochemical/morpho
logical analysis of serial sections. 

C. W. Kischer: If Ca promotes apoptosis and Zn tends 
to inhibit it, why would high levels of Zn occur only in 
the stratum granulosum? Does this mean that at the 
level of the stratum granulosum, the cell enter an obliga
tory phase? If so, would this mean that all levels below 
this stratum would not be programmed? What mecha
nism would tend to concentrate Zn at this level. 
Authors: The particle probes allow only a quantitative 
assay of the elements per se. This means that we cannot 
differentiate elements bound to, e.g., proteins or nucleic 
acids from free ions. The elements present in ionic state 
will either be more or less free-floating in the intra- and 
extracellular compartments or bound to proteins or nu
cleic acids. We can only speculate that in the stratum 
granulosum cells , Zn is selectively bound to the thus in
activated nuclease, hence the given quantitative distribu
tion patterns. 

W.H. Wilburn: Did the quality of fixation deteriorate 
at deeper levels in the skin biopsies? 
Authors: The deepest parts of punch biopsies are well 
cryofixed due to the comparatively loose and open archi
tecture of the dermis which permits a rapid cooling rate 
if the tissue. In concord with its small cross-section 
(approximately 120 µm), the epidermis is, in our experi-
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ence, always well fixed by quench freezing. 

W.H. Wilburn: Do you expect to be able to detect 
differences in normal skin from one individual to 
another, between skin of males and females, and 
between skin from young and old individuals? 
Authors: Particle probe analysis is a time consuming 
technique at the analysis stage and this has diminished 
our possibilities to study large enough population mate
rials that would provide answers to your questions . 
There is no doubt about the fact that interindividual 
variations are recorded in normal and pathological tis
sues alike, hence, population studies may well reveal the 
other variations suggested by your question. So far, the 
difference between normal and pathological tissues have 
been conspicuous enough to allow interpretations of 
particle probe data. 

E. Palsgard: Do you have any idea why Fe and Zn are 
higher also in clinically normal psoriatic skin? 
Authors: Knowing that psoriasis has a genetic cause 
and that at an outbreak of lesions the metabolic proc
esses are tuned into abnormal expressions, the Fe and 
Zn distributions are further suggestions of inborn abnor
malities in the psoriatic keratinocytes . These trace ele
ments are precious to the body system and are therefore 
expected to be recirculated once they have performed 
their task bound to enzymes. We may speculate that, in 
the psoriatic skin, the break-down mechanism for such 
enzymes are deficient, hence the protein bound elements 
are not freed to an ionic form which would allow them 
to leave the epidermal compartment on a down-hill 
gradient similar to that postulated for Na+ and K+. 

H. Sharata: Why should clinically quiescent unin
volved psoriatic skin contain Fe levels at least twice as 
high as normal in the stratum basale? 
Authors: The higher than normal Fe level of the basal 
layer in psoriatic patients are likely to be related to a 
biochemical abnormality . Rather than speculating on the 
issue at this point , we may be able to get a better foun
dation for interpretation when we have pursued our stud
ies of lesional psoriasis. 

1026 

H. Sharata: I appreciate the comments regarding the 
limitations of PIXE but would like the authors to address 
the following points. Can the authors provide us with 
an idea of variability in their data. How many samples 
were examined, how many scans per sample, what were 
the ranges of data and the standard deviations associated 
with the mean values, etc. This is a seldom discussed 
point in electron microscopy and microanalysis, yet an 
important and obvious aspect to reaching meaningful 
quantitative results. 
Authors: In the studies using the PIXE analysis, the 
typical experiments comprise a number of 6-10 individu
als from which specimens are obtained. From each bi
opsy, the three best sections are chosen for PIXE analy
sis, two or three parallel sections are monochromatically 
stained for light microscope identification of structural 
features in the parallel sections. The microprobe PIXE
setup was calibrated using a procedure discussed by 
Johansson et al. [49] and Themner et al. [50]. The cali
bration is based on analyses of commercially available 
thin standard foils with elements covering the periodic 
system. The inaccuracy can then be estimated to be bet
ter than 5 % using a focused non-scanning beam. The 
scanning model may add some percent to this, however, 
the main variability in the final data originates from the 
biological variability of the data. 
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