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We studied a new approach to cell ashing based on
lluminating the specimens with a low-pressure mer-
ury discharge lamp. We analyzed with synchrotron
pectromicroscopy its effects on different physiologi-
al elements in neurobiological specimens. Our results
emonstrate that carbon is removed, whereas phos-
horus, calcium, potassium, and sulfur are retained
nd their relative concentrations are enhanced. Ap-
lied to trace elements, this technique will enhance
heir practical detectability. © 1999 Academic Press

Key Words: synchrotron spectromicroscopy; micro-
hemical analysis; MEPHISTO; ashing; incineration;
race element.

Ashing is often used to reduce the thickness of tissue
ections or to investigate the chemical properties of
iological specimens (1–4). This procedure should
liminate certain elements (carbon, nitrogen, and hy-
rogen) and enhance the relative concentration of oth-
rs, thus improving their detectability. Its effects on
he specimen structure (2) and chemistry (1) have been
xtensively analyzed.
Conventional ashing is based on high-temperature

ncineration or on the exposure to oxygen plasma (1–
). We adopted a different technique, based on the
llumination of the specimens with a UV lamp at at-

ospheric pressure and room temperature. This ap-

1 To whom correspondence should be addressed at Istituto di
truttura della Materia, Consiglio Nazionale delle Ricerche, Via
w
osso del Cavaliere, I-00133 Rome, Italy. Fax: 139-6-4993-4153.
-mail: pupa@src.wisc.edu.
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roach has distinct advantages over conventional tech-
iques because the use of photons (massless and with
ero kinetic energy, and consequently no ballistic ef-
ects) ensures that the remaining elements are not
isplaced while carbon is removed. This is particularly
mportant for spatially resolved chemical analysis.

ore conventional approaches alter the element spa-
ial distribution by high-energy oxygen bombardment,
igh temperature, or sputtering.
We present synchrotron spectromicroscopy (5–7) re-

ults on the chemical effects of UV/ozone ashing of
eurobiological specimens compared to unashed spec-

mens, demonstrating that this procedure does not in-
roduce detectable element redistribution. The data
nclude spectromicroscopy images, spectra, and ele-

ental distribution maps.

ATERIALS AND METHODS

Synchrotron spectromicroscopy analyzes the chemi-
al composition and the state of elements on a micro-
copic scale (5–7). The technique consists of illuminat-
ng the specimen with monochromatized X rays
mitted by a synchrotron light source (here, the 10-m
oroidal-grating monochromator beamline of the Wis-
onsin Synchrotron Radiation Center storage ring Al-
ddin) and detecting the emitted photoelectrons. The
hotoelectron intensity vs photon energy curves mirror
he absorption coefficient; from characteristic spectro-
copic features one derives the presence and chemical
tate of the corresponding element (8).
We analyzed ashed and unashed neurobiological

pecimens with the MEPHISTO spectromicroscope (5)

ith a submicrometer spatial resolution. The speci-
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175MICROCHEMISTRY OF ULTRAVIOLET/OZONE-ASHED NEURONS
ens were primary cultures of rat cerebellar granule
ells. A detailed description of the specimen prepara-
ion process can be found in Refs. (6) and (7). In short,
ells extracted from rat cerebellum were allowed to
row for 8 days on gold-coated stainless-steel sub-
trates, pretreated with 10 mg/ml of poly-L-lysine solu-
ion. Selective techniques were used to obtain a pre-
ailing population of granule cells (9–11).
At the end of the growth period, the cultures were
ashed, fixed with 4% paraformaldehyde in PBS2 for
0 min, then carefully washed twice to remove the
xcess fixative and the PBS salts, and finally air-dried.
ote that any chemical modification of the cells in-
uced by paraformaldehyde or PBS is common to all
amples, ashed and nonashed, and cannot therefore
ntroduce any artifacts in the results obtained, which
re meant to be only comparative. Part of the cultures
ere analyzed in this form, and others were first ashed
y exposing them to the UV light and ozone produced
y a low-pressure mercury-discharge lamp in a desic-
ator cabinet. Filtered air was pumped through the
abinet at a rate of about 2 liters per minute to supply
xygen and remove reaction products. The effluent gas
as passed through a column of activated charcoal to
eutralize the ozone.
Ashing occurs under UV illumination because ozone

roduced by photodissociation of oxygen reacts with
rganic carbon to produce volatile products (CO and
O2) (12–16). This type of lamp has been recently used

o remove the radiation-induced carbon contamination
rom synchrotron optical elements exposed to X rays
12–14).

IG. 1. Micrograph of an ashed granule cell culture on a gold-co
hotons. Note the characteristic appearance of cell bodies and neuro
t2 Abbreviation used: PBS, phosphate-buffered saline.
A low-pressure mercury lamp emits two photon
avelengths relevant to carbon removal: 1850 and
537Å. The 1850-Å light generates ozone in air by
hotodissociation of oxygen, and the 2537-Å light pho-
osensitizes organic carbon enhancing the carbon-re-
oval rate. The 2537-Å light also causes photodecom-

osition of ozone.
The ozone-degrading 2537-Å light travels farther in

ir than the ozone-producing 1850-Å light—thus pro-
ucing a strong ozone concentration gradient around
he lamp. Therefore, the carbon removal rates strongly
epend on the lamp distance (12). In the present study,
he lamp specimens’ distance was 5 mm. The exposure
ime varied between 6 and 48 h, with complete carbon
emoval only after 48 h.

ESULTS AND DISCUSSION

All images and spectra reported below are represen-
ative of a much larger database that we acquired over

period of 10 months, on different types of cells in
ulture, including rat cerebellar neurons, glial cells,
eningioma cells, fibroblasts, and human brain tissue

ections from glioblastoma and meningioma patients.
ll these samples originated from at least 20 separate
iological/bioptical preparations, and yielded very sim-
lar results after ashing for all the physiological ele-

ents reported below.
Figure 1 shows a MEPHISTO micrograph of a por-

ion of a neuron culture ashed for 48 h. The contrast is
aused by the different photoelectron emission yield of
ifferent elements. The image was acquired at 174 eV
hoton energy, for which sulfur photoemits more than
old: therefore, the S-containing cells appear brighter

d stainless-steel substrate. The image was acquired with 174-eV
l processes preserved after ashing.
han the gold substrate.



b
s
c
u

d
t
i

f
t
s
c

r
e
c
c
c
w
c
a
s
o
o
t

e
h

t

a
o

F
r
c
a
c
t
i

F
a

176 DE STASIO ET AL.
The dark, '5-mm-size round-shaped features are cell
odies. They appear dark due to their three-dimen-
ional shape: MEPHISTO has a low collection effi-
iency for electrons emitted by surfaces not perpendic-
lar to its optical axis.
The elongated bright features are the axons and

endrites, characteristic of the neuron networks. Note
hat they maintain their typical morphology after ash-
ng, at least in two dimensions.

MEPHISTO can acquire X-ray absorption spectra
rom selected microscopic areas by measuring the elec-
ron yield while scanning the photon energy. These
pectra reveal the microchemical composition of spe-
ific features such as cell structures (5).

Figures 2–7 show results obtained in the spectral
egions of the C1s, K2p, N1s, O1s, Ca2p, P2p, and S2p
dges. All spectra reported in Figs. 2–7 from ashed
ells were acquired from a 25 3 15 mm2 area in the cell
luster in the lower-central part of Fig. 1. The unashed
ell spectra were taken from the same sample before it
as ashed. The spectra were normalized to the mono-

hromator yield curve. These spectra do not represent
quantitative analysis, which is never possible with

pectromicroscopy (5). Nevertheless, the detection limit
f the instrument was measured to be 100 ppm. The
nly safe quantitative statement we can make about

IG. 2. X-ray absorption curves in the C1s and K2p edge spectral
egion taken on ashed (solid line) and unashed (dashed line) neuron
ells. Carbon is removed and the K2p edge becomes prominent after
shing. The ashed spectrum was taken on a 25 3 15 mm2 area on the
ell cluster in the lower-central part of Fig. 1. The unashed curve was
aken on the same sample before ashing. Both spectra were normal-
zed to the monochromator output and smoothed.
he spectra in Figs. 2–7 is, therefore, that the detected
lements must have had a surface concentration
igher than 100 ppm.
In all spectra the solid and dashed curves correspond

o ashed and unashed specimens.
Figure 2 shows that carbon is completely removed by

shing. Note that this UV/ozone technique was devel-
ped to completely remove carbon from semiconductors

IG. 3. N1s edge spectra: nitrogen is not completely removed by
shing but the lineshape changes.
FIG. 4. O1s edge spectra before and after ashing.
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177MICROCHEMISTRY OF ULTRAVIOLET/OZONE-ASHED NEURONS
nd optical elements, and it has been proven to be
xtremely effective (12–17). The central goal of the
resent experiment was to demonstrate that with the
ame method carbon can be effectively removed from
ells, as Fig. 2 proves.

IG. 5. Ca2p edge spectra: the previously undetectable calcium
ignal is very intense after ashing.
s
IG. 6. P2p edge spectra. The unashed specimen curve was cor-
ected to remove second-order C peaks at 142 and 145 eV.
We analyzed the samples after 6, 12, 24, 36, and 48 h
f UV/ozone exposure, and saw C1s completely re-
oved only after 48 h. We have therefore adopted this

riterion to judge the ashing time required.
In Fig. 2 we observe that potassium is practically not

etectable before ashing, even if its peaks are visible in
he unashed spectrum because it overlaps the C1’s
pectral features, and is therefore almost impossible to
econvolve from this latter without a perfectly accu-
ate knowledge of C1’s structures without potassium,
hich is never available in a biological specimen. In

he ashed spectrum of Fig. 2 potassium becomes more
rominent with its characteristic spectral features
bove 295 eV.
Figure 3 indicates the presence of nitrogen even after

shing; however, the 401-eV peak is very intense in
oth spectra, whereas the broad spectral features at
igher energies are weakened by ashing. The perma-
ence of a strong 401 eV peak—due to the –NH2

minic group in basic amino acids and/or to the
CONHC group in peptide bonds (17)—is consistent
ith previous data (1) on oxygen-plasma ashing. Note

hat this peak is still present even after 65 h of UV/
zone ashing (data not shown). The weakening of the
ther features has not yet been clarified.
Figure 4 shows that oxygen, as expected, is not re-
oved by ashing; but its chemical state is dramatically

ltered. The unashed spectrum has the “typical” line-
hape of oxygen in the gas phase or in organic com-
ounds (17). The intense spectral feature in the ashed

IG. 7. Ashing enhancement of the S2p edge. To avoid losing the
harp features at 172, 175, 176.7, and 179.5 eV, the ashed specimen
urve was left unsmoothed.
pectrum must be a combination of ashing-induced
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178 DE STASIO ET AL.
xides of several other elements. We speculate these
ay be, for example, –PO4, –SO4, Cl2O, Na2O, NaOH,
2O, KOH, CaO, Ca(OH)2.
The central point of our data is the enhancement of

he calcium, phosphorus, potassium, and sulfur con-
entrations by ashing. Previously undetectable potas-
ium, calcium, and sulfur become very prominent in
igs. 2, 5, and 7. Phosphorus is already visible before
shing but strongly ashing-enhanced—see Fig. 6.
Figures 8–11 show the calcium, phosphorus, sulfur,

nd potassium spatial distribution maps. Each map is
he pixel-by-pixel ratio of two different images: one at
he maximum-emission photon energy of the mapped

IG. 8. Calcium distribution map, obtained by dividing pixel by pix
V. The Ca map (black) is superimposed on an intensity-reduced ed
FIG. 9. Phosphorus distribution map obtained with the same st
lement and the other at a below-edge energy for which
he element does not emit.

Each distribution map is shown superimposed on an
dge-enhanced weak-intensity version of Fig. 1. The
aps show that P, S, and Ca are localized on the cell

tructures and virtually absent from the substrate. In
he case of K, unfortunately, the low signal level (see
ig. 2) resulted in the noisy map of Fig. 11 with prob-
bly spurious potassium signal in substrate areas. This
esult, given the low signal-to-noise ratio, cannot be
nterpreted as a reliable distribution map of potas-
ium.

n image acquired at 349 eV (Ca2p peak) by an off-peak image at 340
nhanced version of Fig. 1.
rategy of Fig. 8, but derived from images at 149 and 133 eV.
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179MICROCHEMISTRY OF ULTRAVIOLET/OZONE-ASHED NEURONS
ONCLUSIONS

Our first finding is that carbon is eliminated by our
ew ashing process, as hoped. Note that carbon re-
oval occurs independently of the original chemical

tate (C-chain, aromatic compounds, macromolecules,
ipids, etc.) of carbon in the cells. Second, nitrogen and
xygen are not completely removed, and their chemical
tate appears to be altered by ashing. Third and most
mportant, the signal intensity of calcium, phospho-
ous, potassium, and sulfur is dramatically increased.
his enabled us, in particular, to obtain reliable distri-
ution maps of most of these previously undetectable
lements.
Please note that when we say that carbon is removed

y UV/ozone ashing, we mean removed from the sur-

FIG. 10. Sulfur distribution map d
FIG. 11. Potassium distribution map de
ace of the sample. We can in fact detect the presence or
bsence of elements only in the first 100 Å of the
ample surface. There is a possibility that carbon is
till present in samples, “buried” under a surface layer
f other carbon-free physiological elements. Such a
ayer might be protecting the inner carbon from oxida-
ion and removal.

Compared to more conventional ashing techniques,
uch as the oxygen plasma which we extensively stud-
ed and characterized (1), the UV/ozone approach ap-
ears advantageous. With oxygen plasma C is effi-
iently removed, N is reduced, and the relative
oncentration of the other elements is increased, but on
he other hand the technique redistributes elements
nside and outside the cell structures. We have recently

ed from images at 174 and 170 eV.
rived from images at 297 and 292 eV.
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180 DE STASIO ET AL.
bserved this happening systematically and have ten-
atively interpreted it with a fairly simple model: the
xygen ions bombarding the sample surface have high
inetic energy (.1 keV). They practically sputter the
ample, transferring to the constituent elements im-
ulse and kinetic energy, and therefore redistributing
hem around.

With this interpretation in mind we decided to ex-
lore the new ashing strategy with UV/ozone. In this
pproach, in fact, the ozone and oxygen ions interact-
ng with the sample surface have only thermal energy
0.026 eV), and the UV photons are massless, zero
inetic energy and low photon energy (,7 eV), and
annot effectively displace materials.

The elemental distribution maps of Figs. 8, 9, and
0 demonstrate that sulfur, phosphorus, and calcium
re never dislocated outside the cells, on substrate
reas. We believe, therefore, that this novel UV/
zone method is superior to oxygen plasma for mi-
rochemical studies.
Our new UV/ozone ashing applied to biological spec-

mens can greatly facilitate the study of low-concentra-
ion elements. It may, for example, allow the detection
f trace elements as required for many physiology and
athology investigations.
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