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ABSTRACT In this paper, an application of contact microradiography with soft X-rays for
detecting the uptake site of heavy metal in the whole plant leaves is investigated. The X-ray source
is a laser-plasma one based on an Nd:glass laser. The soft X-ray radiation emitted from the plasma
laser targets of magnesium, iron, and copper can be strongly absorbed in the leaves’ regions rich in
iron, magnesium, and copper. This absorbance could point to structures in the leaves where these
heavy elements are found. In this work, leaves treated with copper sulfate diluted in water at 1, 2,
and 5% were imaged by using a copper target, in order to evaluate differences with untreated con-
trol leaves. Our results showed that this methodology highlighted the presence of copper in the
treated leaves. This new methodology should detect heavy element pollutants inside plants and it
should also be a useful analytic tool in phytoremediation studies. Microsc. Res. Tech. 69:666—-674,

microradiography; plant leaves; phytoremediation; X-rays

2006. ©2006 Wiley-Liss, Inc.

INTRODUCTION

Traditional techniques for biological imaging are
well known: light microscopy (LM), utilized for over
300 y, and electron microscopy (transmission electron
microscopy (TEM) and SEM) introduced in the1950s.
These techniques are limited, which has stimulated
research into other types of microscopic imaging. Nor-
mal LM has a resolution limit of about 250 nm, gov-
erned by the wavelength of visible light and specimen-
staining techniques, which often modify the normal
living state morphology; whereas, TEM, with short
wavelengths of accelerated electrons, can give a resolu-
tion of 1-2 A. Biological sample preparation generally
requires specimen dehydration, fixing, and staining
with electron-dense substances such as osmium tetra-
oxide and lead salts, which make it impossible to look
at the preserved living state but with greatly enhanced
electron scattering and contrast.

A different technique for TEM, which reduces some
of the above-mentioned problems, is the negative stain-
ing technique which uses heavy metals that form a
glass-like matrix around the biological materials. This
technique is quite useful for imaging parts of cells or
macromolecules, but the samples are dehydrated and
surrounded by a stain matrix.

To minimize the problem of sample preparation arti-
facts, imaging the internal structure of living cells in
their normal living state by means of an X-ray micro-
scope has been pursued by biologists and physicists for
many years. (Cotton et al., 1992, 1995; Fletcher et al.,
1992; Ford et al., 1991; Panessa et al., 1981; Panessa-
Warren et al., 1989, 1991; Stead et al., 1988, 1992).
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This aim has created the soft-X-ray microscopy (i.e.,
the observation of individual cells or a few cells under
low energy X-rays) and microradiography (i.e., the ob-
servation of small insects or plants generally imaged
on a high-resolution photographic film), which were
introduced for imaging the internal structure of cells
and small biological samples in their normal living
state. In fact, imaging with soft X-rays offers the possi-
bility of viewing the internal structure of totally intact
living biological specimen at a resolution slightly better
than that of LM, while avoiding the dehydration and
staining of specimens for TEM.

Soft-X-ray microscopy is of particular interest in the
region of the X-ray spectrum between 2.3 and 4.4 nm
(0.28-0.53 keV), known as the “water-window.” This
region lies between the oxygen and the carbon k-absorp-
tion edges (Fig. 1). In this region, the absorption of car-
bon is ~10 times that of water. Hence, using X-rays in
this range allows living biological specimens to be imaged
with good contrast in a natural aqueous environment
(Stead et al., 1988, 1992; Albertano et al., 1997a).

During the last 10 y, soft-X-rays produced by laser
plasmas have been widely used for the imaging tech-
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Fig. 1. Transmission in the water-window spectral region of water
and carbon, 1 pm in thickness (Cotton et al., 1993).

nique called the “contact mode” (SXCM), which places
the sample in contact with a photosensitive plate, typi-
cally a PMMA (poly methyl methacrylate) photoresist
for standard radiography (Albertano et al., 1997a,
1997b; Bollanti et al., 1995, 1996, 1998; Conti et al.,
1997; Cotton et al., 1995; Fletcher et al., 1992; Ford
et al., 1991; Stead et al., 1988).

Alternatively, monochromatic X-ray sources from a
synchrotron source with a Fresnel zone plate lenses to
project the magnified image on a CCD have been
employed (Medenwaldt et al., 1998).

In the SXCM, the photoresist PMMA, after the de-
velopment, assumes a relief map of the cell image,
which can be analyzed with AFM, giving a final resolu-
tion of 50-100 nm, limited mainly by diffraction effects
and by lateral erosion of the PMMA during its develop-
ment. Instead, in contact microradiography, the speci-
men resolution is generally limited by the dimensions
of the emulsion grains in the film to a few microns.

As mentioned earlier, there is also an alternative pro-
cedure to both techniques, using optical elements which
magnify (i.e., a zone plate lens or a Schwarzschild mul-
tilayer mirrors couple for microscopy, or a spherical
crystal for microradiography) and give the soft-X-ray
microscope and its microradiography images in a pro-
jection mode. With both techniques using projection, it
is possible to produce a magnification M > 1, regulated
by the distance of the sample and the photosensitive
material from the optical element. (Flora et al., 2001).

Microradiography, at an energy of ~1 keV, was uti-
lized for imaging internal structures of small insects
like a mosquito (Albertano et al., 1997b; Bollanti et al.,
1998; Flora et al., 2001; Pikuz et al., 2001). With this
technique, a resolution of ~1 pm was obtained, because
of the small size of the laser-plasma X-ray sources
(small penumbra blurring). In this case, the photosen-
sitive plate is typically a thin grain photographic film
such as Kodak-RAR.

Generally, for microradiography of leaves, the 1-keV
radiation represents the best compromise between the
need for transparency of the leaf structure and X-ray
absorption delineating the leaf details, producing a
high contrast image.

In principle, many different targets can be used as the
laser plasma X-ray source for imaging biological sam-
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Fig. 2. Experimental layout for X-ray contact microradiography
by laser-generated plasma.

ples, since any heavy metal element used as a target in
a laser plasma emits X-rays at wavelength values which
are strongly absorbed by the same element. To look at
structures inside leaves, where a specific heavy metal is
supposed to be present, it is convenient to use a source
with the same metal as the target. Therefore, among the
imaging and analytical technologies, the X-ray microra-
diography and SXCM is very useful, since it allows the
presence of almost any element to be localized.

The contrast within the leaf image can be increased
by increasing the intake of different metals or by treat-
ing leaves with a heavy metal solution for some hours
or days before being imaged.

The principal aim of this study is to demonstrate the
detection, using X-ray imaging of the leaves, the
uptake storage sites of chemical elements (e.g., heavy
metal pollutants). In particular, a copper sulfate solu-
tion has been used to dope leaves which have then been
exposed to X-ray radiation produced from a Cu target
in order to visualize where Cu was mainly located.

MATERIALS AND METHODS
Characteristics of the X-ray Source

A high-power Nd:glass laser has been used with vari-
ous metal targets for producing an X-ray source suita-
ble for soft-X-ray contact microradiography of plant
leaves (Bellucci et al., 2000; Petrocelli et al., 1993a,b).
This laser has a pulse energy around 8 J and a pulse
duration of 15 ns. The laser beam is focused on a target
of copper material placed in the middle of a vacuum
chamber (Bellucci et al., 2000; Petrocelli et al., 1993a,b).

A scheme of the experimental layout for contact micro-
radiography mentioned above is shown in Figure 2.

The X-ray source diameter is rather large (© ~ 300 pm)
due to the low numerical aperture (NA ~ 0.03 um) of
the focusing lens. The distance from the plasma source
and the sample holder is d = 15 cm.

The relatively large size of the source could give
some problems of penumbral blurring. For this reason,
the sample is placed as close as possible to the film (at
~1 mm). In this case, the expected penumbra blurring
is just 2 pm, comparable with the grain size of the RAR
film emulsion used in the film plate. The visible light
was filtered by a 2-um thick polypropylene foil coated
with a 0.4-um thick aluminum layer, with a total thick-
ness of 2.4 um.
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Fig. 3. Emission spectra of Fe and Cu targets (mainly by Ne-like ions) and of a M%ltarget (mainly by

the He-like ions) in a plasma heated by a laser pulse having an intensity of 10'*~10

and corresponding absorption spectra (right side).
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Institute for Physics of Matter) Tor Vergata Research
Unit.

Figure 3 compares the emission and transmission
spectra of three different strong emitter materials in

The laser equipment was designed and manufac-
tured by Quantel, located at Rome University “Tor
Vergata,” STFE (Scienze e Tecnologie Fisiche ed
Energetiche) Department, INFM (Italian National
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the 1-keV region. These data are taken from the litera-
ture for laser plasmas at intensities similar to those
utilized in this article. In particular, Fe and Cu emis-
sion spectra are extracted from Boiko et al.(1985); the
Mg spectrum is obtained from a laser plasma source
pumped by a Nd laser (Bellucci et al., 2000), while the
absorption spectra are given by Henke et al. (1993).

From this picture, the expected correspondence of
the strongest emission by Ne-like Cu or Fe ions (that
is, ions depleted of electrons up to remaining with the
same number of electrons as the neutral neon atom,
that is, 10 electrons) and by He-like Mg ions (that is, Mg
ions with just 2 electrons, as helium) with the strongest
absorption spectra occurring for copper or iron or magne-
sium is clear.

In fact, the spectral regions of highest emission for
iron, copper, and magnesium lay on the left side of the
corresponding absorption L-edge wavelength at 1.753
and 1.330 nm for iron and copper, and of the absorption
K-edge wavelength at 0.951 nm for magnesium. In
these emission ranges lies the poorest transmission for
each of the three metals: that is, only 20% for the thick-
ness of 0.2 pm for Fe and Cu and thickness of 2 pm for
Mg, both thickness values being chosen as examples in
the figure. Practically, no lines are emitted, for each
element, at wavelengths lying on the right side of the
corresponding absorption edge; these regions of the
emission spectra are not reported in the figure.

A thickness of magnesium 10 times larger than that
of Fe and Cu is necessary to reach the equivalent
transmission value (20%) at the absorption edge. This
higher thickness requirement could theoretically limit
the possibility to detect the areas of biological samples
which are rich in magnesium, unless the magnesium
amount itself is very large. For this reason, the presence
of Mg has not been pursued in these first experiments.

Between Cu and Fe, Cu has been selected because
copper sulfate solution can be used to dope leaves as a
possible contaminant/pollutant. Copper compounds are
also tolerated by the plant as compared with iron salts;
in fact, iron is found naturally in soils and is not a pol-
lutant.

One-month-old Viola x wittrockiens (dicotyledon,
angiosperm) plants, grown in flasks containing 1:1:1
clay:sand:peat, were used in this experiment, and only
one (i.e., copper) of the three elements mentioned ear-
lier was used for doping treatment of the plants.

Different solutions of copper sulfate (CuSO,) were
employed for uptake into the leaves. In fact, the leaves
of the plant Viola x wittrockiens were treated for a time
of 24 h with three different concentrations of copper
sulfate: (a) 1%, (b) 2%, and (c) 5%. Untreated leaves
were used as control.

Before being imaged, all the leaves were dried with
increasing concentrations of alcohol (50, 70, 80, 95% and
absolute) to eliminate any residual water, which might
strongly absorb X-rays. Furthermore, the use of prede-
hydrated leaves avoided any alteration of their struc-
ture during the experiment in the vacuum chamber.

Leaves were fixed in a dark chamber in contact with
the photographic film RAR 2492. In all cases, only one
shot of the Nd:laser beam was sufficient to obtain a
good exposure of this photographic film placed at 15 cm
from the target. The corresponding measured fluence
on the samples is about 130 pJ/cm?. The exposure time
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Fig. 4. Lower external epidermis layer of leaf of Viola x wittrock-
iens (at optical microscope) showing size of cells and diameter of sto-
mata (arrows indicate stomata; the black lines sign up their diame-
ter); (objective lens 10X).

was 15 ns. This very short exposure time avoided any
movement blurring in the images.

After the exposure to X-rays, the films were devel-
oped in Ormano Bromor ST-50 diluted 1:4 and fixed in
Ormano Superfix F205 diluted 1:4, for 5 min each. The
images obtained were digitized with a scanner.

We have imaged four kinds of dried leaves by contact
microradiography: control leaves (a) and three differ-
ent kinds of leaves ((b)—(d)) treated with the three con-
centration levels of copper sulfate solution mentioned
above.

RESULTS AND DISCUSSION

Genus Viola x wittrockiens was chosen for its easy
availability. It should be also pointed out that a related
species, Viola calaminaria, has been extensively stud-
ied for phytoremediation and shown to bioaccumulate
up to 1% zinc in dry leaves (Salt et al., 1998); moreover,
the same Viola calaminaria has also been studied for
association with michorrizal fungi, which improved its
phytoremediation properties (Hildebrandt et al., 1999;
Kaldorf et al., 1999).

Before exposing leaves of Viola x wittrockiens to X-
rays, they were directly analyzed under an optical
microscope for comparison with the subsequent radio-
graphs.

Optical microscope images of the lower epidermis are
shown in Figure 4; the stomata and their dimensions
are also indicated.

Soft-X-ray microradiographs obtained with the Cu
target of the control (a) and of the treated leaves corre-
sponding to the two different doping values, 1% (b) and
5% (c), are shown in Figure 5.

Different structures are visible in form of spherical
granules (the white dots corresponding to X-ray opaque
zones). These granules are more evident for the higher
doping concentrations and they appear to have differ-
ent size and shape. Furthermore, a content of copper
could be hypothesized for them; the main and second-
ary veins are also more X-ray absorbent in the doped
leaves. The average dimension of grains is around 50 pm.

85UB017 SUOWIWIOD BA1eR.D 3(deot(dde auy Aq peusenob aJe sejoie O ‘8sn JO $aInJ I0} Afeiqi8UlUO AB]1A UO (SUORIPUOD-PUR-SLLBIALCO" A3 1M AReIq 1 [ul [U0//Sty) SUOBIPUOD pue S | 8y} 88S " [1202/20/ET] Uo Akeiqiauljuo AB]im ‘outio L IaelseAlun Aq 0SE0Z WL /Z00T 0T/I0p/wo0" A3 IM Ale.q1pUIIUO'S eLINO BoUB 105 PO NA eU//:SANY WOJ§ pepeoumod '8 ‘9002 ‘6200260T



670 L. REALE ET AL.

Fig. 5. Details of the X-ray images on the photographic film RAR 2492 observed under a 40X objective
lens optical microscope: (a) control detail, (b) 1% treated detail, and (¢) 5% treated detail. Average dimen-
sion of grains is ~50 um in diameter.
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Fig. 6. Grayscale levels at 8-bit on the grains in the three doping
images: (a) control, (b) 1% treatment, and (¢) 5% treatment.

In Figure 5, in fact, it is possible to note that there
are few large granules in the control leaf images, while
the granules appear very clearly in the treated leaves
and show a stronger contrast for increasing salt con-
centrations.

This is shown more clearly in Figure 6, where the
grayscale levels, directly measured on the grain area in
the three different microradiographs, are reported. As
it can be seen in this figure, at the highest doping level
(5%), grains reach the highest gray level contrast value
and the biggest size; for the middle treatment (1%), the
grain contrast is a bit lower, while the control detail
seems to be without any relevant contrast peaks.

The microradiographs can be evaluated quantita-
tively by measuring their optical density (OD). To
obtain these data, it is necessary to measure the gray-
scale level in the image and then evaluate the OD by
using the scanner’s calibration curve obtained by scan-
ning calibrated neutral optical filters, and using the
same scanner at a fixed optical gain.

In Figure 7, the profiles of the OD obtained on the
microradiographs by averaging the OD (x, y) along the
vertical coordinate (y) are shown. Also included in the
graph are the average values for each treatment (that
is, the O.D. value averaged on the whole area), shown
better in Figure 8. The variation of OD due to the dop-
ing, hidden by the large local fluctuations, is well high-
lighted by this average OD on the whole image.

The apparent anomalous shift of the behavior of OD
versus the doping level (see Fig. 8) is due to the fact
that the control leaf and 1% doped leaf sample are
imaged on one radiograph (with one laser shot), while
the 2% and 5% doped leaf samples are imaged on
another radiograph (with a higher laser shot energy).
This shift disappears by normalizing the OD values to
the laser shot energy.

This is indirectly shown in Figure 9, where the aver-
age transmission of all samples is reported.

Microscopy Research and Technique DOI 10.1002/jemt
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In fact, starting from the average values of the OD
and considering the response of the RAR 2492 film (ref.
Henke et al., 1993 II experimental characterization), it
is possible to convert the OD values of Figure 8 into flu-
ence values, that is:

F = (eOADA/A _ 1)/S (1)

where for a photon energy between 0.9 and 1.5 keV, it
isA=1.1and S = 12 cm*/ud.

From the values of fluencies and from the value of
fluence in the direct film exposure region (that is, the
regions not shadowed by samples), it is possible to
obtain the leaf transmission values for the different
doping values by:

Ti = Fi/Fdirect (2)
where i pinpoints at all the doping values including the
control.

As it can be seen in Figure 9, these average trans-
mission values of our samples in the 1-keV region

Microscopy Research and Technique DOI 10.1002/jemt

Deping concentration (%)

Fig. 9. Leaf transmission for the different doping values.

are much less than 1%; but exactly for this reason,
the sensitivity to doping is high. For higher photon
energies, the transmission of samples would be
much higher, but the sensitivity to the doping would be
lost.

It is interesting to note how the averaged transmis-
sion decreases as the concentration of the copper sul-
fate solution treatments increases.

Then, considering that all the leaves were grown in
similar conditions and have the same thickness, the in-
crement of absorption of the doped leaves can be attrib-
uted just to the copper absorbed by the leaves. It is also
possible to measure the transmission due only to the
copper intake, by dividing the total transmission of
each doped samples by the transmission of the control
leaf:

TCui = Tl/ Tcontrol (3)
Finally, from the Cu transmission, it is possible to esti-

mate the Cu surface density (ph, that is the density p
integrated over the leaf thickness /) in the different
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Fig. 10. Copper intake in the doped leaf samples versus the treat-
ment concentration. The copper intake is estimated from the average
OD of the related radiographs.

TABLE 1. Cu intake values according with concentration
in CuSOyin the doping solution

Cu concentration in the doping solution (%) 0 1 2 5
Cu intake by the leaves (ug/cm?) 0 42.00 57.76 128.87

doped leaves by:

~In (1/Tcy;)
150

ph (4)

where py; is the mass absorption coefficient of copper
(~8,000 cm?/g at an energy value of 1.2 keV).

These values of copper density are shown in Fig. 10
and also in Table 1. In Figure 10, the experimental val-
ues of the copper intake are well fitted by the exponen-
tial behavior:

Cllintake = A (1 — e~doping/B) (5)

where the asymptotic value is A = 0.24 mg/cm? and the
saturation doping treatment is B = 6.5%.

From Figure 10, it is interesting to note that for the
maximum doping level tested in our experiments (that
is, 5% CuSO, in water), a Cu intake as high as ph =
130 pg/em? is reached, which is equivalent to a solid
copper foil thickness A = ph/p = 145 nm. This equiva-
lent Cu thickness gives at 1.2 keV an absorption of
more than 60%, as seen in Figure 9, which is easily de-
tectable. But the same copper thickness at the copper
absorption K-edge of ~9 keV would give an absorption
of only 1% and 4% on the left and right side of the edge,
respectively. This small transmission difference (usu-
ally applied in the dual energy technique) would be
still detectable, but only if a CCD camera with a good
linearity and stable response is used, such as, for
example, the modern cooled 16-bit CCD camera.

inside the cell, the vacuole, where probably copper sul-
fate solution may especially accumulate. The vacuole
almost occupies the whole volume of the cell and is a
place where intake of contaminants is especially high.
(Salt et al., 1998) In this way, it is possible that some
cells bioaccumulate the contaminant solution in the
vacuole; in fact, in the microradiography, the circular
shape of possible vacuoles is clearly visible. This is a
quite similar effect that takes place with the formation
of druses of calcium oxalate that especially grow inside
the vacuole in the cell.

It should be pointed out that no actual morphological
analysis of the image details of the leaf was done, but
was only hypothesized how to find a right way to high-
light the intake of contaminant in the leaf. This means
that, at the moment, it is important to show the possi-
bility to detect the intake of contaminants, i.e., copper,
in the leaf tissue, rather than recognizing a definite
structure in the morphology of the cell.

Further studies could clarify the exact nature of
these granules, which are observed here for the first
time by microradiography (there is no previous result
to compare).

The possibility that granules are artifacts due to the
drying process can be excluded because they are pres-
ent either if the leaves have been dried by hot air or by
an increasing concentration of alcohol (as it has been
done in the experiments of Fig. 5).

Grains are just visible in the control samples not
treated with copper, indicating they are a normal struc-
ture of the leaf. Therefore, it appears that copper
sulfate solution within the leaves just increases the
absorption signal of the granules.

CONCLUSIONS

Contact microradiography images of leaves of Viola x
wittrockiens have been obtained by using the ~1-keV
soft X-rays emitted by a laser-plasma source; the capa-
bilities of this investigation as a method for the leaf
metal-intake measurement have been analyzed by
growing plants in the presence of different copper sul-
fate concentrations.

The amount of copper intake inside the leaf struc-
tures has been quantitatively determined starting from
the analyses of the OD of the microradiographs. A
graph of the detected amounts shows an almost linear
relationship between the concentration of copper in
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the doping solution and the intake in the leaf struc-
tures.

The inner structure of the leaf, with main and
minor veins, has been imaged together with some
round granules. As a first attempt to recognize the na-
ture of these granules, two different hypotheses have
been provided: they could be granules due to crystal
of the copper sulfate treatment solution, or vacuoles
within cells. Further studies should clarify their exact
nature.

It is important to note that this X-ray technique
images leaves differently when compared with the
imaging of other methods. The two epidermis layers in
the upper and bottom sides of the leaf nor the meso-
phyll cells between them cannot be distinguished from
each other with this technique. One sees the leaf
because of cumulative absorption results from many
layers one above the other in the leaf tissues.

That the granules are drying artifacts seems to be
excluded. The granules are always present (either by
heat or alcohol drying), and their presence in the con-
trol leaves means that they are structures already
present before treatment, while the CuSO, treatment
only increases the contrast in the X-ray images.

Contact microradiography is a straightforward appli-
cation of laser-plasma sources to biology (Reale et al.,
2004). In the experiments presented here, the use
of a wide spectral distribution of the X-rays has sig-
nificantly limited the sensitivity on recognizing the
chemical nature in the different leaves’ structures.
The imaging with monochromatic X-ray radiation ob-
tained through a reflection on a spherically bent crys-
tal (Pikuz et al., 2001) is scheduled for future studies.

The use of monochromatic radiation, and hence the
possibility to apply the dual-imaging-subtraction tech-
nique, will improve the capability of applying this
method in phytoremediation studies. (Kamnev and van
der Lelie, 2000; Khan et al., 2000; Meagher, 2000).
Moreover, it could provide information on the health
status of a plant.

A dual energy analysis is the subtraction between
two images of the same sample obtained at two slightly
different wavelengths opposite each other, with respect
to the absorption edge of a specific chemical element.
This technique will allow not only the chemical map-
ping of the sample, but also increasing the sensitivity
to the chemical abundance by an order of magnitude or
more, so that the amount of such chemicals can be esti-
mated in treated and nontreated leaves. Of course, the
CCD detector will need to have a high dynamic range
like the modern cooled 16-bit CCD.

If a plant is grown in a heavy metal polluted environ-
ment and has adsorbed elemental pollutants from the
ground, this X-ray technique could in principle show
the presence of such elemental pollutants in the plant
tissues.

It could be very important to detect the intake of
heavy metals into a plant in the early stage of the proc-
ess; for this purpose, X-ray microradiography of leaves
or other plant tissues could be a very useful tool.

It is evident that further experiments are needed to
better characterize microradiography of biological sam-
ples as a tool for their heavy metal chemical mapping,
although it should be clear that this technique can pro-
vide useful results.
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