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Abstract

Metals are not homogeneously distributed in organ tissues. Although most mapping techniques, such as histologic
staining methods, have been developed for element imaging on a subcellular level, many suffer from either low
precision or poor detection limits. Therefore, small variations in elemental distribution cannot be identified. We
have developed a method for two-dimensional mapping of trace elements to identify the influence of metabolic
zonation by the liver on trace element distribution.
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1. Introduction

Laser ablation has been used in the determination of trace elements in many nonbiological
solid samples like glass [1], geological materials [2], metal sheets [3], polymers [4], and
even ice cores [5]. Although there have been a few studies on biological samples, al of
them were hard tissues like tree rings [6-9], tree barks [10], teeth [11-12], leaves [13] and
shells from bivalves [14-17] and very limited information is available on the applicability
of alaser ablation system for fresh soft tissues like liver or brain.

In biological and clinical applications it is often desirable to have knowledge of the dis-
tribution of a trace element in a soft tissue. Traditionally, pathologists have used staining
methods for different elements of interest. These methods have disadvantages: they are of-
ten not sensitive enough to detect trace and ultratrace concentrations of elements, or the
chemicals used for staining introduce impurities [18]. Although these methods are element
specific, this is a disadvantage if more than one element has to be mapped in the tissue. In
addition, some of the chemical reactions are very metal species specific. For example, com-
plexing agents must compete with cysteine-rich proteins (metallothioneins) to bind the
metal. Thus, staining methods such as the rhodamine method for copper can identify free
copper but not the copper bound in copper proteins [19]. Other methods, such as scanning
nuclear microprobes [18], microPIXE [20], secondary ion mass spectrometry [21, 22], laser
microprobe mass analysis [23], energy-dispersive X-ray analysis [24-26], and electron
probe X-ray microanalysis [27] suffer from either low precision or poor detection limits.
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Laser microprobe mass analysis, however, is an ideal technique for the determination of
trace element distribution in biological samples. It is rather a sensitive tool, with detection
limits in the upper ppm range (1-100 ng/g). However, because the ionization of elementsis
strongly dependent on the matrix and therefore rather difficult to calibrate, this technique
can be considered only as a qualitative method. Furthermore, the thin sections should not be
thicker than 2 nm, which makes sample preparation rather difficult.

Laser ablation (LA) [20] methods have been used extensively for mapping of elements
and organic compounds in soft tissue. Recent developments in matrix-assisted laser desorp-
tion—onization time-of-flight mass spectrometry allow a spatial resolution of 30 nm for the
direct mapping of compounds in the mass range between 1 and 50 kDa in tissue sections
[21, 28]. However, when an LA system is coupled to an inductively coupled plasma mass
spectrometer (ICP-MS), the ablated material is fully ionized in the argon plasma and the
elements are detected by an element-specific detector [29].

The present study envisages the applicability of laser ablation towards 2D mapping of
trace elements in lamb liver (New Zealand) section. Trace element availability in the bulk
tissue state the total concentration of the element in the tissue concerned, but is difficult to
localize in the tissues. Therefore, this technique was adopted to explore the possibility of
determining the elemental distribution and to map its specific localization and to quantify it
using certified reference material (CRM) pig liver paste (LG-7112).

2. Aims and objectives

1. To show precision and accuracy of LA-ICP-MS using cryogenic ablation chamber.
2. To show the potential of elemental mapping using (a) homogenous CRM pig liver (LG-
7112) (b) heterogeneous liver section (30-nm cryomicrotome section).

3. Material and methods
3.1. Instrumental set-up

A commercialy available UV Nd-YAG laser with an excitation wavelength of 266 nm
(CETAC LSX-200 Plus and DigiLaz operating software) which was coupled to an ICP-
TOF-MS (Renaissance, LECO) was used. However, a cryogenically cooled ablation cell of
similar size (volume: 60 ml) replaced the commercial ablation chamber. A temperature sen-
sor and a copper-cooling coil were incorporated at the bottom of the cell. The temperature
sensor was connected to a temperature controller, which controlled the liquid nitrogen sup-
ply stored in a Dewar (volume: 1.351) to the ablation chamber by a solenoid valve. A
schematic of the ablation cell can be seen in Figs 1 and 2. The temperature can be con-
trolled easily from —20 to —100°C with a variance of + 3°C within the ablation cell. It
should be noted that the sensor does not measure the temperature of the sample but only of
the ablation cell surface.

The ICP-MS is tuned on m/z 59 for Co, m/z 139 for La and m/z 232 for Th by the con-
tinuous ablation of a reference glass sample, SRM NIST 612. The plasma conditions for the
frozen tissue samples (liver) were optimized using the m/z 68 for Zn (Table I). It is men-
tioned whenever conditions have been altered to suit individual experiments.
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Scale 100 nm

FiG. 3.3" 3 Raster points on NZ lamb liver section
FIG. 2. Laser ablation with cryogenically cooled abla- (30 nm) showing lobular bodies. Laser parameters
tion system. were 1 burst, 200 nm spot size, 6.5 mJ.

3.2. Samples and standards

Commercialy available lamb’'s liver and kidney from New Zealand, and Scottish pig
kidney were used. In addition, the kidneys of seaweed-eating sheep that live wild on the
shore of North Ronaldsay, the most northern island of Orkney, Scotland, were analyzed.
Frozen samples were carefully sliced (to about 1 mm thickness) with a scalpel. It is essen-
tial to produce a flat surface for the entire tissue in order to reproduce the same ablation
conditions for the entire tissue. The use of a microtome would improve the sample prepara-
tion.

Standard reference material SRM NIST 612 was used only for tuning, whilst the CRM
pig liver (LGC 7112) was used for method validation. The latter is a homogenized paste
and contains water. The CRM was pressed between two pieces of glass with a 2-mm spacer
and then frozen to generate a dense, tissue-like sample with a smooth surface. To the
author’s knowledge that is the only commercial CRM that approximates a frozen tissue
sample.

3.3. Calibration method

Aliquots (0.5 g) of the tissue samples were removed and digested using 5 ml HNO; and
2 ml H,0,. Digestion was carried out in sealed Teflon bombs using CEM MDS-81 micro-
wave oven. The concentrations were measuring used |CP-AES (Ultratrace Jobin Yvon) and
ICP-MS (Spectromass 2000). These tissue samples were also analyzed by the optimized
LA-ICP-TOF-MS method. In order to correct for any variation in the ablated material due
to laser energy fluctuation, surface roughness or even change of absorption coefficient of
the ablated material, the use of carbon (nVz 13/12) as an internal standard was studied. The
measured concentrations in the bulk were used to calibrate this method using the ratio of
the peak height of analyte and internal standard ***?C. Afterwards this calibration was vali-
dated by analyzing the standard reference material CRM LGC 7112.
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3.4. Optimization experiments

The reproducibility of the LA-ICP-TOF-MS system over 5 min ablation was tested by ab-
lating the glass SRM (NIST 612) using 1.02 s integration time, 6.5 mJ power, a spot size of
100 nm and a scanning rate of about 10 mm/s with a frequency of 20 Hz. At a concentration
of about 40 mg/kg, copper and lead gave RSD (relative standard deviation) of approxi-
mately 2.5 to 3.5%. In the following section the major ablation and detection parameters
were studied using a liver sasmple and, if not mentioned otherwise, the conditions of Table |
apply.

Frozen liver tissue from NZ lamb was sliced to 1 mm and used for laser ablation. Differ-
ent laser parameters were given to look for efficient ablation processes. Localization of
trace elements for mapping was carried out using a cryotome —25°C and a thin tissue sec-
tion. A small portion of the NZ lamb liver was positioned on to the cryotome block holder
and sectioned to get a 30 nm thick slice. It was affixed to a clean glass slide and airdried for
a few minutes and introduced into the ablation chamber and the image of the liver section
was captured on to the screen with the help of a CCD camera fitted to the laser system (Fig. 3).

4. Results and discussion
4.1. Variation of ablation cell temperature

In the first experiment, the influence of the cell temperature on the signal stability was
tested. Zinc was identified as being the most homogeneous element in the tissue samples. In
addition, molybdenum and carbon (internal standard) were measured. Due to the lack of
homogeneity a raster of 15 spots (200 mm) at 300 mm centers was used to identify the sta-
bility of the signal. For simplicity, peak heights rather than peak area were used for the cal-
culation of the relative standard deviation (Table I1).

The variation of the cell temperature shows the benefit of using a low temperature when
tissue samples are ablated. The three selected elements show the same trend; large variation
at —20°C, while below —60°C the reproducibility is similar to that achieved when the glass
SRM was measured under normal LA conditions.

In our opinion it is necessary to set the ablation cell temperature to at least —60°C. How-
ever, it is beneficial to have a safety margin especialy if the sample is going to be mapped,
which may result in localized heating. Therefore, the temperature of the cell was set to
—80°C for the remainder of the study.

Tablell

Reproducibility of the signal

Influence of the ablation cell temperature on the
reproducibility of the laser signal using a lamb’s
liver sample (n =15, LA conditions: 100% power,
20 Hz, 200 mm spot size, 50 shot).

Isotopes  —20°C  40°C —60°C -80°C

BC 182%  10.9% 5.8% 4.1%
%zn 4.2% 3.8% 2.6% 2.6%
%Mo 225%  9.8% 6.4% 6.5%
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There is no merit in going to a lower temperature as the o-ring becomes very rigid and
does not seal properly. This leads to poor transport of the ablated sample to the plasma. It
should be noted here that while the signal intensity varied with the temperature, it was not
consistent between elements. This may be due to the generation of extensive water vapour
at higher temperature, which may result in a shift of the ionization zone because the plasma
turned from dry to wet plasma conditions.

4.2 Variation of the spot size

The variation of spot size has a direct influence on the amount of ablated material and on
the resolution if araster grid or aline scan is performed. Since the energy density of the la-
ser remains constant it can be expected that the spot size is directly related to the intensity;
this is indeed the case for our samples. Figure 4 shows the signal of zinc with an approxi-
mate concentration of about 40 mg/kg fresh weights. At this concentration, a spot size of
10 mm just shows the occurrence of a detectable signal and is of little use if the distribution
of the element in the tissue is the focus of the investigation. The size used therefore depends
on the concentration of the element of interest and the achievable resolution if a tissue is
going to be mapped.

A very important point to bear in mind is that the plasma conditions may change signifi-
cantly if substantial amounts of material are transported into the plasma. This would result
in a reduction of the ionization efficiency. However, in these experiments the ablated area
does correlate linearly to the intensity of the peaks (R? = 0.9955). This is very important if
the instrument is to be calibrated using the single standard method: the spot size can be var-
ied and the same calibration curve can be used after calculating the amount of material ab-
lated.
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FIG. 4. Variation of raster spots size to intensity of signal m/z 68 ablated temperature —80°C, 50 shots at 10 Hz
with 200 mm spot size.
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4.3. Validation of the calibration method

Tissue for which the total analysis had been done was analyzed using the laser ablation
technique and the following conditions: —80°C, 100% power (~ 6.5 mJ), 10 Hz, 50 shots
and 200 nm spot.

The selected tissues show quite a variety of element concentration, except for Mo and Zn,
which seemed to be very constant. For Cd and Cu, the calibration curves show a good line-
arity over more than one order of magnitude, although the concentration of the samples is
not ideally distributed on this scale and therefore a bit of variation can be expected. The
validation using the CRM pig liver is very encouraging. The good accuracy demonstrates
that bulk analysis is possible if just one spot is used for the analysis. On the other hand,
since accuracy on one spot is acceptable, mapping of a tissue using raster grids should be-
come possible. Using the internal standardization with *C shows that it is possible to use a
one-point calibration curve for the quantification of trace elements in fresh soft tissues.
However, care has to be taken for those elements that are not homogeneously distributed.
The strategy for bulk analysis is therefore strongly dependent on the distribution pattern of
elements.

The detection limits are element-dependent but 0.1 mg/kg lead in the LGC 7112 is
clearly detectable if 200 mm, 10 Hz and 6.5 mJ power is used. The indicative detection limit
is 0.002 mg/kg. For Cd, 0.25 mg/kg in the LGC 7112, the calculated limit of detection
based on 3s for the blank (when no ablation is taking place) is 0.015 mg/kg (Table 111).

5. Mapping of thetissue

In order to see how the different trace elements are distributed in the tissues it is necessary
to either raster a grid or to scan a line on the surface. A homogeneous sample (CRM pig
liver) was scanned with 25 nm spot size and a scanning rate of 100 nm/s. Figure 6 shows

Tablelll

Validation of the method (Accuracy)

Results of calibration function using four different fresh soft tissue
samples and its validation with CRM pig liver (LGC 7112); five spots of

200 mm

Tissue [Cd] [Cu] [zn] [Mo]
ma/kg mg/kg ma/kg ma/kg

NZ lamb liver 0.063 6.87 42.4 1.25

Nz lamb kidney ~ 0.094 102.0 39.9 1.89

Pig kidney 0.822 8.21 214 0.97

NR sheep kidney  16.9 5.19 39.3 0.44

Slope* 217.73* cts  0.5993* mV 0.4825* mV  1318.8* cts

R? 0.999 0.986 0.998 0.993

CRM pig liver 031+0.02 101+6 43.0+1.7 18+01

(LGC 7112)

(measured

Certified 025+ 0.04 117+ 8 43.0+ 27 ~1#

Detection limits*  0.015 0.05 0.02 ~0.01

3Znand Cu arein mV, lower R? reflects degree of homogenity.
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the variation of the copper signal on m/z 63 of a line of about 1.5 mm. The RSD for this
signal is about 7.6%. The reproducibility is higher than expected which may point to the
heterogeneity or surface roughness of the self-made standard. In order to correct for the
variation in the ablation process an internal standard *¥*°C is used. Using the normalized
signal, the reproducibility is improved (RSD 5.3%). This stability is necessary for two-
dimensional mapping of frozen soft tissue. One point is significant, the tailing of the copper
signal is more pronounced for the ®*Cu/**C ratio (in contrast to only the *Cu signal being
used). This observation can also be seen in other elements such as Zn, i.e. the RSD for %zZn
is 7.4% but the reproducibility has improved for %Zn/**C (RSD 5.8%). On the contrary, the
line scan of NZ lamb liver shows that the RSD of the normalized signal for *Cu and *Zn
are 27 and 11%, respectively. This means that there are zonations for copper (Fig. 5).

This would mean that the transportation characteristics of organic material are different
from the particles that contain the metals. If the sample is completely vaporized, metals
would be transported slower than the bulk of the organic material; this is unexpected. The
authors do not have any explanation for this observation.

A cryogenically cooled ablation cell enables the direct analysis of thin sections, from
fresh soft tissue samples such as liver or kidney, for trace elements using laser ablation
ICP-MS. All laser ablation parameters were optimized. A calibration method using three
different tissue samples has been validated with CRM pig liver (LGC 7112). Good recover-
ies (86—-124% for certified values) were achieved for Cu (100.9 mg/kg; 117 + 8 certified),
Zn, Cd, Mo using the carbon signal as internal standard (Table I11). Therefore this CRM can
be used for the quantification of other tissues with similar C-content using a one-point cali-
bration. Detection limits in the lower mg/kg range (Zn: 20 mg/kg) were determined based
on 3 sigma of the blank signal with a spatial resolution of less than 200 mm. Figures 6 and
7 explains the homogeneity in copper found in CRM material as compared to the real sam-
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NZ lamb 60 ianey NR sheep kidney
liver 40 Pigkidney
400 - 20 ”””
CRM 0 ‘ \ ‘
Z 300 1 Pigliver 400 600 800 1000
N7]
&
200 -
100 -
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Fic. 10. Single line raster scan for Cu® in different soft tissues.
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ple, NZ lamb liver (Fig. 5). On the other hand, zinc shows homogeneity in both CRM and
the real sample, NZ lamb liver. The distribution of copper is heterogeneous in NZ lamb
liver. Figures 8 and 9 shows the distribution map of copper and zinc in the NZ lamb liver.
Figure 10 shows the normalized signal (Cu®*/C"?) for various tissues.

6. Conclusions

LA coupled to ICP-MS with a cryogenically cooled ablation chamber is the ideal technique
for 2D mapping of trace elements in soft tissues. Depending on the concentration of the
element present, it may be possible to determine the trace elements directly in tissue sam-
ples at a spatia resolution of <20 nm. This technique can be extrapolated to map specific
location of the element concern, within an area of 100 nm in a microtomic section. LA-1CP-
MS is therefore an excellent tool for histologists and molecular cell biologists to correlate
certain features in tissues with multi-element distribution of trace elements in the tissues.
LA-ICP-TOF-MS has detection limits in the lower ng kg™ range. Accuracy is satisfactorily
worth using ‘C’ as internal standard. Precision is good enough to recognise zonations of
elements in tissue. Therefore, this technique can be used for various applications like study
of metal particle distribution in the lung of workers in occupational exposure, mapping of
proteins by overlaying with elemental maps, verification of histopathological conditions
caused by metal intoxication, distribution of copper (e.g. in prion diseases) in the hippo-
campus region of the brain section. Our group is now working towards trace element map-
ping in the hippocampus region of scrapie-infected mice brain.
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