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Background: Metals are not homogeneously distributed
in organ tissues. Although most mapping techniques,
such as histologic staining methods, have been devel-
oped 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 developed a method for two-
dimensional mapping of trace elements to identify the
influence of metabolic zonation by the liver on trace
element distribution.
Methods: A prepared homogeneous Certified Reference
Material (CRM; LGC 7112, pig liver) was used to char-
acterize the laser ablation–inductively coupled plasma
time-of-flight mass spectrometry (LA-ICP-MS) in terms
of precision. Different isotopes for copper and zinc were
monitored, and the use of carbon as an internal standard
was investigated to correct for differences in ablation
efficiency to identify the most precise mapping tech-
nique for liver samples.
Results: For the homogeneous CRM, the reproducibility
of the copper and zinc signals was �3–24% depending
on spot size and number of pulses. When carbon was
used as an internal standard, the reproducibility was
improved significantly. Line scan signals over a length
of 1.5 mm were more precise [relative SD (RSD), 1.6–
6.1% for copper (63Cu, 65Cu) and zinc (64Zn, 66Zn) de-
pending on the spot size, the scanning speed, and the
element]. Thin section of sheep liver achieved preci-
sions of 27–59% (raster scan) and 9–47% (line scan) RSD
for copper, whereas the precision for zinc was signifi-
cantly better: 8–18% (raster scan) and 4–21% (line scan)
RSD. Long line scans and two-dimensional element

maps of the thin sections revealed the zonation of
copper in sheep liver containing extremely low copper
concentrations.
Conclusion: Elemental mapping of trace elements gen-
erated by LA-ICP-MS can be very precise so that small
changes in the elemental concentration in the tissue can
be detected and nonuniform spatial distribution of the
elements in tissues can be established.
© 2003 American Association for Clinical Chemistry

Biochemists and toxicologists gain information about the
concentrations of trace and ultratrace metals in different
tissues by use of large amounts of homogenized tissue,
which is digested so that a total metal analysis can be
performed. This assumes that every cell is the same. In
biological and clinical applications, however, it is often
desirable to gain knowledge about the distribution of a
trace element in a soft tissue. Traditionally, pathologists
have used staining methods for the different elements of
interest. These methods have disadvantages: they are
often not sensitive enough to detect trace and ultratrace
concentrations of elements, or the chemicals used for
staining introduce impurities (1 ). Although these meth-
ods 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, complexing 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 (2 ). Other
methods, such as scanning nuclear microprobes (1 ),
microPIXE (3 ), secondary ion mass spectrometry (4, 5),
laser microprobe mass analysis (6 ), energy-dispersive
x-ray analysis (7–9), and electron probe x-ray microanal-
ysis (10 ), suffer from either low precision or poor detec-
tion limits. Laser microprobe mass analysis, however, is
an ideal technique for the determination of trace element
distribution in biological samples. It is a rather sensitive
tool, with detection limits in the upper ppm range (1–100
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�g/g). However, because the ionization of elements is
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 �m, which makes sample
preparation rather difficult.

Laser ablation (LA)3 methods have been used exten-
sively for the mapping of elements and organic com-
pounds in soft tissue. Recent developments in matrix-
assisted laser desorption-ionization time-of-flight mass
spectrometry allow a spatial resolution of 30 �m for the
direct mapping of compounds in the mass range between
1 and 50 kDa in tissue sections (4, 11). However, when a
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 (12 ). Only a few studies,
however, have used this method for soft tissues (13, 14 ).
In our previous study we used LA coupled to inductively
coupled plasma time-of-flight mass spectrometry (ICP-
TOF-MS) for the quantification of trace elements in soft
tissues. Here we report a study on the use of this
technique to map trace elements in homogenized liver
and in thin sections of sheep liver and show that copper
shows zonations whereas zinc is reasonably constant.

Materials and Methods

instrument set-up

We used a commercially available Nd-YAG laser with
frequency quadrupling to attain 266 nm (CETAC LSX-200

Plus and DigiLaz operating software) coupled to an
ICP-TOF-MS (Renaissance; LECO). A cryogenically
cooled ablation cell of similar size (volume, 60 mL)
replaced the commercial ablation chamber. The tempera-
ture was controlled from �20 to �100 °C with a variance
of �3 °C within the ablation cell. The pulse duration was
5 ns, and the maximum pulse frequency was 20 Hz. The
energy density was constant at a maximum of 12 J/m3

with a focal spot size between 10 and 250 �m. More
details are given in a previous publication (13 ). The
ICP-MS was tuned on m/z 59 for cobalt, m/z 139 for
lanthanum, and m/z 232 for thorium by the continuous
ablation of a reference glass sample, SRM NIST 612. [The
stability of the laser and the ICP-MS give a precision of
better than 4% relative SD (RSD) for an 8-min continuous
line scan of 25 �m/s and a frequency of 20 Hz for cobalt
(35.5 mg/kg), lanthanum (36 mg/kg) and thorium (15.7
mg/kg).] The plasma conditions for the frozen tissue
samples (liver) were optimized on m/z 63 for copper
(63Cu) and m/z 66 for zinc (66Zn). The optimized plasma
conditions are given in Table 1. Some modifications,
described in the text, were used for individual experi-
ments.

samples and standards

Two different samples of sheep liver were used. The first
was a liver sample from a wild North Ronaldsay sheep.
These sheep live on the shores of the small Scottish island
of North Ronaldsay. Although their main diet includes
different types of seaweed (15 ) containing relatively high
amounts of copper, this copper is not bioavailable; hence,
they have a low copper concentrations in the liver (NR
liver) (16 ). The second was a commercially available lamb
liver from New Zealand (NZ liver), which was used as an

3 Nonstandard abbreviations: LA, laser ablation; ICP-MS, inductively

coupled plasma mass spectrometry; TOF, time of flight; RSD, relative SD; NR,

North Ronaldsay; NZ, New Zealand; and CRM, Certified Reference Material.

Table 1. Optimized conditions for LA-ICP-TOF MS using the cryogenically cooled ablation cell for the analysis of soft tissue.

Conditions Renaissance (LECO) LSX 200 Plus (CETAC)

ICP-TOF-MS

Forward power (40.68 MHz) 1400 W

Plasma flow 14.2 L/min

Auxiliary flow 0.67 L/min

Carrier gas (Ar) flow 1.12 L/min

Integration time 0.5 s

Measured masses 12C, 13C, 64Zn, 66Zn, 68Zn, 63Cu, 65Cu,
and background m/z 220, m/z 5

Internal standard 13C or 12C (partly deflected)

Deflected masses m/z 12, 23, 36–55, 80

Detector (pulse counting/analog) �2750 V

LA

Laser Nd-YAG

Wavelength 266 nm

Laser energy density 12.2 J/cm2 (100% power)

Focus Sample surface

No. of pulses/spot 1–20

Pulse frequency 10 Hz

Spot size 10–250 �m

Cryogenic cell temperature �80 °C
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example of the typical copper concentrations in sheep
liver. The frozen samples were carefully sliced to �35-�m
thickness with a microtome at �25 °C (OTF-cryostat;
Bright Instruments). It is essential to produce a flat surface
over the entire tissue to reproduce the same ablation
conditions for the entire tissue. As a standard reference
material, we used a certified pig liver paste (LGC 7112;
certified by LGC, Teddington, UK). This is a homogenized
paste and contains water (�70%). The certified reference
material (CRM) was pressed between two pieces of glass
with a 2-mm spacer and then frozen to generate a dense,
homogeneous tissue-like sample with a smooth surface.

bulk analysis of samples by la-icp-ms

The use of the tissue-like CRM liver paste (LGC 7112) for
the quantification has been demonstrated in a previous
study (13 ). The NR liver section and the NZ liver samples
were quantified with use of LGC 7112 in a standard,
bracketing one-point calibration technique. We made
1-mm-thick frozen section of the sheep liver samples and
placed them in the ablation chamber together with the
tissue-like CRM LGC 7112. The samples were kept at
�80 °C and subsequently ablated on five discrete spots.
The laser was operated at each spot for 1 s with a pulse
frequency of 10 Hz. The energy density on the 250-�m
spot was 12.2 J/cm3. The carbon signal (12C or 13C) was
used as an internal standard because the carbon content of
the dry mass of liver tissues is reasonably constant. This
allows correction for any differences in the laser fluctua-
tion, surface roughness, and a change in the absorption
coefficient of the tissue. The copper to carbon ratio (63Cu/
12C) and the zinc to carbon ratio (66Zn/12C) of the CRM
was used for the one-point calibration.

mapping experiments

Two different mapping methods were tested: the raster
scan and the line scan. The raster scan was defined as 10
discrete single spots in a line with a distance of 300 �m
between the spots; the spot size and the number of laser
pulses used were varied. The second method is the line
scan. Here the laser was always operated with the same
pulse frequency of 10 Hz, but the sample was moved
along a well-defined line of �1500 �m throughout the
ablation process, creating a trench in the sample instead of
numerous discrete spots. For this method the scan speed
and the spot size were varied. The scan speed defines the
depth of the trench, whereas the spot size defines the
width.

The analog signal (in mV) and the pulse-counting
signal (in cps) from each m/z channel of the ICP-MS were
blank-subtracted, and the peak areas for the individual
spots were determined by trapezium integration. The
blank was defined by the signal produced without the
laser in operation. For each mapping method, the repro-
ducibilities of the copper, zinc (as examples of trace
elements in the liver), and carbon (as the matrix element)
signals were calculated, and the use of carbon as an
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internal standard was studied. The reproducibility was
calculated based either on 10 individual peak areas or on
peak-area ratios, when the internal standard carbon was
used. A similar procedure was used for identification of
the variability of a line scan; however, instead of using the
peak area of 10 spots, we used every measuring point for
the 1500-�m scan.

All of these methods were also performed on the
microtomed thin section of a NR sheep liver to identify
small variations in the copper concentration of a liver
sample with low copper concentrations.

Results and Discussion

bulk analysis

The zinc concentrations in both liver samples were simi-
lar, 42 mg/kg for NZ liver and 50 (4) mg/kg [mean (SD)]
for NR liver, whereas the copper concentrations were
very different [7 mg/kg for NZ liver and 1 (4) mg/kg for
NR liver]. The copper concentration in both samples was
very low, with the concentration in the NR sheep liver
being extremely low. It is well known that if high copper
concentrations are found in the liver, they are not uni-
formly distributed (17, 18). The low copper concentra-
tions found in these samples make them ideal for study-
ing the performance of the new mapping technique for
trace elements to determine whether zonation of copper at
low concentrations can be identified.

mapping of the homogeneous crm samples

The intensities and variability of the copper, zinc, and
carbon signals using the different raster scans are shown
in Table 2, whereas the data for the line scan are shown
Table 3.

The homogeneous pig liver (LGC 7112) showed a
remarkably stable constant signal for 12C, which varied
only between 2% and 6% RSD for the line scan, whereas
the raster scan of a similar length gave a RSD of �4–15%.
The line scan generated much more data than the raster
line, which explains the higher precision of the line scan.
The variability of the line scan is not significantly different
from that of the used glass sample (NIST 612) for which
RSD values of �4% have been achieved.

The RSD values for zinc and copper were slightly but
not significantly higher for both methods. The different
raster scans showed RSDs of 8–19% for copper (63Cu and
65Cu) and 7–23% for zinc (64Zn and 66Zn), whereas again
the line scans showed lower RSDs for copper (3–6%) and
for zinc (4–8%).

Because the reproducibilities of the trace elements and
the matrix element are similar, carbon was tested as an
internal standard. The use of carbon as internal standard
improved the precision for the CRM pig liver signifi-
cantly. For the raster scan, RSDs of 3–14% for 63Cu/12C
and 65Cu/12C instead of 8–19% for 63Cu and 65Cu, and
5–18% for 64Zn/12C and 66Zn/12C compared with 7–23%
for 64Zn and 66Zn were achieved, whereas the line scan
was again significantly more precise with RSDs of 2–3%
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or 2–5% for 63Cu/12C and 65Cu/12C or 64Zn/12C and
66Zn/12C, respectively. Fig. 1 illustrates how signal fluc-
tuation during the ablation can be corrected by use of
carbon as an internal standard. Although the element
carbon ratios (63Cu/12C or 64Zn/12C) improved the preci-
sion of the element signals, they were still significantly
higher than the element ratios (63Cu/65Cu and 64Zn/
66Zn). Depending on spot size and speed, RSDs of 0.4–
1.1% for copper and 0.9–2.5% for zinc were achieved with
a line scan, whereas with a raster scan the RSDs were
significantly higher (0.7–7.8% for copper; 1.8–11% for
zinc). This is also illustrated in Fig. 2. Overall these values
are encouraging for the mapping of elements in real
tissues because small variations of �10% in the concen-
tration of trace elements can be identified by both meth-
ods with the different conditions.

By analyzing the data in more detail, we can identify
the optimal scanning conditions to see small changes in
the concentration of the element in the tissue sample. For
line scans, high scan speeds, such as 100 �m/s, produced
a lower RSD for the CRM. An explanation for this effect
might be that during LA the surface of the sample is
modified not only at the ablated spot but also on the
peripheral zones as a result of redeposition of ablated

material and thermal modification, such as graphitization.
With a slow scan speed and a small diameter, the sample
surface is more affected by the previous laser pulses. The
surface is rougher, and consequently the fluency of the
laser is not homogeneously distributed on the sample,
which increases the reproducibility of the signal (19 ). This
effect seems to be limited when a faster scan speed and a
larger spot size is used. On the other hand, faster scans
would produce fewer data points and therefore would
suffer from a lower reproducibility. However, because of
the combination of speed in relation to the frequency of
the laser and the sampling rate of the ICP-MS, material
from a larger area is measured at the same time. This
mixing effect will smooth the data, which would be
desirable for bulk analysis but not for the identification of
uneven spatial distribution of metals. The spot size in-
creases the amount of ablated material produced; hence it
increases the resulting intensity and consequently im-
proves the RSD. This effect was also seen when the raster
scan was used. When discrete spots were used, however,
it seemed that the RSDs of the Cu/C and Zn/C ratios for
the CRM were strongly dependent on the number of
pulses. As expected, the precision increased with increas-
ing number of pulses, but with higher numbers of pulses
per spot (�10 pulses) the RSDs again increased. The
deeper crater created by more than 10 pulses makes it
more likely that the plasma generated on the surface of
the sample during the ablation process introduces ele-
ment fractionation by influencing the transport phenom-
enon of the ablated material into the plasma of the
ICP-MS.

mapping of the thin nr sheep liver sections

The intensities and variability of the copper, zinc, and
carbon signals at the different raster scans are shown in
Table 4, whereas the data for the line scans are shown
Table 5. In terms of the relatively nonhomogeneous thin
section of the NR lamb liver, the RSDs of the carbon signal
(6–26%) were significantly higher than those obtained
using the CRM for both raster and line scans (Tables 4 and
5). The relative roughness of the microtomed tissue and
the variation of energy absorption by the tissue (because
of differences in the color of the liver) may lead to poorer
precision. It is apparent that the RSD values for both
metals were higher in the thin section of the lamb liver
sample compared with the homogeneous tissue-like stan-
dard. The variability, in particular for copper (RSD up to
68%), was not reduced significantly by the use of carbon
as an internal standard (see Table 4). The signal did not
vary randomly, as can be seen for the line scan in Fig. 3
and for the raster scan in Fig. 4. Hence, the high RSDs of
the metal/carbon ratios reflect the uneven distribution of
the elements in the tissue because the isotope ratios of the
elements were significantly lower (mainly 2–6% for 63Cu/
65Cu and 3–9% for 64Zn/66Zn). The slightly higher vari-
ability of the element ratios reflects the lower intensities
attributable to lower ablated mass of the thin liver section

Fig. 1. Line scan of a homogeneous sample (CRM LGC 7112, pig liver)

illustrates the use of carbon as internal standard.

Spot size, 100 �m; scanning conditions, 10 Hz, 6.5 mJ, and 25 �m/s. The RSDs

for normalized scan signals differed for the different elements: 14% for 12C; 13%

for 64Zn; and 2.8% for 64Zn/12C. arb., arbitrary.

Fig. 2. Raster scan of CRM pig liver LGC 7112 (65Cu/12C and
64Zn/12C).

RSDs for the isotope ratios are 2.9% for 63/65Cu, 5.3% for 65Cu/12C, and 7.4%

for 64Zn/12C. cts, counts per second.
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compared with the pig liver paste. However, it should be
noted that the variability of other elements, such as
sodium and sulfur, which were been monitored because
of their high intensities at m/z 23 and 32, might interfere
with the measured isotopes because the mass resolution
of our TOF mass spectrometer cannot separate 40Ar23Na�

from 63Cu� or 32S2
�/32SO2

� from 64Zn.
The faster scanning speed used here, again like with

the homogeneous standard, showed the lowest RSD at the
larger spot size, which would confirm that the previous
pulses changed the surface of the area that should be
ablated.

The number of pulses used for a thin section is limited
because the material is usually only 35-�m thick. The
sections are not fully penetrated with 5 pulses per spot,
but they are with �10 pulses. Hence, only five pulses
should be used when thin sections are going to be
analyzed.

zonation of liver

To map a soft tissue sample, two different modes can be
used: raster scans of single shots or linear scans, in which
the laser moves with a certain speed (e.g., 25 �m/s) while

ablating. In general, the line scan takes more time, and
more material is ablated and transported into the argon
plasma. The maximum resolution for the raster scan is 10
�m, whereas for the line scan, the resolution depends on
the scan speed and data acquisition. Clearly, however, the
resolution is not good enough to determine individual
cells or even particular organelles in the different cells,
but it is known that the liver is divided into functional
units of lobules, which have a diameter of 1 mm (17 ). On
one end, oxygen-rich blood enters the lobules by the
artery, whereas the portal veins transport nutrients from
the intestine. As a consequence, nutrient and oxygen
gradients are generated within the lobules so that differ-
ent metabolic zones are established. Redox-active and
essential trace elements such as copper show an effect of
this metabolic zonation when the liver contains high
amounts of copper. It has been shown, for example, that
rats accumulate copper in the center of the lobules,
whereas dogs show an accumulation on the fringe of the
lobules, the so-called zone 1 (16 ). Fig. 3 illustrates the
information attained from a line scan of a thin liver
section. It is obvious that the zinc concentration does not
change over a distance of 1.5 mm, whereas copper shows

Table 4. Reproducibility and intensity of copper, zinc, and carbon in the raster scan from a thin section of NR sheep liver.a

Spot size,

�m

No. of

pulses

RSD, % Intensityb

63Cu 63Cu/12C 64Zn 64Zn/12C 12C 63Cu 64Zn 12C

100 20 34 27 12 12 18 462 515 3.0

10 68 58 20 15 14 469 544 3.6

5 57 44 11 18 20 481 478 2.6

2 31 34 14 14 10 256 312 1.9

1 63 57 13 13 12 153 209 1.1

200 20 42 50 25 17 23 2167 1865 11.3

10 67 59 16 14 20 1717 1933 11.8

5 39 29 11 7.7 11 1518 2028 12.9

2 46 43 12 9.6 7.9 1013 1103 7.6

1 36 38 10 9.5 6.0 580 795 4.6

a The raster scan conditions were a spot size of 100 or 200 �m, 10 points with distance of 300 �m, 6.5 mJ, and 10 Hz frequency. The number of pulses and the

spot sizes were altered.
b Intensities are in mV for 63Cu and 12C, and in cps for 64Zn.

Table 5. Reproducibility and intensity of copper, zinc, and carbon of the line scan of a length of 1500 �m from a thin

section of NR sheep liver.a

Spot size,

�m

Scan speed,

�m/s

RSD, %

Intensity of
12C, mV63Cu 65Cu 63Cu/12C 63Cu/ 65Cu 64Zn 66Zn 64Zn/12C 64Zn/66Zn 12C

25 25 48 49 47 3.0 23 23 21 9.4 17 1.7

50 29 29 22 2.7 18 15 7.6 8.7 13 1.7

100 19 19 8.5 1.5 10 17 10 8.7 17 1.7

50 25 41 42 32 8.1 15 16 10 7.8 15 1.7

50 23 26 17 2.8 12 13 4.3 7.3 9.8 2.4

100 14 32 14 2.6 10 9.0 5.2 4.8 12 4.5

100 25 42 45 26 5.9 26 28 20 8.7 26 2.9

50 38 33 25 2.9 26 26 7.6 5.0 22 4.0

100 14 15 8.8 2.0 5.8 6.8 4.9 3.4 6.1 6.3

a The scanning conditions were 6.5 mJ energy at a pulse frequency of 10 Hz. The spot size and the scan speed were altered.
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zones of accumulation. These zones of accumulations can
be determined in a raster scan map (illustrated in Fig. 5).
The copper signal fluctuates by more than a factor of 2.
The zones of copper accumulation are �0.3–0.5 mm in
size, and from one maximum to the next is �1 mm. A
two-dimensional map constructed from a raster scan
shows accumulation of copper in certain zones, with areas
approximately the same size as identified with the line
scan. This is exactly the size of the liver lobules. Those
zones may be related to a core of copper accumulated in
the center of the lobules. Zones that are supplied with
fresh oxygenated blood show different metabolic func-
tions and element concentrations compared with zones in
the center of the liver (18 ). This redox effect would clearly
affect the copper more, because copper is more redox
active than zinc. The reason for this zoning is not yet clear,
but this is the first time that the zonation of copper also
has been identified at very low concentrations.

Our aim was to show that these variations can be
determined and remain to be explained in the near future.
To date this technique has not been available, and the
traditional methods were not sensitive enough to reveal

these pattern in liver samples from animals with a normal
metabolism. This technique could improve our knowl-
edge of how trace elements are distributed in tissues on a
micro- to millimeter scale. Because this technique is a
multi-element method, it should be possible to identify
similar zonations for other elements and find intrinsic
relationships between different elements. This technique
may potentially be useful for studying small samples
from biopsies. For example, it can reveal where a metal-
containing drug is accumulating, as in chemotherapy, or
whether implants are releasing metals into the adjacent
tissue. It may be possible to compare diseased organs
with healthy organs and to identify differences in their
trace element distributions. This could lead to further
investigations into the cause of prion diseases, such as
bovine spongiform encephalitis, Creutzfeldt-Jakob dis-
ease, or scrapie.
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(Grants GR/M91853/01, GR/R50837/01, and GR/
R08049/01) and the Royal Society. A. K. thanks the Uni-
versity of Natal, Durban, for his sabbatical leave to the
University of Aberdeen.
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