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a  b  s  t  r  a  c  t

Laser  microdissection  (LMD)  used  for sample  preparation  was  combined  off-line  with  inductively  coupled
plasma mass  spectrometry  (ICP-MS)  to evaluate  metal  distributions  in mouse  brain  with  hematoma
lesion.  Small  amounts  (from  0.014  to  0.338  mg)  of  tissue  were  sampled  from  selected  regions  of  the
brain,  with  a  hematoma  lesion  and  also  from  regions  without  hematoma.  The  obtained  samples  were
decomposed  in closed  vessel  in  a microwave  oven  and  a micronebulizer  in conjuction  with  a  desolvation
system  was  used  for introducing  the solution  of  the sample  into  the plasma.  Accuracy  was  evaluated
using  certified  reference  materials  (bovine  liver  and  mussel  tissue),  whilst  the  agreement  between  the
concentrations  found  with  those  certified  was  better  than  85%.  The  limits  of  detection  (LODs)  of  Cu,  Fe

−1

aser microdissection (LMD)
CP-MS

and  Zn  for  the  small  mouse  brain  tissue  samples  were  12.4,  12.5  and  9.6 �g  g ,  respectively.  The  LODs  of
K  and  Na  were  1.07  and  0.24  mg  g−1, respectively.  The  distribution  of  K,  Na, Cu,  Fe  and  Zn  in  the  selected
regions  of the  mouse  brain  was  evaluated.  It was  observed  that the  Fe,  Na and  Zn  concentrations  were
approximately  2–10  times  higher  in  the  hematoma  region  (inside  and  around  the  hematoma)  than  in
the  control  (region  without  hematoma).  The  LMD  system  demonstrated  to be  useful for  sampling  small

ue  fr
amounts  of  biological  tiss

. Introduction

Metal ions are vital components in several biological processes
nd also essential for brain function. Complex mechanisms of bio-
ogical processes are often influenced by metal ions and their
eficit or surplus could explain the appearance of metal-associated
iseases such as Alzheimer and Parkinson. Therefore, the charac-
erization of biological samples with respect to the distribution of
ssential and toxic metals and metalloids, imaging or mapping, are
mportant in life science research [1–3]. There is a growing interest
n quantitatively accessing the total metal concentration in small
tructures in native tissue in situ [4,5].

Laser ablation inductively coupled plasma mass spectrometry

LA-ICP-MS) has been used for quantitative imaging of elements in
iological tissues [6–8]. However, the spatial resolution achieved
ith commercially available LA systems (for example with solid-
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om  regions  of  interest  for further  analysis  by ICP-MS.
© 2011 Elsevier B.V. All rights reserved.

state 266 and 213 nm Nd-YAG lasers) is restricted to approximately
5–10 �m due to limitations in the laser optics. LMD  is a microscope-
based technique using a high-precision laser beam applied via the
microscope objective to selectively isolate specific cell types, indi-
vidual cells, or cell organelles from embedded, frozen or fresh
tissue sections. This is possible due to the observation optics
used, in combination with the option of cutting out previously
identified and defined areas of a sample by means of a highly
focused laser beam guided precisely over the sample. The sample
is mounted on a special membrane slide (e.g., 1.4 �m thick-
ness) or directly on a microscope (glass) slide and placed on
the table of the LMD  apparatus [4].  LMD has been used in life
science fields like drug discovery, pathology, forensic, medical diag-
nostics, food and environmental analysis as well as in medical
research [9–11]. An additional advantage of LMD is the preser-
vation of the selected sample area [12]. Recently, LMD-ICP-MS
was proposed for bioimaging of metals in small biological spec-

imens [13]. It involved a new using mode of the LMD  apparatus
as laser ablation system with high spatial resolution with ICP-
MS for sensitive analysis of selected elements in small tissue
[4,13].

dx.doi.org/10.1016/j.ijms.2011.04.009
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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(v/v) HNO3 from serial dilutions of monoelement standard solu-
tions (Merck CertiPrep). Calibration solutions ranging from 10 to
80 �g L−1 were prepared in 2% (v/v) HNO3. At least 5 calibration
solutions were used to compose the calibration curves.

Table 1
Operating conditions for Na, K, Cu, Fe and Zn determination by ICP-MS.

Parameter

RF power (W) 1400
Plasma gas flow rate (L min−1) 14.0
Auxiliary gas flow rate (L min−1) 1.2
Nebulizer gas flow rate (L min−1) 0.9
Solution uptake rate (�L min−1) 330
Measurement mode Peak hopping
Sweeps/reading 5
Fig. 1. Arrangement for mouse brain sampling by LMD (adapt

Trace element determinations in small amounts of biologi-
al samples require special sample preparation and measurement
echniques [14,15], especially if the analyte concentration is very
ow. The feasibility of micronebulization in conjunction with a des-
lvating system (used for sample introduction into the plasma)
nd ICP-MS (for element detection) has already been demonstrated
15–18]. An effective sample decomposition of the biological tis-
ue is strongly recommended, which can be troublesome when
mall amount of sample is available [19,20]. Currently, microwave-
ssisted decomposition in closed vessels can be considered as the
tate-of-art for sample decomposition for trace elements determi-
ation, which has been successfully applied to a variety of samples
19,21]. In addition, the employment of special vessels can be useful
hen the sample amount is limited [6,14,22].

LMD-ICP-MS has been proposed for bioimaging of metals in
mall biological tissues but there is still little application related
o this issue and additional studies are needed. The aim of this
ork was to evaluate metal distributions in mouse brain lesion

hematoma) using LMD-ICP-MS. LMD  is used for micro-sampling
nd ICP-MS was used for K, Na, Cu, Fe and Zn quantification.

. Experimental

.1. Instrumentation

A laser-microdissection (LMD 6500, Leica, Wetzlar, Germany)
as used for brain tissue sampling (Fig. 1). The LMD  6500 has a
iode-pumped solid state laser operated at a wavelength of 355 nm.
he repetition rate, pulse period and energy were 80 Hz, 1 ns and
0 �J, respectively.

A microwave oven (Microwave Accelerated Reaction Systems,
ARS-5, CEM Microwave Technology Ltd., USA) equipped with PFA

essels with internal volume of 3 mL  [23] was used for sample

ecomposition.

A high efficiency nebulizer ESI APEX-Q (ESI, Omaha, NE,
SA), equipped with a PFA microconcentric nebulizer, a heated
yclonic spray chamber and a Peltier-cooled multipass con-
m Ref. [26]) and scheme of the sample preparation procedure.

denser was  coupled to an ICP-MS spectrometer (XSeries 2 from
Thermo Scientific, Bremen, Germany) for element determina-
tion. In the APEX-Q system the aerosol generated by pneumatic
nebulization was  introduced into a cyclonic spray chamber
heated at 140 ◦C and than transported to the condenser where
the temperature was  set at −5 ◦C [16]. Tubing and connec-
tors provided by the instrument manufacturer were used. The
operating conditions of ICP-MS (Table 1) were optimized in
order to obtain maximum ion intensity, minimum oxide ion
and double charged ion intensities, following the manufacturer
instructions.

2.2. Reagents and solutions

High purity deionised water (18.2 M� cm)  obtained from a
Milli-Q (Millipore Corp., Bedford, USA) system was  used through-
out the work. Hydrogen peroxide and nitric acid (from Merck) were
used after further purification by sub-boiling distillation.

A multi-element calibration solution was prepared in 2%
Readings/replicate 3
Replicates 3
Isotope (m/z) 23Na, 39K, 56Fe, 57Fe, 63Cu, 64Zn, 66Zn, 65Cu
Sampler and skimmer cones Ni
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ig. 2. Images of the hematoma in mouse brain by cell nuclei staining with tolui
ematoma and (C) control tissue.

.3. Samples and laser microdissection sampling

Samples were taken from selected regions (Fig. 2) of mouse brain
ith hematoma lesions using LMD. The hematoma in the mouse

rain was identified by cell nuclei staining with toluidine blue.
amples were identified as A (inside the hematoma), B (around the
ematoma) and C (control regions – without hematoma). These
egions (A, B, and C) were analyzed in three neighboring sections
eferred to as slice 01, slice 02, slice 03.

Bovine liver (NIST-1577b) from the National Institute of Stan-
ards & Technology (NIST) and mussel tissue (BCR-668) from the
ommunity Bureau of Reference (BCR) were analyzed for analytical
rocedure validation.

.4. Microwave-assisted decomposition

The brain and certified samples were decomposed following the
rocedure reported in reference [16]. The sample amount of brain
issue was in the range of 0.014–0.338 mg,  whereas that of the cer-
ified sample was about 0.200 mg.  The brain and certified samples
ere carefully weighed and transferred to microwave oven-vessels

o which 0.08 mL  of HNO3 and 0.02 mL  of 30% (m/m)  H2O2 were

dded. The vessels were closed and placed inside major vessels
with internal volume of 75 mL)  used for conventional digestion in

icrowave oven. Ten milliliters of water were added to each major
essel, assuring that the water level was just below the inserted

ig. 3. Evaluation of K, Na, Fe and Zn distribution in three neighboring sections across the
 ) C (control tissue).
elected regions sampled by LMD: (A) inside of the hematoma, (B) around of the

small vessels. For microwave-assisted sample decomposition, the
following heating program was used: 150 W for 10 min, cooling for
2 min, 300 W for 15 min  and cooling for 30 min. Then, the obtained
solutions were transferred to polypropylene vials and the volume
completed to 1.5 ml  by water addition. The scheme of the sample
preparation procedure is shown in Fig. 1.

3. Results and discussion

Due to the small amount of brain tissue samples obtained, it
was necessary to develop a special sample preparation procedure.
A small vessel was used for sample decomposition, involving small
amount of reagents and low dilution. The LODs obtained for Cu, Fe
and Zn in the mouse brain samples (LOD = 3s, s is the standard devi-
ation of 10 consecutive runs of the sample blank) using ICP-MS and
solution nebulization were 12.4, 12.5 and 9.6 �g g−1, respectively.
The LODs of K and Na were 1.07 and 0.24 mg  g−1, respectively. Tak-
ing into account the very small amount of sample (between 14 and
338 �g) used, the results obtained were considered satisfactory.
Concerning the accuracy of the procedure, it was  observed that the
K, Na, Cu, Fe and Zn concentrations measured were in agreement
with the certified values (recoveries ranging from 85 to 90%, as

shown in Table 2).

According to Table 2, the Fe concentration (measured via the
isotopes 56Fe and 57Fe) was in good agreement with the certified
value (approximately 88%). Despite the strong interference of ArO+

 hematoma. ( ) A (inside of the hematoma); (�) B (around of the hematoma) and
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Table 2
Concentrations of Cu, Fe, K, Na and Zn found in mouse brain tissue with hematoma lesion, and in certified samples. LMD  was  used for brain tissue sampling (n = 3).

Sample (mass, mg)  Element concentration

K (mg g−1) Na (mg  g−1) Cu (�g g−1) Fe (�g g−1) Zn (�g g−1)

Slice 01 (0.014–0.161) Minimum 8.65 ± 1.80 2.66 ± 0.40 <LOD 67.1 ± 10.6 33.8 ± 7.8
Maximum 11.96 ± 1.99 5.05 ± 0.81 <LOD 549 ± 115 43.2 ± 10.4

Slice  02 (0.022–0.338) Minimum 8.21 ± 1.56 2.72 ± 0.626 <LOD 47.2 ± 11.6 33.3 ± 7.0
Maximum 13.07 ± 2.64 7.07 ± 1.09 <LOD 544 ± 97 134 ± 32

Slice  03 (0.094–0.177) Minimum 12.21 ± 2.67 3.62 ± 0.54 <LOD 64.5 ± 11.2 50.9 ± 13.7
Maximum 13.54 ± 2.80 5.29 ± 1.12 <LOD 318 ± 73 129 ± 23

BCR  668a Detemined nd nd nd 103 ± 18 60.3 ± 9.3
Informed – – – 84.7–93.5 70.7 ± 0.4

NIST  1577bb Detemined 8.95 ± 2.55 2.07 ± 0.59 137 ± 29 160 ± 35 nd
Certified 9.94 ± 0.02 2.42 ± 0.06 160 ± 8 184 ± 15 –

nd = not determined.
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a Informed values.
b Certified values.

n 56Fe+, the LOD of 56Fe was better than that of 57Fe. This result
emonstrated the good performance of the nebulizer/desolvation
ystem used in reducing oxide formation.

Metals such as K, Na, Cu, Fe and Zn are essential for growing
nd brain function as well as cellular processes. Thus, it is expected
hat the distribution of these metals is modified in brain region
mpacted by hematoma lesion. The concentrations of K, Na, Fe
nd Zn determined in three different slices of mouse brain tissue
ith and without hematoma lesion are summarized in Table 2.

t is possible to observe in this table that the relative standard
eviation (RSD) for all analytes was between 15 and 28%, which
an be considered reasonable in view of the very small sample
ass used.
The distribution of K, Na, Fe and Zn in the analyzed regions (A,

 and C) of the brain is shown in Fig. 3. It can be noted that the
oncentrations of Fe, Na and Zn were increased in the region with
ematoma. The Fe, Na and Zn concentrations in the hematoma

esion tissue (inside and around of the hematoma) were about
–10 times higher than in the control (tissue without hematoma).
he Na concentration is higher in the tissue inside the hematoma
esion. Zinc could not be determined in one sample (from region
) because the amount of sample from this region was  lower than
.022 mg.  As a consequence, the Zn concentration in the obtained
olution was lower than the LOD. With respect to K, the concen-
ration of the element ranged from 8.2 to 13.5 mg  g−1. However,
t was not possible to distinguish the variation of K concentration
mongst regions with and without hematoma lesion. The concen-

ration of Cu in the analyzed brain tissue samples was lower than
he LOD (12.4 �g g−1). These results are in agreement with the cop-
er distribution image shown in Fig. 4, obtained by LA-ICP-MS [25].

Fig. 4. Imaging of copper distribution in brain hematoma lesion [25].

[

[

[

The concentration of Fe increased in the hematoma lesion when
compared with the control tissue. However, it was not possible to
determine a significant difference between A and B regions, mainly
because the amount of sample available was too low. It is impor-
tant to point out that the Fe concentration found in brain tissue
from region C was  in good agreement with that found in previous
works [6,24].

4.  Conclusions

The LMD  system was in general suitable for sampling of mouse
brain tissues with hematoma lesions prior to metal determinations
by ICP-MS. The results obtained for K, Na, Cu, Fe, and Zn showed
the possibility of measuring metals in very small amounts of bio-
logical tissues. Moreover, LMD  offers maximum preservation of the
sample from contamination and high definition of the area for sam-
pling. Therefore, the proposed combination of LMD  and ICP-MS is
a powerful tool for evaluation of metal distributions in brains with
hematoma lesions.
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