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A method has been developed that allows the nickel species in healthy and neoplastic tissues from cancer

subjects to be compared. It is based on the coupling of sequentially applied anion-exchange and size-exclusion

chromatography using an ICP-sector field mass spectrometer as detector. The method allows the resolution of

seven nickel species in tissue extracts, which can be considered as fingerprints of nickel speciation. A qualitative

difference in Ni-binding biomolecules between cytosols of normal and malignant colon tissues could not be

found.

Introduction

Chronic exposure to nickel and nickel compounds can have
adverse effects on human health because of their toxic and
carcinogenic activity.1 While the molecular mechanisms of
nickel-induced cell transformation are intensively investigated
only a poor knowledge exists of the nickel binding partners in
human tissues, especially in colon tissue.2 The effect of nickel
on the carcinogenesis of colon cancer is obvious because the
daily uptake of nickel via diet is more than triple the daily
need.1,2 Because of the medical problem an analytical method
should be developed to characterise nickel species in human
tissues.
The determination of nickel and nickel species in biological

matrices requires powerful analytical instrumentation because
of the relatively low total nickel concentrations in the various
human tissues.3 Inductively coupled plasma sector field mass
spectrometry (ICP-SFMS) offers high sensitivity and specific
detection of the metals of interest. Additionally, direct sample
introduction subsequent to separation of the metal binding
species is possible. The use of hyphenated techniques, such as
the coupling of ICP-MS with liquid chromatography4–12 or
capillary electrophoresis13–18 is an attractive methodological
approach to trace element speciation analysis in biological
samples.19–21 The various techniques of liquid chromatography
hyphenated with ICP-MS offer a number of possibilities for
comprehensive characterisation of metal-containing biomole-
cules.20 Size exclusion chromatography (SEC) is the initial step
in a multidimensional chromatography procedure that enables
partial elimination of the sample matrix. SEC allows an
estimation of the molecular weight of the species.22–25 For
further information on the metal compound, anion exchange
chromatography seems to be a useful tool.26 The successful use
of multidimensional LC-ICP-MS has already been demon-
strated for the analysis of selenium species in yeast,27,28 nickel
species in the latex of hyperaccumulating trees,29 arsenic
species in oysters30 or metal binding phytochelatin in plants31

and metallothioneins.32–34

The objective of this research was the development of an

analytical method on basis of the two-dimensional chromato-
graphic procedure method hyphenated with ICP-SFMS for a
first characterisation of nickel species in cytosols of normal and
neoplastic colons.

Experimental

Instrumentation

A HPLC system 626/606 S (Waters, Eschborn, Germany)
equipped with an in-line degasser and a Model 6005 controller
was used as the separation device for both anion exchange and
size exclusion chromatography. An ICP sector-field mass
spectrometer (Element Finnigan MAT, Bremen, Germany)
fitted with a Meinhard-type nebulizer and a cooled Scott spray
chamber was applied as an element-specific detector in online
as well as in off line operation.

Online operation. In the case of anion exchange chromato-
graphy the LC system was directly coupled to the ICP-SFMS
via the Meinhard nebulizer. The separation was performed by
the analytical column PRP-X100 PEEK hardware (Hamilton,
Reno, NV, USA).

Off line operation. In the case of size exclusion chromato-
graphy the preparative column HiLoad 16/60 Superdex 75
(Pharmacia Biotech, Uppsala, Sweden) was used. One ml of the
cytosol was injected via a sample loop. Fractions were collected
using a Foxy Jr. 8 (Isco Inc, Lincoln, NE, USA) fraction
collection system. In all fractions collected, the cytosol and the
tissues digested were directly analysed by ICP-SFMS.

Determination of molecular mass. To determine the approx-
imate molecular mass of the nickel species found the SEC
column was calibrated. Therefore, six protein standards with
known molecular masses were detected, all at 280 nm, using the
Agilent 1100 series UV detector. The retention times were
related to the approximate molecular masses for calibration.
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Chemicals

Analytical reagent grade chemicals purchased from Aldrich
(Germany) and ultra-pure water (18 MV) produced by a Milli-
Q unit (Millipore, Eschborn, Germany) were used throughout
unless stated otherwise. Tris buffer solution (20 mmol l21) was
prepared by dissolving 2.42 g of Tris (tris(hydroxymethyl)-
aminomethane) (Merck, Darmstadt, Germany) in 1 l of water.
The pH of the buffer solution was adjusted to 7.4 with nitric
acid. The buffer solution was purified by passing through
Chelex 100 ion exchange resin (Fluka, Buchs, Switzerland).
Ammonium acetate buffer solution (10 mmol l21) was
prepared by dissolving 0.771 g of ammonium acetate
(Merck, Darmstadt, Germany) in 1 l of water. The pH was
adjusted with concentrated ammonia to 7.4. The anion
exchange gradient buffer was prepared by dissolving 23.13 g
of ammonium acetate (Merck, Darmstadt, Germany) in 1 l of
20 mmol l21 Tris buffer solution. The pH was then adjusted to
7.4. The mobile phases were de-gassed prior to use.
The protein standards a-chymotrypsinogen A, aprotinin,

myoglobin and transferrin were purchased from Sigma
(Steinheim, Germany); bovine albumin and ovalbumin were
bought from Acros Organica, Geel, Belgium.

Samples

Histologically normal and neoplastic tissues from six patients
with colorectal cancer were supplied from the hospital in
Viersen-Dülken, Germany. An aliquot of the resected colon
(normal and malignant tissues for the purpose of comparison)
was directly frozen at230 uC in polyethylene bags, transported
on solid carbon dioxide to the analytical laboratory and stored
at 220 uC for subsequent analysis. The remaining tissues were
transported to a pathological laboratory for the purpose of
histopathological diagnosis. All pathological data were avail-
able in consideration of the data safety. The tumours obtained
were of different size, due to different tumour stages and
different malignancy.

Procedures

Digestion of tissues. Approximately 1 g of the tissue was cut
into small pieces (with a quartz knife to avoid any metal
contamination) and digested in a mixture of a 25% concen-
trated tetramethylammonium hydroxide (TMAH) and ultra-
pure water (mixing ratio 2:1) for determination of the overall
nickel concentration. 100 ml of the visually digested sample
were then diluted with 10 ml of a 2% concentrated nitric acid
for analysis via ICP-SFMS.

Cytosol preparation. Approximately 2 g of the tissue was cut
into small pieces and homogenised using a Potter–Elvehjem
homogenizer in 2 ml Tris buffer (20 mmol l21, pH 7.4) in an ice
bath. This procedure was repeated four times. The extracts
were combined and centrifuged at 25 000 rpm for 1 h (at 4 uC).
The supernatant (8 ml crude cytosol) was decanted, frozen at
218 uC, and lyophilised overnight. The freeze-dried cytosol
was dissolved in 1.5 ml of Tris buffer (20 mmol l21, pH 7.4)
prior to analysis.

Chromatographic conditions. The chromatographic experi-
mental conditions are summarised in Table 1(a). For two-
dimensional LC fractions were collected from the SE
chromatographic column every 2 min. Each fraction was
analysed by ICP-SFMS to determine its nickel concentration.
Fractions corresponding to the same chromatographic peak
were pooled and freeze dried. Each lyophilizate was dissolved in
200 ml of Tris buffer (20 mmol l21, pH 7.4) and analysed using
anion exchange chromatography (AEC)-ICP-SFMS. After each
step, the samples were stored immediately under argon and
cooled.

ICP-SFMS operating conditions. The ICP-sector field mass
spectrometer was operated in the low resolution mode in
order to obtain the lowest detection limits. All ICP-
SFMS operating conditions are summarised in Table 1 (c).
The detection limit of Ni in the low resolution mode
was calculated by 3 6 RSD divided by the slope of the

Table 1 Operating conditions

1 (a) Operating conditions for SEC

Column Superdex 75 Hiload 16/60 (60 cm 6 1.6 cm id)
Mobile phase Ammomium acetate (10 mmol l21) pH 7.4
Gradient Isocratic
Flow rate 1 ml min21

Injection volume 1 ml

1 (b) Operating conditions for AEC

Column PRP-X100 Peek hardware (25 cm 6 4.6 mm id)
Mobile phase A: 20 mmol l21 Tris buffer, pH 7.4

B: 20 mmol l21 Tris buffer, 300 mmol l21 ammonium acetate, pH 7.4
Gradient 0–2 min 100% A

2–25 min linear ramp to 100% B
25–35 min 100% B

Flow rate 1 ml min21

Injection volume 100 ml

1 (c) Operating conditions for ICP-SFMS

Cool gas 15 l min21

Auxiliary gas 0.9 l min21

Nebulizer gas 0.95 l min21

Power 1100–1150 W
Mass resolution Low resolution mode (300)
Scan duration 500 ms
Isotopes monitored 60Ni, 63Cu, 64Zn
Spray Chamber Double-pass Scott-type, glass
Sampler and skimmer Platinum
Nebulizer Meinhard (1 ml min21)
Spray chamber temperature 5 uC
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calibration curve, in accordance to the IUPAC guideline, and
was found to be 1.2 and 1.0 ng l21, respectively. The nickel
standards were prepared in 2% concentrated nitric acid and in
Tris buffer in the range between 2.5 and 100 ng l21,
respectively.

Results and discussion

Nickel extraction efficiency

The overall Ni concentration in the different tissues analysed
varied between 7 and 310 mg kg21 (wet weight). For the reason
of a limited quantity of samples (N ~ 5) no significant
differences in the total Ni content between the malignant and
healthy tissues were found. In Fig. 1 the yields of the successive
Potter–Elvehjem extraction steps were summarised, with an
example of the concentration obtained for one of the tissues
analysed. After the four steps 80% of the Ni initially present
was recovered in the supernatant. The 4th extract contained
only 2% of Ni.
In order to concentrate the extract, freeze drying was

used. The concentration of the solution after dissolving
the lyophilisate was thus between 50 and 200 mg l21, depending
on the concentration of nickel in the original tissue. The
recovery of Ni during the preconcentration procedure
was quantitative (w98%). After preconcentration, an aliquot
of the 1.5 ml cytosol was analysed by anion exchange
chromatography and the rest was inject on the preparative
SEC.

Analysis of the cytosol using anion exchange chromatography
(AEC)

A similar chromatographic gradient as described by Bayon
et al.6 was applied to the separation of nickel species in the
analytical method presented. In order to prevent any
modification of the native nickel containing biomolecules
during the extraction, Tris buffer at the physiological pH of 7.4
was employed. With the operating chromatographic conditions
(Table 1(b)) used here, it was possible to separate more than 5
nickel containing compounds in the cytosol of colon tissues
(Fig. 2 (c), 2 (d) and Fig. 3).
Depending on the cytosol, the first peak in the anion

exchange chromatogram contains 3 other different peaks, as
shown in Fig. 2 (b) and Fig. 3. This first peak was detected in all
the cytosol analysed. Peaks 2, 3, 4 and 5 could be found in
tissues with the highest nickel concentration (310 mg l21), as
shown in Fig. 2 (c), 2 (d) and Fig. 3 (b), (c)).
The shaded area in Fig. 3 corresponds to the degradation of

some nickel compounds and contamination of the column
which still appears in the blank (see Fig. 3 (c)). This
contamination of the column does not appear in the analysis
of less concentrated cytosol (see Fig. 2 (a)).
Figs. 2 and 3 show that the nickel containing compounds

present in the tissues strongly depend on the total concentra-
tion of nickel, with an increase in the nickel concentration
leading to the appearance of some new species.
In order to investigate the role of nickel on the carcinogenesis

Fig. 1 Recovery rates of the nickel content in four successive
extractions of a tissue sample.

Fig. 2 Elution profile of nickel in a crude cytosol using AEC-ICP-
SFMS. Chromatogram of (a) blank, crude cytosol obtained from
malignant tissues with (b) 9.95 mg l21 Ni, (c) 34.7 mg l21 Ni and
(d) 63.6 mg l21 Ni.

Fig. 3 Elution profile of nickel in a crude cytosol obtained from
(a) normal tissue, (b) malignant tissue with a total nickel content of
310 mg l21 and (c) blank by AEC-ICP-SFMS.
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of colorectal cancer, the speciation of nickel in two tissues from
the same part of the colon, one malignant and one normal, was
performed. Fig. 3 and Fig. 4 show the results of the analysis of
these two corresponding cytosols using anion exchange
chromatography. Several differences appear between these
two tissues, but all these differences concern the peak intensity
and the disappearance of peaks on the chromatogram obtained
with the malignant tissue. It can be concluded that no other
species appear in the malignant tissues compared with the
normal tissues.

Fractionation of the cytosol using SEC

For an estimation of the approximate size of the nickel species
observed, size-exclusion chromatography (SEC) is the method
of choice. After calibration of the column with different protein
standards, a correlation of each nickel peak after SEC to the
approximative molecular mass is possible. The fractionation by
SEC and the subsequent analysis of each fraction using anion
exchange chromatography provide this information on the
approximative molecular mass of the species producing the
peaks, shown in Fig. 2 and Fig. 4.
The elution profiles and the elution time of the protein

standards are given in Fig. 6a. The chromatogram obtained for
the crude cytosol (Fig. 5b) shows 4 well resolved peaks and a
small shoulder between the peaks 3 and 4. The first two peaks
have correspondence in the UV chromatogram (Fig. 5a) but
the two most intense ICP-SFMS peaks do not evidence
correspond to the UV profile.
The calibration of the SEC column by injection of protein

standards (Fig. 5) gives the size information on the four species
generating the peaks. The first peak is in the void volume with a
corresponding size species of more than 80 kDa, the second
peak corresponds to a size species of about 65 kDa, the third
one and the last one correspond to size species of about 10 kDa
and 5 kDa, respectively. On the basis of the information on size
it can be speculated that the two less abundant compounds
could be nickel protein compounds.
The analysis of these five fractions using anion exchange

chromatography (Fig. 6) gives size information on the elution
profile of the crude cytosol (Figs. 2 and 3). Fig. 6 shows
that compound number 1 corresponds to the fraction 5 by
SEC (about 5 kDa), with some part in fractions 3 and 4.
The compound number 5 corresponds to a size about 10 kDa
(fraction 3) and the species 2 and 3 correspond respectively to
fractions 2 and 1 (65 kDa and more than 80 kDa).
The analysis of these SEC fractions using anion exchange

chromatography shows that the peak that appears at the
retention time 15 min is in all fractions. This peak could result
from the degradation of the nickel compound in the anion
exchange column.

Conclusions

The analytical method developed in the investigations pre-
sented makes possible the separation of nickel compounds in

Fig. 4 Elution profile for a retention period of 6 min in a crude cytosol
obtained from a malignant tissue (—) and a normal tissue (– – –) using
AEC-ICP-SFMS.

Fig. 5 SEC of a crude cytosol extract from a malignant tissue: (a) UV
detection at 280 nm, (b) ICP-SFMS off line detection after fraction
collection. The broken lines correspond to: 1, transferrin (80 kDa); 2,
bovine albumin (66 kDa); 3, ovalbumin (44 kDa); 4, a-chymotrypsinogen
(25.5 kDa); 5, myoglobin (18.5 kDa); 6, aprotinin (6.5 kDa). The shaded
areas correspond to the fractions collected, mixed and freeze dried.

Fig. 6 Elution profile of nickel in the fraction of crude cytosol used
for Fig. 4 after SEC fractionation. (a) Fraction 1; (b) fraction 2;
(c) fraction 3; (d) fraction 4; (e) fraction 5. The number on the elution
profiles of nickel corresponds to the peaks in Fig. 4.
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normal and malignant tissues in order to get a better knowledge
of the role of nickel in the carcinogenesis of colon cancer. On
the basis of two-dimensional chromatography, anion exchange
and size exclusion chromatography, a few unknown nickel
containing compounds in the cytosol of malignant as well as
normal tissues could be separated and detected by ICP-
SFMS. The results show that there are no qualitative
differences between the nickel species in the crude cytosol of
malignant and normal tissues, but there are quantitative
differences in the peak area ratios. The dependence of the
nickel species occurring on the total concentration of nickel in
the tissue was shown.
This study also demonstrates the power of the hyphenation

between HPLC and ICP-SFMS, which is sensitive enough to
detect nickel in very low amounts. This sensitivity is necessary
for the analysis of tissues with total nickel concentrations of
about 10 mg l21.
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