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The aim of this study was to estimate and compare the contents of selected metals in 65 pathological
(diagnosed nodular goitre) and 50 healthy human thyroid tissues (taken during autopsies). lon chro-
matography (IC) preceded by microwave mineralization was applied for the first time for determination
of cadmium, cobalt, copper, iron, manganese, and zinc in human thyroid samples. The study proved that
the concentrations of Cu*, Mn2*, Fe3*, and Zn?* were significantly higher in the control group (healthy

f;flywo,;ds" thyroids) in comparison with the studied group (nodular goitre) (p < 0.05), whereas for Co?* the difference
Noﬂruollar goitre between two means of concentration (healthy vs pathological thyroids) was not significant statistically at
Metal ions 0.05 significance level. Measurement accuracy was verified by measurements of NIST standard reference

lon chromatography material (1566a Oyster Tissue). Very good precision (RSD below 5%) and recoveries (above 90%) were

evaluated.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Many metals are essential to life, but in excess, these same
chemicals can be poisonous. The basic tenet of toxicology—“the
dose makes the poison” is still actual. Too little can lead to a defi-
ciency, too much can result in adverse health effects. Much of the
pertinent work on that subject has been summarized by World
Health Organization [1]. Heavy metals are dangerous because they
tend to bioaccumulate. Similarly, chronic low exposures to heavy
metals can have serious health effects in the long run [2]. What
is more, the toxicity of one metal can be dramatically modulated
by the interaction with other toxic or essential metal [3]. Defi-
ciency, excess and imbalance of trace elements can be the reason
for pathologies.

It was reported that thyroid tissue could accumulate both highly
toxic and essential elements [4]. Some literature data support the
hypothesis that direct toxic heavy metal influence on thyrocytes
plays a major role in thyroid cancer aetiology [5,6].

A nodular goitre is the most common pathology of the thy-
roid gland [7,8]. In order to study the role of particular element
in thyroid pathology development it is necessary to undergo the
comparative examinations in healthy subjects and well-diagnosed
patients.
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Traditionally, atomic absorption spectrophotometric (AAS)
techniques, both flame and electrothermal have been used by
most clinical chemistry laboratories to determine transition met-
als, e.g. in physiological fluids [9,10]. However, these techniques
have their limitations, e.g. flame AAS has limited sensitivity for
copper, and graphite atomic absorption spectrophotometry is sus-
ceptible to solute vaporization interferences such as depression
of element signal, especially in biological samples. The protein
content of the mentioned samples can cause absorption abnor-
malities. High sodium chloride content can hamper sensitivity,
linearity, and cause burner clogging [11]. Recently high-resolution
continuum source AAS (HR-CS AAS) has opened up new possibil-
ities in determining metals in biological samples [12]. Among the
other available analytical techniques used for the determination of
metals ions, inductively coupled plasma (ICP)-mass spectrometry
(MS) seems to be a powerful alternative to AAS [13-15]. Despite
multi elemental capability and high sensitivity, which make ICP-
MS an attractive technique for the analysis of biological samples,
several types of non-spectral and spectral interferences can com-
plicate the analysis of samples with complex matrices. Engstrom
et al. described the potential of inductively coupled plasma-sector
field mass spectrometry (ICP-SFMS) in the determination of 68 ele-
ments in various animal tissues [16]. Inductively coupled plasma
atomic emission spectrometry (ICP-AES) [17], neutron activa-
tion analysis (NAA) [18], X-ray fluorescence spectrometry (XRF)
[19], total-reflection X-ray fluorescence (TRXRF) [20], particle-
induced X-ray emission (PIXE) [21] are the other most commonly
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used techniques in trace analysis of human tissues and body
fluids.

Ion chromatography (IC) has been widely applied in the anal-
ysis of ionic species in many samples of various origins. What
is more, due to its sensitivity (down to the ng/g concentration
range) and the possibility of simultaneous multi element deter-
mination IC method requires small amounts of biological samples.
The stability of the separation system, good selectivity and speed of
analysis allow the range of IC applications to continuously broaden
[22].

Recently, the application of ion chromatography to samples
of complex matrices has received much attention [23]. Unfortu-
nately most of the applications of IC in clinical samples analysis
focus mainly on biological fluids (blood, serum, urine, saliva,
teardrops) because they are easy to obtain and generally do not
require complicated digestion procedures. However, it has to be
emphasized that the most appropriate information on the con-
tent of trace metals comes from the tissues. It is well known,
that, e.g. infectious diseases or strenuous physical activity affects
trace element content in blood as a result of short-term intensi-
fied biochemical and metabolic processes [24]. Our investigations
concerned pathological human thyroid glands removed during a
surgical procedure (diagnosed nodular goitre) and healthy thy-
roids taken from individuals killed in accidental events (control
group).

It is obvious, that chemical digestion in appropriate conditions
is required before IC analysis of tissues. Microwave mineraliza-
tion in a closed system—where the contamination problems are
significantly reduced can be recommended for such samples.

The aim of the present study was to evaluate the concentrations
of selected metals in human thyroids. To the best of our knowledge
it is the first time the ion chromatography method has been used
to carry out metal determination in healthy and pathological thy-
roid tissues. The present paper also presents the basic validation
parameters of determining the transition metal ions with the use
of IC method together with the digestion conditions of the studied
samples.

2. Experimental
2.1. Instrumentation and reagents

The measurements were carried out on a Dionex model DX-500
ion chromatograph (Sunnyvale, CA, USA), which was composed of
a IP25 isocratic pump, a pre-column CG5A, a CS5A column, and
a UV-Vis detector AD20. A Chromeleon (Dionex) chromatography
workstation was used for instrument control and data acquisition.
The detection was accomplished by visible absorbance after post
column reagent. 1L of the post column reagent (PCR) was pre-
pared with 0.5 mmol of 4-(2-pyridylazo)resorcinol (PAR), 1.0 mol
of 2-dimethylamino-ethanol, 0.3 mol of sodium bicarbonate, and
0.50 mol of ammonium hydroxide dissolved in deionized water
(18 M2 cm).

All mobile phases, analyte solutions and derivatizing reagent
were made up in water purified with an Easypure system (Barn-
stead, USA). All reagents were of analytical grade. Eluent was
filtered and degassed before use. The pyridine-2,6 dicarboxylic
acid (PDCA) eluent was used for iron, copper, nickel, zinc, cobalt,
cadmium, and manganese. The composition of 1L of PDCA elu-
ent concentrate (this concentrate simplifies eluent preparation and
improves reproducibility), which was 5 times diluted with deion-
ized water and used as mobile phase during chromatographic
analysis, was as follows: 7.0 mmol of PDCA, 66 mmol of potassium
hydroxide, 5.6 mmol of potassium sulfate, and 74 mmol of formic
acid.

All mobile phase components were obtained from Sigma-
Aldrich, Germany. Aqueous solutions of metal salts were pre-
pared by dilution of Titrisol standard metal salt solutions (Merck).
Working solutions were freshly prepared from standard metal salt
solutions by dilution with doubly distilled water. PAR was obtained
from Dionex, USA.

All analyses were carried out using pre-washed polypropylene
flasks and vials.

2.2. Patient population and preparation of samples

The studied material consisted of 115 human thyroids. Investi-
gations were performed in 65 people who constituted the studied
group (40 female and 25 male, the average age was 35) and
had fragments of their thyroid glands (diagnosed nodular goitre)
removed during a surgical procedure. The patients underwent
thyroidectomy in 3 hospitals in Lublin (a town of 380,000 pop-
ulation in the south-east region of Poland which suffered as a
result of the accident at the Chernobyl nuclear power plant in
1986). The diagnoses were confirmed by histopathological exam-
ination. All the patients diagnosed with a nodular goitre were
in euthyreosis and did not suffer from hyperthyroidism. The
protocol was accepted by the local Ethics Committee. The sam-
ples obtained were fixed in formalin (according to the standard
procedure).

Healthy human thyroids were obtained from individuals mainly
from the south-east region of Poland and killed in accidents. The
control group included 50 people (9 female and 41 male, the aver-
age age was 25 years). No morphological changes were detected in
any of the removed tissues. Each sample of tissues was split with a
quartz knife. All samples were transported and stored in polypropy-
lene containers. Both kinds of thyroids (healthy and pathological)
were treated the same way. Such uniform sample preparation
allowed to perform comparative analysis of healthy and thyroid
tissues.

All the samples were washed three times with deionized water
and placed in pre-cleaned laboratory glass containers in a hot-air
laboratory oven at 120 °C until being completely dry. After cooling
the containers were placed in desiccators over silica gel and later
weighted accurately. After weighing they were transferred to pre-
cleaned polypropylene containers fitted with screw caps.

Before IC analysis thyroid samples (each time 0.5 g of dry tissue)
were mineralized using a microwave-assisted high pressure diges-
tion system (UniClever BM-1, Plazmotronika, Poznan, Poland). Each
time the acidic digestion with 99% HNO3 (Sigma-Aldrich, Germany)
water solution was applied (2 mL of HNO3:8 mL H,0). A program
of microwave digestion consisted of the following four stages: 1)
60% of power of microwave generator, heating for 3 min; 2) 80%
of power of microwave generator, heating for 5min; 3) 100% of
power of microwave generator, heating for 8 min; and 4) cooling for
10 min. The conditions of mineralization procedure had been previ-
ously optimized in terms of mass of the sample and time of matrix
destruction (i.e. the effects of mass of the sample and mineraliza-
tion time on the measured concentrations of ions were checked).
Each time the completeness of the digestion was monitored with
the ion chromatography. It turned out that the optimal time of min-
eralization should last 26 min since longer time did not affect the
assay values significantly. Shorter times of the described proce-
dure caused some disturbances to the base line on chromatograms.
Therefore in this study 26-min procedure (including a cooling step)
was applied. The mass of the sample taken for the mineralization
should be compatible with the used digestion procedure as well.
It turned out that the determined concentration values of investi-
gated ions were not significantly affected by the mass of the sample
(which varied from 0.5 to 1.0 g) [25]. After digestion, the Teflon ves-
sels (with screw caps) were cleaned thoroughly twice with dilute
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Fig. 1. Chromatograms of blank sample (a), standard mixture (b), sample of thyroid from the control group (c), and sample of thyroid of a patient with diagnosed nodular
goitre (d). Each sample was injected at least in triplicate; all operating conditions are described in the text.
Because of the drastically oxidative environment applied during described digestion procedure it was not possible to detect the presence of iron (II) in the studied samples,

however, lonPac CS5A enables separation of Fe(Ill) and Fe(II) what can be seen in b.

digestion mixture in order to avoid memory effects (adsorption by
the walls of containers).

2.3. IC analysis

Appropriate concentrations of standards were prepared from
1g/L stock standards solutions (Merck, Darmstadt, Germany). All
standards, samples and reagents were stored in polyethylene bot-
tles. The detailed procedure of the standard solutions preparation
has already been described [26]. However, for the purpose of
clarity of the present paper, some main concepts have to be men-
tioned here as well. The solutions used to determine the calibration
curves were prepared by weight dilution (i.e. both solution being
diluted and water were weighed on an analytical balance) using
standard solutions of 1000 ppm concentration (Merck, Darmstadt,
Germany). For each cation a series of 20 standard solutions in
the range of 0.001-100 ppm were obtained. In the next stage the
peak areas were determined within individual series by interpo-
lation (for extreme concentrations, if necessary, by extrapolation)
for exactly identical assumed concentrations. It was found that the
data are of the heteroscedastic type, therefore, the weighted regres-
sion method was applied. The weights for the individual points
of the curve were calculated by the standard method [27]. The
parameters of the correlation equations were determined using
the TableCurve 2D v5.0 (ASIN Software Inc.) program. Solutions
obtained after mineralizations were 10-fold diluted with deionized
water and analyzed using the ion chromatograph. In the present
study the total number of injections on the chromatographic col-
umn amounted to 1035 (each sample from 115 subjects was cut
into three parts before launching the digestion procedure and then
injected at least in triplicate).

Before injection, the column was equilibrated applying PDCA
eluent. IonPac CS 5A analytical column (250 mm x 4.6 mm LD.,
9 wm bead diameter ethylvinylbenzene functionalized with both
quaternary ammonium and sulfonate functional groups which is
compatible with pH 0-14)allowed the analysis of acidic solutions of
digested tissues. The detector wavelength was 530 nm, the sample

Table 1
Comparison of metal ions concentrations measured by IC and certified values.

loop volume was 25 L, the eluent flow rate was set at 0.3 mL/min,
while the post column reagent flow rate was fixed at 0.15 mL/min.
The column backpressure was approximately 1900 psi (13.1 MPa).
All measurements were made at 25+1°C.

After equilibration of the analytical column, three calibration
blank standards were analyzed to establish a representative blank
level (Fig. 1a). Then, the prepared calibration standards were
analyzed (Fig. 1b). When the blank level was acceptable (concen-
tration value lower than method detection limit), the samples were
analyzed. Since the concentration range should encompass val-
ues expected in samples to be measured, all the samples were
previously 10-fold diluted to avoid the exceeding of the concentra-
tionrange (0.001-100 ppm). Samples having concentrations higher
than the established concentration range were diluted and reana-
lyzed.

The quality control standard, i.e. NIST Standard Reference Mate-
rial oyster tissue (SRM 1566a), an independent standard made from
certified reference solutions was used for the initial verification of
calibration (accuracy). 50 mg of SRM samples were digested in a
mixture of HNO3 and H,O (volume ratio 1:4) which was also used
for digestion of thyroid samples.

3. Results and discussion
3.1. Validation parameters

Ion chromatography as a highly sensitive method enables the
analysis of small amounts of sample materials. This is very impor-
tant since in many cases only a small volume of thyroid sample is
taken from a patient during surgical operation. Table 1 presents the
IC results obtained for 3 independent measurements, including 3
sample digestions, and the comparison with certified values. Limits
of detection and quantitation are included as well. Good agreement
with the certified values was found for all the metals studied.

Method precision was determined in terms of repeatability
(intra-assay precision) and quantified by the relative standard devi-
ations (RSD) of the replicate measurements, and was assessed at

Metal ion LOD (LOQ)" (wg/mL) Measured value (ug/g) £+ SD Certified value (pg/g)+SD
Ccd 0.022 (0.073) 3.75 + 0.45 4.15 £ 0.38

Co 0.026 (0.087) 0.66 + 0.15 0.57 + 0.11

Cu 0.048 (0.16) 65.1 £ 5.9 66.3 + 4.3

Fe 0.009 (0.03) 586 + 17.2 539 £+ 15

Mn 0.006 (0.020) 119 £ 21 123+ 1.5

Ni 0.006 (0.020) 2.14 + 0.59 225+ 0.44

Zn 0.056 (0.19) 857.2 +£ 45 830 + 57

* LOD—Ilimit of detection; LOQ—limit of quantitation; LOQ=10/3-LOD (values of LOD and LOQ are taken from the previously published work [26].
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Table 2
Recoveries of Cd?*, Co?*, Cu?*, Fe3*, Mn?*, and Zn?* from spiked thyroid samples of 3 different subjects.
Ion Sample number Recovery (%)
Concentration of ion spike (ppm)
0.25 0.50 1.0
1 97.0 90.0 96.5
cd* 2 100.0 98.5 99.1
3 95.6 94.9 102.7
1 108.0 92.0 111.0
Co%* 2 102.0 99.5 99.8
3 97.6 99.9 109.7
1 98.5 99.2 100.5
Cu?* 2 94.9 98.9 92.0
3 96.6 100.0 100.0
1 95.5 99.0 100.0
Fe3* 2 97.3 101.5 100.0
3 99.4 108.0 103.0
1 92.2 99.7 101.0
Mn2* 2 101.0 96.5 97.8
3 96.1 90.2 90.7
1 100.0 100.0 100.0
Zn%* 2 98.0 99.9 102.0
3 99.6 101.0 101.0

four unique concentrations in replicates of six, on four separate
occasions (i.e. 4 x 6 x 4). RSD was determined to be 5.0% for Cd2",
1.6% for Co2*, 4.18% for Cu?*, 2.21% for Fe3*, 4.25% for Mn2*, and
1.9% for Zn2*.

Recoveries ranging from 94.9 to 102.7% for Cd%*, from 92.0 to
109.7% for Co%*, from 92.0 to 100.5% for Cu?*, from 95.5 to 108% for
Fe3*, from 90.2 to 101% for Mn2*, and from 98 to 101% for Zn?*were
determined by examining samples spiked with various amounts of
all the studied ions (Table 2).

3.2. Comparison of metals’ contents in healthy and pathological
tissues

The results of IC determinations of the studied ions are pre-
sented in Table 3.

It is very difficult to compare our results with previously pub-
lished studies involving the ion chromatography technique because
according to the authors’ best knowledge, there are no such data
available. Despite of the lack of such data, our results for copper and

Table 3

zinc are similar to the literature data reportedly obtained by a dif-
ferent method (involving X-ray fluorescence) [28] where authors
determined 2.82 + 0.62 p.g/g of copper and 38.3 & 2.2 ug/g of zincin
nodular goitre tissue. However, one can find in literature a signifi-
cantly higher value of zinc concentration in human thyroid samples
obtained during operations on people living in regions of Belarus,
i.e. 341 £ 16 pg/g which was determined by the use of ICP-MS [29].

Generally iron, copper, and zinc concentrations are in good
agreement with literature data (despite different sample pre-
treatment procedures and different analysis methods, e.g. NAA
[30]), except, as above described ICP-MS measurement of zinc
[29]. Values for cobalt in the healthy thyroids were higher by a
factor of 3.1-4.7, and for manganese lower by factor of 1.9, respec-
tively, compared with the literature values (Table 3). In the present
study cadmium was present only in NG group, whereas nickel was
not detectable for either the studied group or the control group.
Interestingly, significant discrepancies in the results found in liter-
ature concern selectively some metals, whereas for others the good
agreement can be found regardless of the method applied. Addi-

Values of mean concentrations and concentrations ranges (jg/g of dry tissue) of studied metals in thyroid tissues determined using IC method.

Element Nodular goitre (NG) Concentration range Healthy tissues (control Concentration range Literature values of mean
(studied group) group, CG) concentration
n=65 n=50
cd 0.125+0.006 0.080-0.180 nd.” healthy: 0.0161 (NAA) [6]
Co’ 0.110+0.003 0.090-0.109 0.124+0.01 0.105-0.142 healthy: 0.0404 +0.0028
(NAA) [5]; healthy:
0.026+0.031 (NAA) [30]
Cu” 3.35+0.93 1.890-4.921 5.24+0.51 4.543-6.210 goitre: 2.82+0.62
(TRXRF) [28]
Fe” 201.59+23.45 162.4-239.5 241.44+21.96 204.120-272.00 pathological: 182 +12
(ICP-MS) [29]; healthy:
237 +15 (NAA) [5]
Mn"™ 0.40-+0.22 0.079-0.712 0.68+0.10 0.520-0.891 healthy: 1.34+0.68
(NAA) [30]
Ni n.d. n.d. no data
Zn"” 41.83+7.19 29.721-53.450 101.30+10.90 89.310-125.3 pathological: 341+ 16

(ICP-MS) [29]; 38.3+£2.2
(TRXREF) [28]; healthy:
87 +£4(NAA) [5]; healthy:
129467 (NAA) [30]

“The difference between two means (NG vs CG) was not significant statistically (p <0.05); “significantly lower concentration in the studied group (p<0.05); ""n.d.—not

detected under the applied conditions.
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tional difficulty is related to the limited information about sample
pre-treatment procedures. Some important differences may be
attributed to the sample storage as well. Therefore, additionally, our
next study will be undertaken in order to compare fresh-frozen and
formalin-fixed thyroid samples in context of metals’ determination
using ion chromatography method.

Statistical analysis revealed over 2-fold reduction of zinc
concentration in the pathological tissues (the mean value
was 41.83+7.19 pug/g) in comparison with the control group
(101.30+10.90 p.g/g).

The concentrations of the studied metals in healthy tissues are
slightly higher (except 2-fold increase of zinc concentration) than
those in NG tissues. The statistical significance between the NG and
CG (Table 3) for variables with normal distribution was evaluated
with t-Student test for variables not related at 0.05—significance
level. The statistically significant differences between mean con-
centrations (NG vs CG) concerned copper, iron, manganese, and zinc
for which level of concentrations were higher in CG (p <0.05).

Fig. 1 presents the chromatograms obtained for blank sample
(a), standard mixture of metal ions (b), and also in thyroid sam-
ple from the control group (c), and sample of thyroid of a patient
with diagnosed nodular goitre (d). Chromatograms for NG sam-
ples differed remarkably from those obtained for the healthy ones.
The main difference to the healthy thyroid samples is the lower
concentration of zing, iron, copper, manganese, and cobalt, and
additionally the presence of small amounts of cadmium. This effect
was observed for all thyroid samples available in the present study.
Explanation of this phenomenon will be the aim of the next inves-
tigations.

Our results were difficult to compare with published data due to
differing techniques used in tissue digestion and different methods
of analysis. An additional problem in comparing our results from
healthy subjects with the results from the control group arose due
to the fact that most literature data is related to the analysis of
animal tissues. To the best of authors’ knowledge, this is the first
time IC method has been applied for metal determination in healthy
and pathological human thyroid tissues.

4. Conclusions

Ion chromatography preceded by microwave-assisted acidic
digestion of samples allowed determining Co%*, Cu?*, Fe3*, Mn?*,
and Zn%* in nodular goitre and healthy human thyroids. Cd2* was
detected only in nodular goitre samples. An evaluation of the
obtained data indicated that the mean values found for iron, cop-
per, and zinc are within the values presented in literature. Values
for cobalt in thyroids were higher by a factor of 3.1-4.7, and for
manganese lower by factor of 1.9, respectively, compared with the
literature values. Nickel was not detected either in healthy or in
pathological thyroids.

There were no significant differences between Co?* content in
healthy and nodular goitre thyroid tissues. For Cu2*, Fe3*, Mn?",
and Zn?* significantly lower (p <0.05) concentrations in the studied
group were observed.

The main assets of the presented method lie in its simplicity and
the practicality of determining analytes from samples of various
origins. Suitability of the developed IC method was supported by
validation results. Generally, very good results of precision (RSD
below 5%) and recoveries (above 90%) were evaluated.

This study was supported by grant from the Medical University
of Lublin, Poland.
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