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1. Introduction

Soil  pollution  is  one  of  the  very serious  global  problems,  due  to  the  more  and  more

increasing industrial and agricultural activity. It poses serious risk to human health, therefore

the  establishment  of  its  existence  is  inevitable,  and  the  research  concerning  it  is  a  very

important  area  of  the  environmental  sciences.  The  determination  of  the  concentration  of

certain contaminants in soil can be carried out routinely nowadays, due to the existence of

several  high-performance  analytical  techniques.  These  measurements,  however,  do  not

characterize  satisfactorily  the  effect  of  the  pollution  in  the  soil,  since  the  available

concentration of pollutants for living organisms (i. e.: plants, soil-inhabiting worms) is widely

affected by the properties of the soil and the given biological system. The chemical form of

the contaminants plays an important role as well, since the toxicity may be quite different in

case of different oxidation state or chemical environment of the same element. Nowadays, the

so-called bioindication investigations are becoming more and more popular, in case of these

methods, the contamination can be investigated by studying the organisms of a certain habitat.

Changes in the composition of community of organisms at the studied habitat may refer to the

quality and rate of the contamination.

Phylum Nematoda is a quite populous and diverse group of the animal kingdom. Four out

of every five multicellular animals on earth are nematodes. Their size covers a wide range

from the microscopic (a few centimeters or even smaller body length, width in the micrometer

range) to the few meters in length and several centimeters in width. Nematodes are ubiquitous

in fresh-,  seawater  and in soil,  furthermore parasitic  species  exist  as well.  Soil-inhabiting

nematodes are often applied as bioindicators. The nematode Caenorhabditis elegans has been

being used successfully as biological model organism for a couple of decades, it is applied in

the investigation of several biological and biochemical processes. These investigations are

enabled  by  its  small  size,  nevertheless  quite  complex  life  processes.  Accordingly,  soil

contamination could be studied on the individual level applying nematodes. However,  the

number of scientific articles concerning this topic is quite small.

The  modern  microanalytical  techniques  enable  us  to  investigate  individual  samples

possessing  low  mass  (few  micrograms).  By  means  of  X-ray  spectrometric  methods,  the

concentration  of  micro-  and  trace  elements  can  be  determined  in  biological  samples.

Following a proper sample preparation, the distributions of certain elements as well as their

chemical environment can be investigated as well.
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Objectives

The  investigation  of  the  individuals  of  a  very  common  nematode  species  in  Europe

(Xiphinema vuittenezi) by means of microanalytical techniques was proposed. The main aim

of my study was to investigate the effect of soil pollution on living organism, the uptake of the

contaminants and their distribution as well as speciation inside the body of the animal. The

investigated elements are as follows: copper, chromium, zinc, which are relatively common

soil  contaminants.  In  case  of  the  copper  and  chromium,  water  solutions  were  applied  as

treating agent. For zinc, the main aim was to investigate the effect of nano ZnO, therefore

nano ZnO suspension was applied as treating agent. The comparison with the effect of other

zinc-containing compounds (ZnSO4 solution; not nano, so-called bulk ZnO suspension) was

also proposed.

One of the objectives of my study was the development of a method, which is able to

determine the micro- and trace element content of microscopic nematodes on individual level.

The development  of  a  total  reflection  X-ray fluorescence  (TXRF)  method was proposed.

Beyond the optimization of the method, comparison with a technique based on a different

physical principle – in lack of certified reference materials – was also aimed. The another

objective of this part of the research was to study the dependence of the uptake of the above-

mentioned elements on the parameters of the treatment (treating concentration, time), as well

as the investigation of the effect of the treatments on the essential micro- and trace element

content of the animal.

A further aim of my study was to develop a sample preparation method, by means of which

biological  samples  can  be  investigated  by scanning  electron  microscopy (SEM),  electron

probe microanalysis (EPMA), focused ion beam (FIB) technique and X-ray absorption near

edge structure spectrometry (XANES). Lyophilization following quick-freezing was applied,

the investigation of the applicability of the method in the following regards was proposed:

investigation of the effect of the method on the structure of the animal as well as the effect of

high-intensity radiation (electron and ion beam, synchrotron radiation) on the sample.

The investigation of the distribution of the above-mentioned elements inside the body of

the nematode by means of EPMA and FIB methods was also aimed. In case of the copper-

treated animal, the study of the role of the cuticle and stylet in the element uptake using

EPMA method was proposed. For all the three elements, the objective of my study was to

carry  out  cross-sectional,  one-dimensional  elemental  distribution  measurements.  For  the

3



preparation  of  the  cross-sections,  the  FIB,  for  elemental  distribution  measurements,  the

EPMA method was proposed to apply. 

The further  objective of  my study was to  investigate  the chemical  environment  of the

copper and zinc taken up from treating agents by means of XANES spectrometry. The aim of

this part of the research was on the one hand to investigate the effect of the parameters (e. g.:

treating time, concentration and chemical form of the treating agent) of the treatment on the

XANES spectrum, furthermore comparison with spectra of reference compounds.

Materials and methods

The nematodes were transported to the laboratory storing them in tap water. The effect of

starvation was investigated and the five-day-long one was found to be the optimal, therefore

between extraction from soil and the beginning of the treatments, or in lack of that, the sample

preparation, five day elapsed, during this time, nematodes were stored in tap water. A TXRF

method was developed, in the course of the method development, the effect of oxygen plasma

ashing was studied.  It  was established that the two-hours-long ashing is  the optimal.  The

micro- and trace element content of untreated nematodes were measured from 11 samples.

Determination of the weight of the worms was carried out by measuring their body length and

greatest diameter using a light microscope. The nematodes were digested directly on quartz

plate sample holders with concentrated nitric acid containing gallium internal standard.  The

results  were compared with inductively coupled plasma mass spectrometry measurements.

Three  samples  were  prepared  containing  100 nematodes  each.  Microwave-assisted  vapor-

phase digestion was carried out using concentrated nitric acid and 30% hydrogen-peroxide.

The developed TXRF method was applied for the investigation of nematodes subjected to

artificial treatments. The applied treating agents are as follows:  CuSO4, KCr(SO4)2, K2CrO4,

ZnSO4 solutions  as  well  as  bulk  and  nano  ZnO  suspensions.  In  case  of  treating  agents

containing  copper  and  chromium,  the  solutions  contained  soil  solution  prepared  by

centrifugation in half of their volume. ZnSO4 solution; nano and bulk ZnO suspension, which

were sonicated for half an hour directly before beginning the treatments were used as zinc-

containing treating  agents.  In  case  of  treatments  with  CuSO4 solution,  the  time-course of

copper uptake was also investigated. For certain treatments, previously killed nematodes were

also treated and investigated with the TXRF method. In all cases, 3-5 samples per treatment

were measured.
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Investigation  of  bulk  and  nano  ZnO suspensions  applied  for  nematode  treatment  was

carried out with several physical and chemical methods. The size distribution of particles in

the  nano  ZnO  suspension  was  determined  by  dynamic  light  scattering.  The  size  and

morphology of particles in the bulk and nano suspensions were studied by SEM and scanning

transmission electron microscopy techniques. The crystal structure was determined from solid

samples by X-ray powder diffraction. Some contaminants were identified by EPMA method.

The dissolved zinc concentration was determined using TXRF spectrometry. At three different

concentrations (5, 50, 250 mg/L) and pH values (5.5; 6.3; 7.0) were the investigations carried

out, studying bulk and nano ZnO suspensions as well in all cases. Following the preparation,

suspensions were stored for 24 hours, then centrifuged (20 minutes, 13,000 g) and the zinc

content of the supernatant was determined by TXRF method.

In case of the elemental distribution and XANES measurements, quick-freezing (samples

in closed plastic vessel plunged into liquid nitrogen for 2 minutes) followed by lyophilization

(72 hours)  was applied  as  sample preparation.  In  case  of  the first  method,  following the

treatment, the samples were put onto Carbon Adhesive Tape anchored on aluminum sample

holder, in case of the latter method, 3512 Kapton window film was applied as sample carrier.

In order to test the necessity of the method, an animal was put onto Carbon Adhesive Tape, in

this case lyophilization was not applied. This sample was bombarded with electron and ion

beam, the applied parameters were the same as in case of the investigation of lyophilized

nematodes.

Elemental  distribution  measurements  were  carried  out  using  SEM,  FIB  and  EPMA

methods. The effect of all the three polluting elements was investigated applying solutions

containing  the  element  in  proper  concentration. In  the  head and cuticle  of  the  nematode

treated with copper-containing solution, EPMA measurements were performed. In the former

case elemental maps, while in the latter X-ray spectra along the body of the worms were

collected. Following three different treatments (Cu(NO3)2 and K2CrO4 solutions as well as

nano ZnO suspension), cross-sectional, one-dimensional elemental distribution measurements

were performed.  The cross-sections were prepared by bombarding the samples with Ga+-ions.

In  order  to  protect  the  upper  part  of  the  cross-section  and  avoid  significant  gallium

contamination, the animal was covered with a narrow platinum stripe. FIB cutting was made

near to the midbody in case of all the three samples, for the Cu(NO 3)2 treated nematode near

the tail as well. Elemental distribution measurements in the cross-sections were carried out

along predefined lines.
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XANES  investigations  were  carried  out  at  the  BESSY II  synchrotron  of  Helmholtz

Zentrum Berlin, three times at the BAMline, and once at the MySpot station in frame of an

international cooperation. Sample preparation for nematodes was mentioned above. At the

BAMline station the investigated samples are as follows: 1 mmol/L CuSO4 solution, 24 hours;

1  mmol/L Cu(NO3)2 solution,  24  hours;  0.5  mol/L CuSO4 solution,  1  hour.  The samples

investigated at the MySpot station: 10 mmol/L CuSO4 solution; 50 mg/L bulk and 50 mg/L

nano  ZnO  suspensions,  24  hours  treating  time  in  all  cases.  Reference  compounds  were

investigated as well, solid samples were milled and deposited as thin film. Most compounds

were ordered, the CuI, CuS, and ZnS were prepared by mixing water solutions and filtrating

and drying the precipitate. Liquid reference compound were prepared by mixing 5 mmol/L

CuSO4-  and  ZnSO4 solutions  and  water  solution  of  several  ligands  (cysteine,  histidine,

glutamic  acid,  glycine,  glutathione)  with  tenfold  concentration.  Nematode  samples  were

investigated at  the midbody with a 300  µm * 1350  µm beam at the BAMline station.  At

MySpot station, a beam with 300 µm diameter was applied, the CuSO4-treated animals were

studied at one point (at the midbody), the nematodes treated with ZnO suspensions at three

points (head, midbody, tail). 

New scientific results

1.  A TXRF  spectrometric  method  was  developed  for  elemental  analysis  of  individual,

microscopic  nematode  samples.  Using these  analytical  methods,  the  determination  of  the

concentration  of  phosphorus,  sulfur,  calcium,  potassium,  iron,  zinc,  copper,  nickel  and

manganese  related  to  the  wet  weight  were  determined  in  the  individuals  of  Xiphinema

vuittenezi species originating from their natural environment.

2.  Studying  the  copper  uptake,  it  was  established  that  the  copper  content  of  nematodes

increased by increasing the copper concentration of the treating solution. However, the zinc

concentration  decreased  simultaneously,  while  the  sulfur  concentration  of  nematodes

remained practically at the same level independently of the fact that the sulfur concentration

of treating solutions increased proportional with copper. 

3. The chromium uptake was studied in case of two species (Cr(III) and Cr(VI)). In both

cases, a saturation was observed, but the uptake of the Cr species was different. At lower

concentrations – relevant from environmental point of view –, Cr(III) had more considerable

uptake, however, at high concentration an opposite trend was found. The concentration of

potassium and sulfur (further components of the treating agent, which can be measured by the

6



applied  method)  in  the  nematodes  did  not  show dependence  on  the  concentration  of  the

treating solutions. In case of Cr(III), the zinc content of the animal decreased by increasing

the treating concentration, for Cr(VI) this phenomenon was not observed.

4. Treatments were carried out with bulk and nano (<50 nm particle size, according to the

specification of the chemical) ZnO suspensions as well as ZnSO4 solution, having the same

zinc concentration. At the lowest treating concentration (5 mg/L), no significant difference

was  found  between  the  solution  and  suspensions  in  terms  of  zinc  uptake,  but  at  higher

concentrations (50 and 250 mg/L) the uptake is significantly higher from suspensions. The

shift of the particle size to the nano range has not caused increased zinc uptake.

5. Element-content of previously killed and treated animals was studied. In case of treating

with 10 mmol/L CuSO4 and 50 mmol/L KCr(SO4)2 solutions, no significant difference was

found between the living and killed animals in copper and chromium uptake, respectively. For

50  mmol/L K2CrO4 solution  treated  worm,  the  chromium  uptake  of  the  dead  worms  is

significantly higher. The same trend was found for the bulk and the nano suspensions as well.

The more intensive element-uptake of the dead nematodes may refer to the existence of active

processes, which hinders the toxicant uptake of the living nematodes.

6. A sample preparation method was developed, which enables elemental distribution and

XANES measurements in nematode samples. The quick-freezing in liquid nitrogen followed

by lyophilization do not alter the structure of the sample significantly, nevertheless enables

their  investigation  with  electron  and  ion  beam  as  well  as  with  synchrotron  radiation.

Application of the method is  inevitable,  since the non-lyophilized sample showed serious

damage after irradiation.

7. The distributions of copper taken up from treating solution and several essential elements

were investigated in the cuticle, stylet and lips of the nematodes. It was established that the

concentration of copper and sulfur increases in the cuticle from the head to the tail and shows

correlation. The concentration of sulfur in the stylet is significantly higher, than in the cuticle

or in the cross-section of the worm, however, the copper concentration is practically the same.

The sulfur as well as the copper content of the lip is also considerably high comparing with

the above-mentioned two areas.  

8.  The  distribution  of  copper,  chromium  and  zinc,  furthermore  two  essential  elements

(phosphorus, sulfur), which can be measured perfectly by EPMA method was measured in the

cross-sections prepared by FIB technique.  Similar distribution was found for all  the three

elements taken up from treating agents:  decreasing concentration toward the center of the

cross-section.  Linear  correlation  was  investigated  between  the  distribution  of  copper,
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chromium,  zinc  and  phosphorus  and  sulfur.  High  correlation  was  found  just  for  the

combinations of Cu-S, Cr-S and Cr-P.

9.  Comparing  the  XANES  spectra  of  copper-treated  and  untreated  worms,  it  can  be

established  that  the  chemical  environment  of  copper  differs  in  the  treated  and  untreated

(possessing uptake just  as  essential  element)  nematodes.  The parameters  of  the treatment

(treating time, concentration, anion in the treating agent) practically do not affect the shape of

the XANES spectra. The spectrum of the nematode treated with 10 mmol/L CuSO4 solution

for 24 hours was fitted with the linear combination of spectra of the reference compounds.

The best  fit  was  found for  a  combination containing mainly CuS (41%) and Cu-cysteine

complex (27%). Accordingly, the binding of copper to sulfur-containing ligands is likely.

10. Chemical environment of zinc in nematodes treated with ZnO suspensions was studied.

Applying  linear  combination  fit,  it  can  be  established  that  the  main  component  is  the

Cu3(PO4)2 * x H2O in the head, midbody and tail of the nematode for both nano and bulk

treatments. ZnO takes place in the head in both cases and in the midbody for the bulk one, and

does not exist in the tail. Consequently, it is likely that the ZnO – independently of its nano or

bulk type – is taken up by the worm and it suffers biotransformation inside the nematode

body, and is bound mainly to phosphorus-containing ligands.

Conclusions, summary

The  above-mentioned  methods  enable  the  chemical  analysis  of  individual  microscopic

nematodes  samples.  Applying  these  techniques,  further  questions  may  be  answered

investigating  the  effect  of  other  soil-polluting  microelements  or  metal-containing

nanoparticles  on nematodes.  For  all  the  three  investigated elements,  cuticular  uptake was

found to be dominant again the gut uptake. Based on my investigations, it can be established

that in case of copper uptake, sulfur-containing; while for zinc, phosphorus-containing ligands

play  the  most  important  role  in  binding.  According  to  my  investigations,  unambiguous

difference was not found between the effect of bulk and nano ZnO, in order to elucidate this

question, further research is needed.
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