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Summary 

Summary 

In the group Nuclear Physics Techniques at the Eindhoven University of Technology, 
changes of elemental distributions in rat cardiac muscle cells are investigated. Ion 
concentrations in freeze-dried samples from perfused rat hearts are determined with the 
j..LPIXE, NBS and NFS-techniques. Because the determination of the ion concentrations in 
the cells is hampered by the presence of extracellular space, these intracellular 
concentrations must be corrected. The extracellular marker Co(III)EDT A is used for this 
purpose. 

The salt NaCo(III)EDTA was added.to a perfusion fluid, which was used for the 
perfusion of normoxic and low-flow ischemie hearts. Because the extracellular 
concentration ratios between cobalt and other ions in these hearts were known, the 
determined ion concentrations in the samples, could be corrected for the extracellular 
space. In this way the total intracellular wet concentrations (mM) and intracellular dry 
weight concentrations (mmol/kg) in a lOOj..Lm by lOOj..Lm area were determined. The 
corrected intracellular concentations in the samples from normoxic rat hearts match with 
values reported in literature. 

The errors of the determined intracellular wet concentrations are much larger than the 
errors of the conesponding intracellular dry weight concentrations. To determine the 
intracellular wet concentrations, the water mass fraction in the samples (before freeze
drying) is needed. Because the water mass fraction determination method causes large 
errors of the the intracellular wet concentrations, this method needs to be improved. 

In the freeze-dried samples, areal mass density dependent ion redistributions were 
visualised. These ion redistributions were caused by the sample preparation. The 
intracellular concentration determination on a cellular scale is hampered by this ion 
redistribution, so the sample preparation method needs to be improved. 

In the group NPT an ultra LEGe-detector is available. Certain specification had to be 
tested before it could be used. 

By using X-ray beams from two X-ray sources, the effective surface of the LEGe
detector was determined for different energies. The determined effective surfaces for 6 
keV, 15 keV and 59.54 keV X-rays are respectively 50±2 mm2

, 50± 1 mm2 and 53± 1 mm2
. 
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Also the distance between the detector crystal and the detector window was 
determined with the same X-ray sources. The resulting distances from the determined 6 
keV, 15 keV and 59.54 keV yields match with each other: respectively 3.0±0.6 mm, 
3.5±0.6 mm and 3.0±0.6 mm. 
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Introduetion 

1. Introduetion 

In the group Nuclear Physics Techniques at the Eindhoven University of Technology 
(EUT), changes of elemental distributions in rat cardiac muscle cells are investigated. This 
research is done in co-operation with the Medicine Faculty at the Maastricht University 
(MU). 

The free ion concentrations in the cardiac muscle cells differ from the ion 
concentrations in the extracellular fluid, which is essential for the cell functioning. The 
cells have active mechanisms that keep these intracellular ion concentrations narrow 
bounded, by transporting ions into or out of the cells. These mechanisms transport ions 
against electrical and chemica} gradients, which costs energy. When the energy need 
exceeds the production, as is the caseduringa lack of blood supply to the heart (ischemia), 
the intracellular ion concentrations changes. The processes in the cells are disturbed 
because of these changes, which may lead to cell death. By studying these processes, it 
may be possible to treat ischemie heart disseases in a better way. 

At the MU the physiological experiments are performed. The hearts of Lewis-rats are 
isolated and perfused in a Langendorff perfusion apparatus. The hearts keep on beating, 
because the perfusion fluid is composed in such a manner, that the cells can maintain their 
cell functions. By interrupting the perfusion, the hearts become ischemie. After a certain 
period of ischemia, the perfusion can be restarted (reperfusion) and the viabie cells will 
start functioning again. With different perfusion fluids, different situations in the cells can 
be created. After the experiments, samples are taken from perfused, ischemie or reperfused 
hearts. These samples are frozen, micro sliced and freeze-dried, to stop diffusion of the 
free ions in the samples. 

At the EUT, the scanning J.I.PIXE-technique (Particle Induced X-ray Emission) is used 
for the elemental analysis of minor elements. The heart samples are bombarded with a 3 
Me V proton microbeam. The Nuclear Backscattering Speetrometry (NBS) and Nuclear 
Forward-scattering Speetrometry (NFS) techniques are used to determine the areal mass 
densities of the heart samples, by detecting the protons scattered from the samples. In the 
samples the protons induce X-ray photons, that are characteristic for the elements in the 
samples. By detecting these X-ray photons, the concentrations of the minor elements Na, 
K, Mg, Ca, P, S and Cl in the samples are determined. By moving the microbeam across 
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the sample with a scan magnet, the concentrations of the minor elements can be 
determined as a function of the position on the sample. The size of each measurement 
position is the size of the beam spot, which can be about 3 fJ.m. 

In this research, the concentrations of free ions in the cells are of great interest. When a 
measurement takes place within the cell from a normoxic heart, the determined 
intracellular concentrations differ from the reported values in literature. Especially when 
the extracellular concentration of a certain ion is much higher than the expected 
intracellular concentration, like sodium. The size of the beam spot enables direct 
measurements in the cell, so these differences are probably caused by the presence of 
extracellular space during the intracellular measurements. 

The objective of this study is to create a method to determine the exact intracellular 
wet concentrations of the free ionsin the rat heart samples (chapter 5). 

To detect the X-ray photons during the fJ.PIXE-experiments, an X-ray detector is needed. 
For this purpose a Si(Li)-detector (Silicium Lithium) has been used up to now. 

Because the elements of interest in the samples have very Jow concentrations, it is 
important that the detection limit is as low as possible. A lower detection limit can be 
accomplished by a larger detector surface. Because a LEGe-detector (Low Energy 
Germanium) has a larger detector surface of 50 mm2 instead of the 30 mm2 surface of the 
Si(Li)-detector and because it has a better energy resolution, a LEGe-detector has been 
procured. These values of the detector surfaces are given by the manufacturer. 

Tests [JAN95] of the LEGe-detector showed an unusual shape of the crystal and, 
compared to the detector specifications, a too large distance between the detector crystal 
and window. Therefor the detector was returned to the manufacturer. After the original 
crystal was replaced by an upgraded "version", the detector was tested again. These 
measurements and results are described in chapter 4. 
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Physiology 

2. Physiology 

In order to understand the results of the experiments in this report, a briefdescription is 
given of the structure of the cardiac muscle cells and the ion transmembrane 
transportation in the cardiac muscle [BER88J[KAT70J[ALB89]. 

2.1 The cell: the smallest living unit 
All living creatures are made of cells. The simplest forms of life are solitary cells. Higher 
organisms consist of many cells, in which groups of cells have specialised functions. 
Because of those different functions, cells have different structures. Cells with the same 
functions are quite similar in different species. So sarnething can be learned about the cells 
in the human heart by studying the processes in the rat cardiac muscle cells. 

The cell can be considered as a little bag, that is formed by a very thin plasma 
membrane, filled with cytoplasm. Cytoplasm consists of a water solution, called cytosol, in 
which a number of different sub cellular structures (organelles) are present. The measure 
of development, the size and the amount of these organelles depend on the functions of the 
cell. The cytosol consists of about 20% (by weight) of proteins, so it is more a gel than an 
aqueous solution. 

2.2 The structure of the myocardial cell 
The heart is divided into four pumping chambers: the right and the left atria and the right 
and the left ventricles. The walls of these chambers consist of three layers. A connective 
tissue layer on the inner surface (endocardium) and the outer surface (epicardium). The 
middle layer consists of muscle tissue, which is called the myocardium. The coordinated 
contraction and the relaxation of the myocardium makes the heart pump. The myocardium 
is supplied by the blood from the coronary arteries and their branches. 

Myocardial cells (fig. 2.1) have a lengthof 50-100 IJ.m and a thickness of 10-20 IJ.m. 
The cells are bundled with many branches, forming a net (fig. 2.2). The space between the 
cells is filled with extracellular fluid. The most important organelles of the myocardial 
cells will be described next. 
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Nuclei 
Each myocardial cell contains one or more nuclei, where the genetic information (DNA) is 
stored. The size of the nuclei differs, the diameter can be a few IJ.m. 

I-BAND A-BAND 

Fig. 2.1. The structure of a myocardial cell. 

Mitochondria 

T- TUBULE 

SARCOPLASMIC 
RETICULUM 

-----=------~----- CISTER NA 

Z-LINE 

SARCOTUBULAR 
NETWORK 

The mitochondria are the main energy suppliers in the aerobic cells. The energy is used to 
form adenosine triphosphate (ATP), which is the energy souree for several cell processes. 
The more energy the cells need, the more mitochondria the cells contain. 

The myocardium contains a lot of mitochondria to produce the energy needed for the 
electro-mechanical functioning. The length of the mitochondria in the myocardium is 
about 3 IJ.m and they have a thickness of 1 IJ.m. 

EPICARDIUM MIDWALL ENDOCARDIUM 

Fig. 2.2. Reconstruction of the left ventricle wal! with a thickness of a few mm, prepared 
from a series of microphotographs [KAT92]. The left ventricle wal! is thicker than the 
other walls, because the blood in this chamber has to be pumped into the aorta. 

Myofibrils 
Every muscle cell has many intracellular fibrils. These myofibrils are responsible for the 
contraction of the muscle cell. They have the same length as the cells and have a thickness 
of 1-2 IJ.m. When the myofibrils contract, the muscle cell becomes shorter and thicker. 

4 



Physiology 

The myofibrils consist of sarcomeres, which consist of the proteins myosin and actin. 
The proteins myosin and actin "want" to bond. The sarcomeres are constructed in such a 
way, that when myosin and actin bond, the sarcomeres become shorter (fig. 2.3), so the 
myofibrils contract. The presence of among others the protein troponin in the cytosol, 
prevents the bonding of myosin and actin. lf free calcium is present in the cytosol, troponin 
will bond with the calcium and transit into a deactivated form, so myosin and actin can 
bond and the myofibrils contract. When the calcium is taken away, the myofibrils get their 
normal size back (relaxation). During both the bonding and the release of myosin and 
actin, ATP is turned over. 

IE--------------sarcomere-----------i> 

1\ 
of actin filaments 

end on Z disc 

myosin thick filaments reverse polarity 
at midline of sarcamere (the M line) 

I 

V/ 
of actin filaments 

Fig. 2.3. The structure of the sarcomere. 

Sarcoplasmic reticulum (SR) and the transversal tubular network 

Z disc 

The SR is a system of intracellular membranes. lt consists of a network of tubules that 
surrounds the myofibrils. In the cisternae the SR contacts with the sarcolemma (the plasma 
membrane of myocardial cells) and the membranes of the T-tubules. The T-tubules are 
transversal indentations of the sarcolemma, that lead to the centre of the myocardial cell, 
and thus have an open conneetion with the extracellular space. Consequently they are filled 
with the extracellular fluid. The distance between the T-tubuli is the same as the sarcamere 
length, about 3 IJ.m. The T-tubuli have a diameter of about 25 nm and a length of 10-200 
IJ.m. The diameter of the SR is 50-100 nm. 

The sarcoplasmic reticulum has an important function in the muscle cells. Calcium, 
that is needed for the contraction of the myofibrils, is stored in the SR in large quantities. 
The sarcoplasmic reticulum has calcium release channels. When they are opened (triggered 
by the influx of extracellular Ca), calcium is allowed to escape to the cytosol (contraction). 
To stop the contraction, the calcium is pumped back to the sarcoplasmic reticulum. 

Cell volume division 
The volume division of the different organelles and compartments in rat myocardial cells 
are shown in table 2.1. 
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Table 2.1. The volume and division of the organelles and compartments in the myocardial 
cells of rats. These are the experimental resultsfrom stereological measurement [ANV79]. 

myocardial cell parts volume 
. . 

mmtmum maximum 
[!J.m3] volume part volume part 

nucleus 177 ± 25 1.9 % 2.9 % 
mitochondria 2620 ± 210 31.7% 39.2% 
myofibrils 3770 ± 290 46.7% 55.0% 
sarcoplasmic reticulum 124 ± 11 1.4 % 2.0% 
T-tubules 56.6 ± 7.0 0.6 % 0.9% 
remains (mainly cytosol) 666 ± 68 7.6 % 10.6% 

2.3 Transportation through the plasma membrane 
The sarcolemma separates the cytosol from the extracellul ar fluid and is about 7.5 nm 
thick. Like all the other biologica] membranes, the sarcolemma consists of a lipid bilayer. 
Each membrane lipid contains a single hydrophilic "head group" and two hydrophobic 
fatty acyl "tails". The hydrophilic part dissolves better in water than in fat and the 
hydrophobic part dissolves better in fat than in water. The tails will turntoeach other and 
the head groups will turn to the cytosol and the extracellular fluid, forming a bilayer. The 
structure of this plasma membrane is shown in figure 2.4. The biggest part of the 
membrane, the middle part that contains the tails, is hydrophobic. Because of this, 
hydrophobic particles will dissolve easily in the membrane. 

Fig. 2.4. The structure of a biologica[ membrane. The two lipid layers and incorporated 
proteins are clearly visible. 

2.3.1 Passive transportation 
Passive transportation occurs when there is a concentratien gradient between the cytosol 
and the extracellular fluid (diffusion). 

If the particles are hydrophobic, there will also be a concentratien difference in the 
membrane. Because of this, the particles in the membrane diffuse to the side with the 
lowest concentratien and leave the membrane. Eventually the concentratien difference will 
be compensated, if this is the only process. 
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The transportation of hydrophilic particles happens in another way. There are different 
kinds of protein structures present in the plasma membrane. Some of these protein 
structures form a ion specific channel through the membrane. These channels are filled 
with water and have a maximum diameter of 0.8 nm. Dependent on the kind of channel, 
specific particles will be able to diffuse through the channel until the concentratien 
difference is leveled. There are also ion specific protein structures in the membrane that 
bond with hydrophilic particles, to facilitate the ditfusion through the membrane. 

Also electrical potential differences are present over the membrane. Because the 
transmembrane mobility of potassium ions is at least 2 orders of magnitude higher than the 
mobility of other ions, this membrane potential is dominated by potassium fluxes 
[BEB88]. 

2.3.2 Active transportation of charged particles 
The concentrations in the cytosol have to stay at certain stabie levels, so the cells can 
tunetion (table 2.2). In order to rnaintaio the level of these intracellular concentrations, the 
cell has active transportation mechanisms. These mechanisms can transport particles 
against the electrical or chemical gradient. Energy (ATP) is used for this transportation. 

Table 2.2. The intracellular and extracellular wet concentrations of ions in the muscle 
cells of warm-blooded animals, according to [KAT92][SCH87]. Because the calcium 
content in the SR is much higher than in the cytosol, the average calcium concentration in 
the cells is about 1 mM. 

free ions extracellular intracellular concentratien 
concentratien 

sodium 140mM 5-34 mM 
magnesmm 0.8mM 15mM 
chloride lOOmM 8-79 mM 
potas si urn 5.4mM 104-180 mM 
calcium 3mM 5·10-5 mM 

Other important functions of the active transportation mechanisms are: regulation of 
the cell volume; regulation of the intracellular pH; transportation of useful particles into 
the cell; transportation of toxic particles out of the cell; and generating ion gradients that 
are important to the pulse conduction of the cells. An example of an important 
transportation mechanism is the sodiurnlpotassium pump, which transports sodium out of 
the cell and potassium into the cell. 

2.3.3 The ion borneostasis during ischemia 
When too little blood flows to the cardiac muscles, the myocardial cells wil! not get 
enough supplies. This is called ischemia. In this case the cells will not be able to produce 
the needed ATP for the active transportation mechanisms, so the ion homeostasis in the 
cell will change. Eventually the cell will die and the intracellular concentrations wil! 
become equal to the extracellular concentrations. 

One of the processes that take place when the membrane has become permeable for 
small molecules and ions, is the accumulation of the calcium excess as calcium-phosphates 
in the mitochondria. 
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3. Elemental analysis 

In this chapter the different measurement techniques, that are usedfor the research on ion 
distributions in rat heart samples, are described. With a combination of the PIXE, NBS 
and NFS-techniques, the elemental analysis is done. A short description of the PIXE
technique is given insection 3.1 [JOH88]. With two other techniques, NBS and NFS, the 
areal mass density of the used samples is determined (section 3.2). in section 3.3 the 
microbeam experimental set-up, where theelemental analysis takes place, is described 

3.1 The PIXE-technique 
PIXE (Particle lnduced X-ray Emission) is a technique based upon X-ray spectrometry. 
The principle is to remove inner-shell electrans (K- or L-shell) from atoms in a target, by 
bombarding the target with protons. When the resulting vacancies are filled by electrans 
from next shells (time scale of the order of 10-17 s), the released energy can be used for the 
emission of either Auger electrans or X-ray photons (fig. 3.1). The energy of these X-rays 
is characteristic for the bombarded atoms, so by detecting the energy of the X-rays, the 
atoms in the target can be identified. 

M 

L ----------

K 

a b c 

Fig. 3.1. A K-shell vacancy (a) is filled by an electron from the L-shell, sa a Ka X-ray 
photon is emitted (band c). 
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In our experiments biologica! samples are bombarded by a proton beam. The matrix 
elements, the main elements in these samples, are C, N, 0 and H. The other elements in 
these samples, Na, Mg, P, S, Cl, K and Ca, have much lower concentrations. These 
elements have an atomie number Z<30. PIXE can be used to identify these elements, by 
detecting their Ka and Kp X-rays. These are the X-rays that are emitted, when a vacancy in 
the most inner shell, the K-shell, is filled by an electron from the L-shell (Ka X-ray) or the 
M-shell (Kp X-ray). Because the K-shell is the most inner shell, the K X-rays have the 
highest energies. The X-rays from vacancies in other shells (among others the L- and M
shell) of elements with Z<30, are harder to detect. The efficiencies of the used detectors 
are too low to detect these X-rays, when Z<30 (E<l keV). Reavier elements (Z>30) can 
also be identified via their L X-rays, which have higher energies (E> 1 ke V). 

Module= PI XE Graphic= PI XE histogram 
Cnts: 12240758 of 12240757, T=11833 s, 0=1 045 nC, 1=0 pA, #202 

Fig. 3.2. An example of a spectrumfrom a PIXE-measurement on a rat heart sample. For 
elements with low Z the Ka peaks overlap with their Kp peaks, due to the detector 
resolution. 

3.1.1 The PIXE-formula for thick targets 
From a PIXE-experiment an X-ray spectrum can be obtained (fig. 3.2). The PIXE
spectrum consists of the characteristic X-ray peaks superimposed on a background due to 
various bremsstrahlung processes [BRA96][KRU92]. The peak areas of the different X
rays can be determined by fitting spectrum to a model [LEP95]. With the PIXE-formula 
for thick targets the element concentrations in the used samples can be calculated (in 
formula 3.1 the Ka counts are used): 

N b N T n Ep,ool ion (E )'T' (E ) 
_ C Av(I)Z Z pé:Z ahs:.t. f O'z p 1 S,Z p dE 

YKa (Z)- z 4nM S(E ) P 
Z Ep,in p 

with: 
YKa(Z) 

Cz 

NAv 

Number of counted Ka X-rays from element Z. 
Concentration of element Z in the sample [g/g]. 
Avogadro's number (1/mol). 

[3.1] 
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Wz 

bz 
Np 
Ez 
Tabs 

Q 

Mz 
Ep,in 
Er 
Ep,out 
Ozion(Ep) 

Ts,z(Ep) 

Fluorescence yield for Ka X-rays of the element Z. 
Branching ratio: fraction of K X-rays that appears in the Ka line. 
Number of bombarding protons. 
Detector efficiency for Ka X-rays of the element Z (chapter 5). 
Transmission coefficient for Ka X-rays of the element Z, that go through a 
possible absorber between the sample and the X-ray detector. 
Solid angle of the X-ray detector [sr]. 
Atomie mass of the element Z [g/mol]. 
Kinetic energy of the protons, when they enter the sample [Me V]. 
Kinetic energy of the protons, when they are in the sample [Me V]. 
Kinetic energy of the protons, when they co me out of the sample [Me V]. 
Ionisation cross section to remove an electron from the K-shell of element Z. 

This crosssectionis dependent on the energy of the passing protons. The cross 
sections of the interesting elements (10<Z<28) have a maximum when the 
protons have an energy of about 3 Me V. 
Transmission coefficient for Ka X-rays of the element Z through the sample 
(formula 3.5). 
Mass stopping power: the energy loss of the protons in the sample 
[MeV·g-1·cm2

]: 

1 dEP 
S(E )=--

P p dx 
[3.2] 

with: 
dEp/dx 
p 

Loss of proton energy per unit of length [Me V /cm]. 
Density of the sample [g/cm3

]. 

The variables Wz, bz, Mz, azion and ].Lip can be taken from literature. The variables Ez, 
Q, Tabs and Ep,in must be determined in other experiments. When the matrix elements and 
their fractions are known, S(Ep) can be determined from formula 3.3 and Ep,out from 
formula 3.4. 

[3.3] 

with: 
ei The weight fraction of matrix element i. 
Si The mass stopping power of matrix element i (reported in literature ). 

EJI.OIII 1 

t = f dE 
pS(E,) ~' 

EJI,III I 

[3.4] 

with: 
t The total thickness of the sample. The combination p·t is called the area] mass 

density [g/cm2
] and is determined with the NFS and NBS-techniques (section 

3.2). 
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Elemental analysis 

T (E J = exp(- Jlz · px(EP)J 
S,Z I p COS8 

[3.5] 

with: 

llzfP 

8 
x/cos8 

Mass absorption coefficient [cm2/g] which depends on the X-ray energy 
( reported in li te rature). 
The angle between the target' s normal and the direction of the detector. 
Distance travelled by the Ka X-ray through the sample in the direction of the 
detector [cm]. 

In the used biologica! samples, the matrix elements have atomie numbers Z smaller 
than 11. PIXE is not used to determine the concentrations of elements with Z<ll, because 
the energiesoftheK X-rays of these elements (E<l keV) are too low to be detected by the 
used X-ray detectors. So the areal mass densities (pt) of the samples are determined with 
the techniques NBS and NFS. 

3.1.2 The detection limit 
In the PIXE-spectrum, the X-ray yields can be considered as Gaussian distributions. The 
deviation of Y detected photons can be considered to be equal to the square root of Y. 

The smallest peak that is considered to be significant on top of the background has to 
satisfy a certain criterium. The number of counts in the peak between its Full Width at Half 
Maximum Y FWHM must be at least 3 times the square root of the number of background 
counts under the peak, between the FWHM of this peak [NUC95]. 

~1eak,FWHM 2 3~Y"~:,FWHM [3.6] 

with: 
Y peak,FWHM The number of counts in a peak between the FWHM of the peak. 
Y bg,FWHM The number of background counts between the FWHM of the peak. 

111 -6 
< 0.5·10 

1111 (0.5-1)·10'
6 

FffTA -6 mm (1-21·10 

~ -6 
~12-4)·10 

z 

Fig. 3.3. The detection limit (ppm) as a function of the atomie number Zand the proton 
energy for thin organic specimens in a typical PIXE arrangement. 
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The detection limit is dependent on the atomie number Z of the specific element and 
the proton energy Ep. Fig. 3.3 shows the detection limits in terms of concentrations (flg/g 
or parts per miJlion (ppm)). The detection limit of the minor elements have minimums 
when the proton energy is a few MeV. Due to limitations of the used cyclotron (section 
3.3), the minimum energy of a useful proton beam is about 3 Me V, which is used. 

3.2 The NFS and NBS techniques 
To determine the area! mass thickness of hydrogen (Z= I) in the biologica! samples, 
Nuclear Forward scattering Speetrometry (NFS) is used. To determine the areal mass 
densities of C, N and 0, Nuclear Backscattering Speetrometry (NBS) is used. The sum of 
the H, C, N and 0 areal mass densities is used as the total area! mass density of the sample. 

3.2.1 The kinematic factor 
The protons that enter the samples in the PIXE-experiment, can collide with the atoms in 
the samples. The NBS and NFS techniques are used to measure the kinetic energy of the 
protons, that are scattered back (NBS) or forward (NFS). The relation between the kinetic 
energy of the protons before and after the callision is called the kinematic factor Ke. This 
factor follows from momenturn and energy conservation [NUC95]: 

Ke = Ep.hc = [~1- J1
2 

sin 
2 

(} + J1 cos(}l
2 

Ep.ac 1 + J1 
where J1 ~ 1 [3.7] 

with: 
Ep,bc Kinetic energy of the proton before the callision [Me V]. 
Ep,ac Kinetic energy of the proton after the callision [Me V]. 
Mp The mol mass of the proton [g/mol]. 
Mz Atomie mass of the "collision" elementZin the sample [g/mol]. 
8 The angle between the scattered proton and the incoming proton beam. 8>90 ° 

for back scattered protons and 8<90' for forward scattered protons. 

Module= ABS Graphic=RBS histogram Module=RFS Graphic=RFS histogram 
Cnts: 376595 of 376594, T=11833 s, 0=1 045 nC, 1=0 pA, #202 Cnts: 638729 of 638728, T=11833 s, 0=1 045 nC, 1=0 pA, #202 

6721 

567 626 882 1138 

C NO H C,N,O 

Fig. 3.4. An example of a NBS spectrum (left) and a NFS spectrum (right). These are both 
spectra from an experiment with a biologica[ sample. As can he seen in both spectra, the 
background can he neglected. 
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Elemental analysis 

In formula 3.7 can be seen that when the Mz increases, the proton will loose less 
energy during the collision. So in the energy spectrum of the scattered protons, the peaks 
from collisions with heavier elements can be found more to the right in the spectrum (fig. 
3.4). 

A proton will never be scattered back, when the "collision" element is hydrogen 
(j..1=1). Because of this, NBS can't be used todetermine the areal mass density of hydrogen 
in the samples. For this purpose NFS is used. 

3.2.2 Determination of the areal mass density 
The peak areas from the NFS and NBS spectra can be used to determine the areal mass 
densities pt of the samples: 

N N Q dCJ 
y (Z) = t(Z) Av p NFSINBS -(E Ze) 

NFS/NBS p M dQ P' ' [3.8] 
z 

with: 
Y NFS/NBs(Z) The number of detected scattered protons (back or forward) from "collision" 

Mz 
pt(Z) 

matrix element Z. 
Atomie mass of matrix element Z [g/mol]. 
The areal mass density of element Z in the sample [g/cm2

]. 

Number of bombarding protons. 
Solid angle of the NBS or NFS detector [sr]. 
The differential scattering cross section [cm2/sr]. This is defined as the 
probability per unit solid angle, that a projectile is scattered into a solid angle 
dQ. 

When only the Coulomb force plays a role in the interaction between two colliding 
particles, the Rutherford cross section can be used in this formula. Because the protons 
have energies of 3 MeV, the protons get that close to the element Z, that nuclear forces 
start contributing to the interaction. The cross section in this situation differs from the 
Rutherford cross section, but can still be found in literature. 

The solid angles of the NBS and NFS detectors can be determined in the same way as 
the solid angle of the PIXE detector, by doing a calibration measurement with, in our case, 
a nickel sample. 

In the NBS spectrum, the peaks of the elements C, N and 0 overlap. Now the different 
peak areas cannot be determined. Because the mass fractions of C, N and 0 have about the 
same values in the different used biolological samples, these values are used as 
contribution fractions to the area of the sum peak of C, N and 0. These mass fractions are 
respectivily 60%, 15% and 18% [JAC94] and the contribution fractions 65%, 16% and 
19%. The differences between the cross section - atomie mass ratios for C, N and 0 
(formula 3.8) are very small, the error of the determined total areal mass density due to the 
use of this method, is also very small. 

3.3 Microbeam experimental set-up 
In the group Nuclear Physics Techniques an A VF-cyclotron is available. This is a variable
energy cyclotron with a maximum energy of 30 Me V for protons and a-particles. The 
minimum energy is a few MeV. For this research protons are accelerated to 3 MeV. After 
the protons have been accelerated, the proton beam is transported to the microbeam set-up 
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(fig. 3.5) through a beam guidance system. This system consists of aluminium pipes with 
bending magnets to bend the beam and quadrupales to focus the beam. The vacuum in this 
system and the microbeam set-up is about w-5 mbar. At the end of the beam guidance 
system, the diameter of the proton beam is about 0.1 to 1 mm. 

Switching Vacuum Object Support with Vacuum vibration Quadrupale Microscope 
magnet valve diaphragm damping materials chamber 

Rotalobie 
Granite Aperture Adjusting Scan x,y.Ostage 

Foroday Bellows diaphragm and 
di se 

block diaphragm mechonism magnet target wheel cup 

Fig. 3.5. Side view of the microbeam set-up. 

In the microbeam set-up the beam is focused by four quadrupoles. When the protons 
enter the vacuum chamber (fig. 3.6) the beam current is about 50 to 100 pA 

Scanning 
magnet 

Mirror 

PIPS 
detector 

Fig. 3.6. The vacuum chamber (top view). 

Turbomoleculor 
pump with 
magnetic beorings 

In the vacuum chamber PIXE, NBS and NFS take place. In the target whee1, eight 
samples can be placed. Each time one sample is placed in the trajectory of the passing 
protons (now the diameter of the proton beam is about 3 to 4 f.Lm). By turning the target 
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Elemental analysis 

wheel, the samples can be changed. With the Faraday cup at the end of the vacuum 
chamber, the total charge that went through the sample can be determined. 

Two Passivated Implanted Planar Silicon (PIPS) partiele-detectors are used as NFS 
and NES-detectors. The NPS-detector is placed at 45 ° and the NES-detector at 147" with 
respect to the beam direction. At these angles the (non-Rutherford) cross sections for 3 
Me V proton scattering on H, C, N and 0 are known from literature. 

The X-ray detector, a Si(Li)-detector with a crystal surface of about 30 mm2
, is placed 

at an angle of 135°. Another X-ray detector, the ultra LEGe-detector (Low Energy 
Germanium), is also available in the group. Eecause the effective surface of this detector is 
about 50 mm2

, a higher solid angle (formula 3.1) can be accomplished. Ey using this 
detector the detection limit of the minor elements becomes lower. This detector was not 
used during the PIXE-experiments, because first certain specifications of the LEGe
detector had to be determined (chapter 4). 

The scan magnet in the microbeam set-up can move the proton beam across the 
sample. In this way the concentrations of the minor elements can be determined as a 
function of the position on the sample (fig. 3.7). The positions on the sample are called 
pixels and have the size of the beam spot, which has a diameter of about 3 to 4 IJ.m. A 
common used scan pattem is 32 by 32 pixels. This scan area of about 100 IJ.m by 100 IJ.m 
is scanned with a step frequency of 5 kHz. This kind of measurement is called IJ.PIXE. 

[ppm] 

9236 

8659 

8082 

7505 

6927 

6350 

5773 

5195 

4618 

4041 

3463 

2886 

2309 

1731 

1154 

577 

0 

Fig. 3.7. Example of the concentration distribution of sodium in a rat heart sample. The 
scan pattem consists of 32 by 32 pixels. The pixel size is about 3 f.Jm by 3 f.Jm. 
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4. Measurements on the LEGe-detector 

In section 4./ a model of the ultra LEGe-detector is given. Further in this chapter a 
de scription is given of the experiments that we re done to check the effective crystal surface 
and the distance between the detector window and detector crystal. 

4.1 A model of the LEGe-detector 
The procured ultra LEGe-detector (manufacturer: Canberra, detector model: GUL0055P 
and serial number: b 92527B) is equipped with a germanium semiconductor crystal with a 
radius and thickness of about 5 mm (fig. 4.1). 

Before X-rays reach the detector crystal, they can be absorbed in several layers: a 
beryllium detector window; an unknown layer on the crystal surface; and an ineffective 
first part of the detector germanium crystal. This last layer consists of two parts, the first 

unknown thin layer collimator rings 

SS vacuum tube 

spring 
ring 

Fig. 4.1. Schematic 
representation of the 
LEGe-detector (details 
are nat known from the 
manufacturer ). 
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Measurements on the LEGe-detector 

part is a very thin layer where the detection efficiency is zero (dead layer) and the second 
part is a thicker layer with a reduced detection efficiency, which is called the layer of 
incomplete charge collection (ICC) [KN079]. In the middle of the crystal surface this 
ineffective first part of the detector is very thin, but on the edge of the crystal, this layer 
becomes much thicker. Collimator rings with the same inner radius are placed on the 
crystal surface to cover the places of incomplete charge collection at the edge. These rings 
are held tagether by a stainless steel spring ring with a larger inner radius (fig. 4.1 ). 

When an X-ray souree is placed in front of the detector, the solid angle of the detector 
crystal can be calculated according to formula 4.1 (fig. 4.2). 

Acrysta/ ,spherica/ 
Q crysrat = r 2 where Acry.,·wt,sphericat = 2nr(r- z) [4.1] 

with: 

A crystal,sph Surface on a spherical shape (with the X-ray souree in the centre) with the 
circumference of the crystal surface [mm2](fig. 4.2 and appendix A). 

R = crystal radius 

crystal surface 

spherical surface / 
/ 

R ' ' 

z 

/ 
/ 

/ 

' 
' 

' 

-----· / 

/ 

/ 
/ 

Fig. 4.2. Detector crystal and X-ray souree with? = z2 + R2
. 

', X-ray 
~~· souree 

The efficiency of a part of the crystal solid angle, is the percentage of the total number 
of X-rays within this part of the solid angle, that is detected. Within the crystal solid angle 
the efficiency can differ. For example at higher angles of incidence, on the edge of the 
detector crystal, the efficiency is lower for several reasons: X-rays can be absorbed in the 
thick ineffective germanium layer; more X-rays can leave the crystal due to a shorter path 
length in the crystal; more X-rays can leave the crystal due to fluorescence effects in the 
Ge crystal [REE72]; X-rays can be absorbed in the collimator ring; and X-rays can be 
absorbed in the SS spring ring . 

The efficiency of the detector, within the crystal solid angle (PIXE-formula 3.1 ), is 
defined as the average efficiency over this crystal solid angle. Because the collimator ring 
is placed on the edge of the crystal surface, the side effects are negligible for low energy 
X-rays that are completely absorbed in the collimator ring. Now the X-rays can only enter 
the crystal via the crystal surface within the collimator ring, which is called the effective 
crystal surface. The efficiency for these low energies can be considered to be equal within 
the conesponding solid angle and is zero outside this solid angle. The detector efficiency 
within this solid angle can be determined according to formula 4.2. 
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Edet (E) = (1- f Ge,e!J ) . f ce,ineff . f Be . funknown where f = exp[ -,u(E) . x] [ 4.2] 

with: 
f The transmission coefficients of the effective part of the crystal, the 

ineffective crystal layer, the beryllium window and the unknown layer on the 
crystal surface. 

f-L(E) Energy dependent absorption coefficient of the absorber [1/mm]. 
x Lengthof the X-ray beam path through the absorber [mm]. 

4.2 Determination of the effective detector surface 
The size of the effective surface of the LEGe-detector can be estimated by determining the 
efficiency as a function of the position on the front of the detector. Because a 5 mm thick 
germanium layer absorbs 99.6% of the highest used energy of 60 keV, the thickness of the 
crystal has no effects on the results. The experiments and results are described in the next 
two sections. 

4.2.1 Experiments 
The experiments were done in the vacuum chamber of the microbeam set-up. Two X-ray 
sourees were used to determine the effective surface for different energies. A 55Fe souree 
to get Mn Ka and Mn Kp X-rays of respectively 5.895 keV and 6.492 keV and a 241 Am 
souree to get 11.878 keV, 17.992 keV and 59.54 keV X-rays. 

The sourees were placed bebind a diaphragm in the target wheel. The Faraday cup was 
removed from the vacuum chamber, so the detector could be placed at 90 ° ± 1° with respect 
to the target wheel, in front of the diaphragm at a distance of 5.0±0.5 mm (fig. 4.3). The 
messing layer at the end of the diaphragm (10±5 mm thick) absorbs at least 99.8% of the 
59.54 keV X-rays. The hole in this layer has a diameter of 1.0±0.1 mm and the distance 
between the iron souree and the end of the diaphragm is 79.0 ±0.5 mm. The used 241 Am 
souree has a diameter of 1.0±0.1 mm, which causes a beam spot on the detector crystal of 
1.3±0.1 mm. The used 55Fe souree has a diameter of 4.0±0.1 mm, which causes a beam 
spot on the detector crystal of 1.8 ±0.1 mm. 

diaphragm AY 

LEGe-detector 

Y ~ Am-sou ree 

X-ray beam / target wheel 

messing layer 
----- ________ ___j 

Fig. 4.3. The used set-up for the scanning of the detector surface. 
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Measurements on the LEGe-detector 

By rnoving the target wheel, the position of the X-ray bearn spot could be changed 
across the detector window (scanning). Frorn different positions on the detector surface an 
X-ray energy spectrum could be gained. In this way different X-ray yields could be 
deterrnined as a function of the bearn spot position on the detector window. 

The X-ray yield must be zero when the scan positions are chosen outside the effective 
surface. Because the bearn spot is not infinitely srnall, the X-ray yield decreases on the 
positions just within the effective area and increases just outside the effective area (fig. 
4.4). By deterrnining the positions with half of the maximurn yield of a certain energy, the 
effective surface for this energy (the area surrounded by these positions) can be 
deterrnined. 

First a line scan in the horizontal and a line scan in the vertical direction were done to 
deterrnine the rnidpoint of the effective surface of the detector (x = y = 0) . In this way less 
rneasurernent points were needed to scan the whole effective crystal surface. After 1200 
seconds of rneasurernent per position, the X-ray yield was deterrnined on each position of a 
27 by 27 scan pattem on the detector window. The distance between the horizontal and the 
vertical scan positions was 500± 1 IJ.rn. 

For all 729 positions energy spectra were obtained. For each position a 6 keV X-ray 
yield was deterrnined by actding the counts frorn the 5.895 keV and 6.492 keV peaks, to get 
more statistics. A 15 keV X-ray yield was determined by actding the counts from the 
11.878 keV and 17.992 keV peaks. Finally a 59.54 keV X-ray yield was determined frorn 
the 59.54 keV peak. The scan pattem was divided in 27 horizontal line scans and 27 
verticalline scans. The yield distribution in each horizontal and verticalline scan (fig. 4.4) 
was fitted according to forrnula 4.5 [JAN95]. The positions with half the maximurn yield 
were determined frorn these fits. 

2000 . ' 
... , 

' 0 '0$ 

> 
Q) 
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v 
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m 
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E 
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<( 

(f) 
+-' 
c 
::J 500 
0 
u 

04---~r---~----~--~----~--~----~---+ 

-8 -6 -4 -2 0 2 4 6 8 
x-position (mm) at y-position 0 .5 mm 

Fig. 4.4. An example of a fit of a horizontalline scan withformula 4.5. 
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with: 
Yy,E(x) 
ei 

[4.5] 

Yield of energy E, dependent on position x at constant position y. 
Fit coefficient i, where C1 is the maximum yield and C4 the difference 
between two determined middles of the detector: from the two first line scans 
and the fit procedures. 

4.2.2 Results & discussion 
The yields of the different energies were visualised as a function of the positions on front 
of the detector (fig. 4.5). For all energies the deviation of the yield on the upper level, 
conforms to the square root of the average yield on this level , what implies that the 
efficiency is constant within the effective surface. 

c 
0 

2 

Ul 0 
0 
Q_ 

I 

~-2 

-4 

Am 59.54 keV counts 

-6 -1------.,.---------,---~--~--~---l- '------

-6 -4 -2 0 2 4 6 
x- posit ion 

1.810[+03 

1.632E +03 

1.455E +03 

1.277E +03 

1.100E +03 

9.224E +02 

7.450E+02 

5.676E +02 

3.90 1E +02 

2.127E+02 

3 .521E+0 1 

Fig. 4.5a. A 2D depth plot of the determined 59.54 ke V X-ray yield as a function of the 
position (x (mm), y (mm)) on the front ofthe LEGe-detector. 
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Am 59 .54 keV co unt s 

Measurements on the LEGe-detector 

Fig. 4.5b. A 3D plot of 
the deter-mined 59.54 
ke V X-ray yield as a 
function of the position 
on the front of the 
LEGe-detector. 

The determined half maximum positions and circumferences were compared to the 
shape in the 2D depth plot in fig. 4.5. Only one point in the 15 ke V half maximum 
circumference, did not conform to the 2D depth plot. Because the error of this point was 
large due to fit problems of this line scan, this point was not used for the effective surface 
determination. 

The determined half maximum positions for the different energies are shown in a plot 
in fig . 4.6. The determined effective surfaces for 6 keV, 15 keV and 59.54 keV are 
respectively 50±2 mm2

, 50± I mm2 and 53± 1 mm2
. The larger error of the 6 keV effective 

surface is caused by the lower yield of the Mn K X-rays. 
For the low energies (6 keV and 15 keV), the determined effective surfaces match with 

the effective surface of 50 mm2
, given by the manufacturer. The yield of these energies 

outside the effective surface was negligible, what means that these energies are completely 
absorbed in the collimator ring. 

In fig. 4.5 and 4.6, inlets are visible. The inner shape of the collimator ring is expected 
to be round. A possible explanation is that parts of the SS spring ring exceed the inner 
radius of the collimator ring. 

The determined effective surface for the 59.54 keV X-rays is larger than the surface 
for small energies. A part of this difference is caused by the difference in absorption for 
different energies, by the absorber that causes the inlets in fig. 4.5 and 4.6. In fig. 4.6 can 
be seen that the radius of the effective surface of 59.54 keV is significant larger than the 
radius of the other determined surfaces. This is caused by a non-negligible yield outside 
the effective surface, which moves the points of half the maximum yield further from the 
middle of the fits. Different explanations can be found for this: the collimator ring may 
have absorbed the 59.54 keV not completely; and/or when the position of the diaphragm 
was outside the effective surface, the 59.54 keV X-rays may, at eertaio angles of incidence, 
have reached the effective surface by passing only a part of the collimator ring. Because 
there were no significant differences between the 6 ke V and 15 ke V effective surf aces, this 
fin al effect was negligible for the 6 ke V and 15 ke V effective surface determinations. 
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Fig. 4. 6. The 
positions with half the 
maximum yield of the 
energies 6 ke V 0, 15 
keV * and 59.54 keV 
0. These positions 
are determined from 
the horizon-tal and 
vertical fitted line 
scans. 

4.3 Determination of the distance between crystal and window 
In PIXE-formula 3.1 can beseen that the detected yield of an infinitely small X-ray souree 
Y(E), is proportional to the product of the detector efficiency and the crystal solid angle. 
When the LEGe-detector is used, Y(E) is proportional to the solid angle that encloses the 
effective surface of the detector: 

2nr(r-(z+z0 )) r-(z+z0 ) 

Y(E) ex: rz ~rex: Y(E) where 

with: 
Y'(E) 
R 
z 
zo 

The yield persecondof X-rays with energy E [sec- 1
]. 

The radius of the effective surface of the detector [mm]. 
The distance between the X-ray souree and the front of the detector [mm]. 
The crystal depth: the distance between the front of the detector and the 
crystal surface [mm]. 

By determining X-ray yields from a souree at different distances z from the detector, 
the proportional correlation in formula 4.6 must be found. The crystal depth can be found 
by estimating the crystal depth iteratively, until a proper proportional correlation is 
obtained. 

In the next two sections the experiments and gained results to determine the crystal 
depth are described. 
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4.3.1 Experiments 
The experiments were done in the vacuum chamber (10-5 mbar) of the PIXE set-up (not the 
microbeam set-up). The same X-ray sourees as used in the effective surface determination 
experiments, were used to get 6 keV, 15 keV and 59.54 keV yields. Because the 55Fe 
souree has a large diameter of 4.0±0.1 mm, it was attached behind a lead diaphragm (fig. 
4.7). 

The lead diaphragm has a thickness of 6.5±0.1 mm and the hole has a diameter of 
1.0±0.1 mm. The Am souree has a diameter of 1.0±0.1 mm and the polysterene container a 
thickness of 2.1 ±0.1 mm. 

lead 

1 
crystal 

1 ·fzü_j 
y 

------- detector' ~.. I 
zo crystal 

t Z2 ! 

l f Z1 ' 

I J ! 

__ I : 

0.5 Am·m·l . Z1 

1.0 mmj Y 
' Am souree 

diaphragm 

Fe souree 
polystyrene container 

Fig. 4.7. Left: the Fe souree attached behind a lead diaphragm. Right:the Am souree in its 
polysterene container. 

In the experiments the sourees were placed against the front of the LEGe-detector (fig. 
4.7 with z2 = 0). The detector could be moved from the sourees with an accuracy of 0.05 
mm. For different distances between the front of the detector and the Am souree container 
I Fe souree diaphragm (defined as z2 = z- z1), the 6 keV, 15 keV and 59.54 keV yie1ds per 
second in vacuum were determined. In the experiment with the Fe source, z1 was estimated 
at 6.5±0.3 mm and in the experiment with the Am source, z1 was estimated at 0.8±0.3 mm 
(fig. 4.7). 

4.3.2 Results & discussion 
With a right estimated value of the sum z0 + z1, a proper proportional correlation as in 
formula 4.6 could be found. For each energy the sum z0 + z1 was estimated iteratively until 
the point (r,O), that was determined by fitting the correlation, differed less than 1% of the 
error of this point in the fit, from point (0,0) (fig. 4.8). 

The used X-ray sourees had diameters of about 1 mm. To find the correlation in 
formula 4.6, an infinitely small X-ray souree was needed. For this reason, yields measured 
at small distances z2 might deviate from the expected correlation. By determining the value 
of (r - z2 - z1 - zo) I (r·Y'(E)), which should be constant for the points in the expected 
correlation, deviating measurements at small distances were visualised (fig. 4.9). lf 
measurements at small distances hampered the determination of the value of zo+ z 1, which 
was the case for the crystal depth determination with the 15 keV and 59.54 keV X-rays, the 
iterative process was done again without using these measurements. 
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Fig. 4.8. The crystal depth determination with the determined 6 keV X-ray yield. 
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Fig. 4.9. The values on the y-axis 
in fig. 4.8 were divided by their 
corresponding values on the x-axis 
( r) to check whether the fini te size 
of the used X-ray sourees 
in.fluenced the experiment or not. 
Determined points with small r 
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processed. 

The values of z1 were already known, but these values were used after the iterative 
process because of their relatively high errors. The values of z2 had much lower errors, so 
more accurate fits could be gained. 

The determined crystal depths for the three different energies are given in table 4.1. If 
the deviating points at small distances r (fig. 4.8 and 4.9) were used for the crystal depth 
determination, the determined crystal depths for 15 ke V and 60 ke V would be about 40% 
larger. With the correction for the X-ray souree sizes, the determined crystal depths match 
with each other. This was expected: because the collimator ring was placed on the crystal, 
the determined crystal depth values should not be energy dependent 
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Table 4.1. The determined sum zo + z1, z1 and the estimated crystal depth z0. According to 
the manufacturer the crystal depth is 5 mm. 

used energy Zo+ z1 ZI crystal depth zo 
6keV 9.5 ± 0.5 mm 6.5 ± 0.3 mm 3.0 ± 0.6 mm 

15 keV 4.3 ± 0.5 mm 0.8 ± 0.3 mm 3.5 ± 0.6 rnm 
59.54 keV 3.8 ± 0.6 mm 0.8 ± 0.3 mrn 3.0 ± 0.6 rnrn 

To check the results, the crystal depth was roughly determined from an X-ray 
photograph of the LEGe-detector. A crystal depth of 7 ±2 mrn (with a 100% error interval) 
was found, which doesnotmatch with the determined values in table 4.1. When the X-ray 
photograph was taken, the LEGe-detector was not liquid nitrogen cooled (293 K). The 
influence of the temperature in the detector on the crystal depth is not known. 
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5. The extracellolar correction metbod 

In this chapter the problems during intracellular measurements are described first, further 
a salution to these problems is given: the use of Co(lll)EDTA as an extracellular marker 
and a formula to correct for extracellular space, using this marker. 

5.1 Problem definition 
When J.LPIXE-measurements are done in the cells (areas with large areal mass densities 
(fig. 5.1)), the determined ion concentrations differ from the intracellular concentrations 
reported in literature. For elements with large extracellular concentrations, the determined 
intracellular concentrations lie between the intracellular (reported in literature) and 
extracellular concentrations (table 5.1). Apperently the presence of extracellular space 
during the intracellular measurements, hampers the intracellular concentratien 
determination. 

4213 
3990 
3766 
3543 
3319 
3096 
2872 
2649 
2425 
220 1 
1978 
1754 
1531 
1307 
1084 
860 
637 

Fig. 5.1. An example of a STIM-measurement on a cardiac muscle sample from a rat 
heart. The area consists of 256 by 256 pixels and the area size is about I 00 f-irn by I 00 f-irn 
[ARE96]. 
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Table S.J. Determined concentrations [ppm} from j.JP/XE-measurements in rat heart cells 
and the extracellular concentrations [ mM] from these he arts (known from the perfusion 
fluid)[D0096}. A Krebs-Ringer-Henseleit buffer [VER97} was used as perfusion fluid. 
The determined concentrations [D0096] are compared to intracellular dry weight 
concentrations [ppm] and intracellular wet concentrations [mM}, that are reported in 
literature. 

free ions determined intracellul ar concentrations extracel I. 
intracellular con rreported in literature conc. [mM] 
[ppm] [D0096] [KAT92][SCH87] 

sodium 3500-10000 350-2200 ppm 5-34 mM 160 
magnesmm 500-1000 1000 ppm 15mM 1.2 
chloride 9000-12500 800-7800 ppm 8-79 mM 135 
potassium 12000-18000 11400-19600 ppm 104- I 80 mM 4.7 
calcium 250-600 110 ppm lmM 1.5 

5.2 Extracellolar space influences 
One cause of the presence of extracellular space during intracellular f..LPIXE-meaurements 
are the T -tubuli (paragraph 2.2), which are present in every cell. Because they contain 
extracellular fluid, nearly 0.9% of the volume of the rat cardiac muscle cell consists of 
extracellular fluid (table 2.1). That is about 1.1% of the cellular fluid, which can cause a 
difference in the determination of the intracellular wet concentrations of about 14% for 
sodium and 26% for chloride. 

Because the intracellular sodium concentrations differed up to 450% and the 
intracellular chloride concentrations up to 160% from the corresponding values reported in 
literature [D0096], this cannot be the main cause of the problem. Other possible causes 
arise from the sample preparation. 

5.2.1 Sample preparation metbod 
At the end of a perfusion experiment a small piece (biopsy) is cut from the right ventricle 
of the heart, using a scalpel. This biopsy is rapidly frozen in melting iso-pentane and stared 
in liquid nitrogen (196 K). In this way diffusion of ions out of or into the cells is stopped. 
Micro-sections of the frozen biopsy with a thickness of about 10 f.J.m are cut in a cryo
microtom at -20 °C. These sections are picked up from the mierotome knife with a fine 
tipped brush and placed between two Farmvar films. The Farmvar films consist of the 
elements C, H and 0 and have a mass thickness of about 100 ng/cm2 [MUT95]. The 
samples are then transferred from the caoled mierotome chamber to a vacuum desiccator. 
To prevent melting during transport a cold metal box is used [UIJ96]. The freeze-dried 
samples stay in vacuum until they are transferred to the vacuum chamber for the elemental 
analysis. 

Because the cardiac muscle tissue consists of about 70% of water, about 30% of the 
mass is left after the freeze-drying. This freeze-dried mass is called dry weight and has an 
areal mass density of about 0.3 to 0.6 mg/cm2

. 

5.2.2 Possible problems due to the sample preparation 
Possible causes for the presence of extracellular space during intracellular measurements, 
arise from the sample preparation method: 
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Cel! positions in the sample. 
The thickness of a sample is about 10 IJ.m (before freeze-drying). The length and thickness 
of the cells are respectively 50 to 100 IJ.m and 10 to 20 IJ.m. There is a possibility that when 
you see a part of a cell in a STIM-picture, a part of another cell is present behind this cell 
within the 10 IJ.m sample thickness. lf that is the case, extracellular space is present in the 
sample between these two cells. According to the STIM-picture intracellular 
measurements are done is this case, however also the ions from this extracellular space are 
measured. Cutting the samples perpendicular through the muscle vessels (fig. 2.2), will 
reduce the chance of measuring extracellular space, but this chance will still be present. 

Because this situation is not always the case, this also cannot be the main cause of the 
problem. 

Structural changes during freeze-drying. 
Uijen [UIJ96] showed that ditfusion between the perfusion experiment and the IJ.PlXE
experiment was limited, but other forms of elemental redistribution might still occur in the 
samples. 

The structures in the sample change when the sample is freeze-dried 
[VIS85][WAT87]. You can't take the view that the shape of each cell stays the same when 
the ice is sublimating. It is also very indistinct, what happens to the extracellular elements 
when the surrounding ice is sublimating. Some experiments showed that the salts in KRH 
buffer form non homogeneaus structures of crystal accumulations when the KRH buffer is 
dried [UIJ96]. 

In some pieces of the samples, it is not even possible to visualise a single cell, because 
the dry weight in that piece of the sample forms an uniform structure of unravelled cells. In 
such a case it is not possible to see where the extracellular space was before the freeze
drying. 

It can be concluded, that it is not possible to be certain of a completely intracellular 
measurement during a IJ.PIXE-experiment. The intracellular wet concentrations must be 
obtained by correcting the determined concentrations for the extracellular space that is 
present during the measurements. A marker for extracellular space is needed for this 
purpose. 

5.3 Co(III)EDTA as an extracellolar marker 
When an extracellular marker is added to the perfusion fluid before the perfusion 
experiment is started, the extracellular concentratien ratios between this marker and ions in 
the prepared samples, are known. After the dry weight concentrations have been 
determined, the intracellular ion contributions can be calculated. 

The marker must satisfy a few demands: it may not be taken up by the cells; it must be 
rapidly and homogeneously distributed over the extracellular fluid; it must not be adsorbed 
onto extracellular sites; it must be non-toxic; and it must be stabie in a physiological 
environment. 

5.3.1 The ose of cobalt as extracellolar marker in literatore 
Brading et al. introduced radiotopic cobaltous ethylene-diamine-tetra-acetic acid 
58Co(II)EDTA2

- as an extracellular marker todetermine the extracellular space [BRA68]. 
The Co(II)EDTA uptake in the extracellular space of guinea-pig hearts was evaluated, by 
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perfusing the hearts with a 0.01 mM, 0.1 mM and 1.0 mM Co(II)EDTA Krebs-Ringer
Henseleit (KRH) buffer. The uptake was very rapid, foliowed by a plateau representing an 
extracellular space volume of about 40% of the wet weight (after I 0 minutes). During 
prolonged incubation (after 60 minutes) there was a slow increase in distribution. Possible 
causes of this distribution increase are the enlarging of the extracellular space during the 
perfusion experiment and penetration of the Co(II)EDT A into the muscle cells. It is 
unlikely that there is an active process to accumulate Co(II)EDTA in the cell, but this does 
not exclude the possibility of passive diffusion. The uptake of Co(II)EDT A over the first 
hour was similar to that of 14C-sorbitol, a common used extracellular marker, although the 
en try of this smaller molecule was slightly faster. 

Because of the stabie distribution level after 10 minutes, incubation periods of 15 
minutes were regarded as adequate for the estimation of the extracellular space volume. 
The determined extracellular space volume during the 0.01 mM Co(II)EDTA perfusion 
was larger than the determined volumes during the 0.1 mM and 1.0 mM perfusions. This 
indicated that some surface adsorption of Co(ll)EDT A on extracellular sites might have 
taken place. 

To ability of the Co(II)EDTA to penetrate connective tissue water was evaluated by 
incubating strips of rabbit tendon in a 1.0 mM Co(II)EDT A KRH buffer. The tissue water 
content, determined with the Co(II)EDTA and Na distributions was similar to the real 
tissue water content, while the Cl distribution lead to an overestimate of the tissue water 
content. This overestimation was caused by the affinity of the connective tissue fibres for 
monovalent anions such as Cl. The surface adsorption of Co(II)EDT A onto extracellul ar 
sites seemed to be negligible. 

Brading et al. concluded that the rapid distri bution is a great property of Co(II)EDT A 
as an extracellular marker, but still some cell penetration and surface adsorption might be 
possible. Molecules that are large enough to exclude cell penetration are very slowly taken 
up in the extracellular space Also other distribution characteristics are different from those 
of the much smaller ions like sodium, which makes them less suitable to function as an 
extracellular marker. 

Bridge et al. introduced a variant to the Co(ll)EDT A: the extracellular marker 
58Co(III)EDTA [BRI82]. The Co3

+ has an enormously high affinity for EDTA (pK1 = 36, 
as opposed to pK1 = 16 for Co2+). Therefore it is not likely that Co3

+ is exchanged for 
another ion in the perfused medium (pK1 = 11 for Ca and pK1 = 9 for Mg). 

Co(III)EDTA was compared to a common used extracellular marker 14C-surcose. The 
two markers were injected into rabbit hearts. The volumes of distribution - tissue weight 
ratios of the two markers in different pieces of heart samples were compared to each other. 
A positive linear correlation was found, so Co(III)EDTA behaved almost identically to 
14C-surcose as an extracellular space marker. Also biologica) variability of the 
extracellular space fraction in the tissue was found. 

Bridge et al. also investigated the adsorption effects. Pacedrabbit septa (42/min) were 
labeled with a modified Tyrode solution (physiological solution), containing less than 8·1 o-
3 mM of labeled Co(III)EDT A. After complete equilibration of the marker, unlabeled 
Co(Ill)EDT A was added to the Tyrode solution, so a I mM unlabeled Co(III)EDT A 
solution was gained. The concentration of radioactive molecules was unchanged when the 
unlabeled Co(III)EDT A was added. The Jack of any discernible change in the marker 
distribution indicated that there was no significant displacement of labeled molecules and 
therefore no surface adsorption. 

Isolated rabbit septa at 25 °C, 31 OC and 37 OC were perfused with a modified 1.0 mM 
Co(III)EDT A Tyrode solution. Within a few minutes the Co content in all septa reached a 
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plateau, only the content in the septa at 37 oe appeared to increase slowly after the 
stabilisation period. This implies that either the extracellular space volume was continually 
en larging or that the Co(III)EDT A was entering the cells. 

Isolated hearts, perfused with a physiological solution, take up a considerable amount 
of water, which enlarges the extracellular space volume [KN090]. This explains the 
slowly increase of the Co content of the heart tissue [BRI82]. Still the possibility of 
Co(III)EDTA entering the cells is not excluded. 

The use of Co(III)EDT A in a 1 mM Co(III)EDTA KRH buffer during a guinea-pig 
heart perfusion in a Langendorff perfusion apparatus, had only Iimited influence on the left 
ventricle pressure (LVP), heart rate (HR) and flow. The LVP, frequency and flow 
increased maximally by 8%, 15% and 16%, respectively. These effects were not measured 
during a perfusion with a 3·10-2 mM Co(III)EDTA KRH buffer [SCH87]. 

The Co(III)EDT A was used in rat heart perfusion experiments with a 6 mM 
Co(III)EDTA KRH buffer. Still no physiological changes were determined, what implies 
that Co(III)EDT A is still non-toxic to rat hearts in a 6 mM salution [MIL94]. 

The non-radioactive Co(III)EDT A satisfies most of the demands. Eventual toxic 
effects and influences due to cell penetration are very small, so Co(III)EDT A seems to be a 
useful extracellular marker to estimate the volume of the extracellular space. 

5.3.2 Tracing cobalt in a IJ.PIXE-experiment 
Since normally the presence of cobalt in heart tissue can be neglected, the concentration of 
Co(III)EDTA in the samples can be determined by tracing the element cobalt during a 
PIXE-experiment. 

To get an insight in the extracellular ion distribution in the freeze-dried samples, the 
cobalt content in each pixel (3 f.Lm by 3 f.Lm) must be determined. To get enough statistics 
in a sample from a perfusion experiment with a 6 mM Co(III)EDT A KRH buffer, large 
charges (number of bombarding protons (formula 3.1)) per pixel are needed. Forthese 
large charges long f.LPIXE-measurements are needed, which is not manageable. To reduce 
the measuring time, a high extracellular cobalt concentration was gained, by doing the 
perfusion experiments with a 22 mM Co(III)EDT A KRH buffer. 

5.3.3 Preparation of Co(III)EDT A 
In our experiments the salt NaCo(III)EDTA was used. Because this compound is not 
commercially available, it was necessary to prepare it. The method to prepare 
KCo(III)EDTA was first described by Dwyer et al. [DWY55]. The preparation of the 
sodium salt is quite similar. 

Preparation ofNaCo(Ill)EDTA: 

Used chemicals: 
Sodium acetate anhydrous 
Titriplex 11 (EDT A) 
Cobalt(II)chloride anhydrous 
Hydragen peroxide salution 30% 
Ethanol 
Milli-Q water™ 

pro analysis 
pro analysis 
for synthesis 
medica] extra pure, stabilised 
pro analysis 

Merck 
Merck 
Merck 
Merck 
Merck 
Millipare 
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24 g eo(II)eh, 60 g NaeH3eoo and 30 g EDTA was solved in 180 ml water. While the 
salution was heated to 90 oe, 60 ml 3% Hz02 was added slowly to the salution to oxidise 
eo(II) to eo(III). The salution was cooled to 4 ° e and 180 mi ethanol was added drop-wise 
to precipitate Naeo(III)EDTA6H20. The crystals were gained by filtering the water and 
ethanol mixture. The crystals were washed with ethanol. To ensure purity these crystals 
were recrystallised and washed with ethanol five times. The recrystallisation was done by 
solving the crystals in 180 ml water of about 90 oe and precipation by addition of 180 ml 
ethanol to the cooled salution (4 oe). In the final step the Naeo(III)EDTA6H20 was 
dehydrated at 110 oe for about twelve hours. This resulted in a batch Naeo(III)EDTA 
crystals of about 35 gram. 

Because Naeo(III)EDTA crystals were washed and recrystallised 5 times, the purity of 
this compound is assured. lt is extremely unlikely, that the compound was contaminated 
with other cobalt combinations [BRI82]. 

5.4 The physiological experiments 
Eight weeks old male Lewis rats were used for the perfusion experiments. The rats were 
anaesthetised by an injection of 0.5 ml Nembutal diluted with a 0.5 mi physiological salt 
solution. The hearts were quickly removed from the rats and placed in an ice-chilled 
modified Krebs-Ringer-Henseleit buffer. 

Composition of the Krebs-Ringer-Henseleit buffer. 
129 mM Nael 4.72 mM Kel 
1.50 mM eae}z*2H20 
5 mM D(+)glucose 

25 mM NaHe03 

5 mM Na-pyruvate 

1.18 mM Mge}z*6H20 
1.09 mM NaH2P04*2H20 
5 Uil insulin 

Next the hearts were mounted in a perfusion apparatus (fig. 5.3). 

The Langendorff perfusion set-up. 
A Langendorff perfusion apparatus [LAN1895][DEe77] was used to perfuse the isolated 
rat hearts at 37.5 °e. From a reservoir the KRH buffer entered an oxygenator, where the 
KRH buffer was oxygenated (95% oxygen and 5% carbon dioxide). In another similar 
reservoir with oxygenator, a 22 mM eo(III)EDTA KRH buffer (22 mM Nael replaced by 
22 mM Naeo(III)EDTA) was stored. From the two oxygenators, both buffers lead to a 
valve. By switching the valve, the perfusion fluid could be chosen from the two KRH 
buffers. The used perfusion fluid flowed through a tube ( cannula) to the aorta. The aortic 
valve was closed by the hydrastatic pressure, therefor the buffer was forced to flow 
through the coronary arteries (branches of the aorta, near the aorta valve ). Because the 
myocardial cells were supplied by the buffer, the perfused heart continued its pumping 
movements. A flexible tube that was connected to a pressure probe, was inserted in the left 
ventricle of the heart, to monitor its pressure cycle in time. The Langendorff apparatus was 
pressurised (8.0 kPa) by a water column (on the right in fig. 5.3). 
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Fig. 5.3. Schematic representation of the used Langendorff perfusion apparatus. 

Two hearts were perfused at 8.0 kPa with the normal KRH buffer for 60 minutes 
(normoxic hearts). The coronary flow of these hearts was about 15 mllmin. Three hearts 
were perfused the same way for 20 minutes. After these 20 minutes the coronary flow was 
restricted to a coronary flow of 2 ml/min for 40 minutes (low-flow ischemia). Two minutes 
before the end of the perfusion experiments, the normoxic and !ow-flow ischemie hearts 
were perfused with the 22 mM Co(III)EDTA KRH buffer. 

In earlier experiments the hearts were perfused with the 22 mM Co(III)EDT A buffer 
for a longer period. After 5 to 10 minutes the hearts stopped beating and the coronair flow 
decreased drasticly, what could mean that the 22 mM Co(III)EDTA is toxic in these 
experiments. For this reason the hearts were perfused with the 22 mM Co(III)EDT A KRH 
buffer only for two minutes. 

5.5 Calculation of the intracellolar wet concentrations 
In a f..LPIXE-experiment, the concentrations of the minor elements in the freeze-dried 
samples are determined, while before freeze-drying these minor elements were dissolved 
in the intracellular and extracellular water. The total amount of a minor element in a 
certain measure area before and after the freeze-drying stays the same (formula 5.1). 

fint C Z ,int + f ext C Z ,ext = 1 - f !:..I:_ 

Pint Pext f M Z 

with f exr + fint = 1 [5.1] 

with: 
f Mass fraction of the water in the cardiac muscle tissue [g/g] . 
Cz Content of elementZin the dry weight [mg/kg]. 
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Mz Atomie mass of element Z [g/mol]. 
Cz,int Intracellular wet concentration of element Z [mmol/1]. 
Cz,ext Extracellular wet concentration of element Z before [mmol/1]. 
fint Intracellular fraction of the water before freeze-drying [g/g]. 
fext Extracellular fraction of the water before freeze-drying [g/g]. 
Pint Density of the intracellular water before freeze-drying [g/cm3

]. 

Pext Density of the extracellular water before freeze-drying [g/cm3
]. 

To determine the water fractions f of the hearts, large sections of the left ventrides of 
the perfused hearts were used. They were cut from the heart after the biopsies were taken. 
The sections were weighted before and after freeze-drying, to determine the wet weight 
and dry weight of the sections (formula 5.3). 

[5.3] 

with: 
mwet The mass of the left ventricle sections before freeze-drying [g]. 
mctry The mass of the left ventricle sections after freeze-drying (dry weight) [g]. 

The densities of the intracellular and extracellular water are considered to be equal. 
Cz,ext is equal to the concentration of element Z in the KRH buffer. The fractions fint and 
fext can be determined since the intracellular wet concentration of cobalt is zero (formula 
5.4). 

I-j· CcoPKreh.v 
fext = 1- fint =-j C M 

Co,Krehs Co 

[5.4] 

with: 
Cco 

Cco,Krebs 
Mco 
PKrebs 

Content of cobalt in the dry weight [mg/kg]. 
Concentration of cobalt in the KRH buffer [mmol/1]. 
Atomie mass of cobalt [g/mol]. 
The density of the KRH buffer [g/cm3

]. 

Now the originally intracellular wet concentration of the element Z (Na, K, Mg, Ca 
and Cl) in a certain measure area can be determined according to formula 5.5. 

Cz CcoCZ,Krebs CzPKreh.Jl- J) C 
1
. 

M M C Mzf - Z,Krebs. ext 
Z Co Co,Krebs ez.int = __ __;:::_ __ ..:....._..:....._ ___ = ------"'..:....._ _____ _ 

f Cc,, 1- f 
[5.5] 

with: 
Cz,int 
Cz,Krebs 
Cz 

Mz 

ex! 

PKreb"{1- J) McoCCo,Krehs 

Intracellular concentration of element Z before freeze-drying [mmol/1]. 
Concentration of elementZin the KRH buffer [mmol/1]. 
Content of elementZin the dry weight [mg/kg]. 
Atomie mass of element Z [g/mol]. 
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PKrebs 

f 
fext 

The density of the KRH buffer [g/cm3
]. 

Mass fraction of the water in the sample before freeze-drying [g/g]. 
Extracellular fraction of the water before freeze-drying [g/g]. 

If the water mass fraction of a certain area is not known, the intracellular wet 
concentrations cannot be determined. However the cobalt content can be used to calculate 
the intracellular contribution of the dry weight concentrations. These can be used to 
calculate intracellular concentration ratios between different ions: If the ratio between the 
intracellular concentrations of an almost purely extracellular ion and an almost purely 
intracellular ion is determined on a cellular scale, valuable information can be gained 
about the viability of the heart cells. 

CZI,int 
---

Cz2,int 

with: 
Cz,int 

Cz,intdry 

34 

CZI,intdry 
with eZ.intdry 

Cz CcoCZ,Krehs 

CZ2,intdry Mz M Co CCo,Krehs 

Intracellular wet concentration of element Z [mmol/1]. 
Intracellular dry weight concentration of element Z [mmol/kg] 

[5.6] 



Results 

6. Results 

In this chapter the results of the PIXE and the perfusion experiment.~· are given. Also the 
relative errors of the corrected intracellular concentrations are determined. 

6.1 Intracellular wet concentrations 
The determined mass fractions of the water, the extracellular water fractions and the 
intracellular wet concentrations of the normoxic and low-flow ischemie hearts are given in 
table 6.1. The estimated extracellular fractions of the water seem to match with values 
reported in literature (fext = 0.29 in guinea-pig hearts [SCH87] and fext = 0.32 in rat hearts 
[KN090]). 

Table 6.1. Determined water fractions and intracellular wet concentrations in the 
normoxic and low-flow ischemie hearts. The concentrations are total values of the used 
measure are as (1 00 j.tm by 100 j.tm) with a used charge r~l about 1000 nC. The 
concentrations are compared to intracellular concentrationsfrom literature. 

intracellular wet intracellular wet con een- intracell. wet 
concentrations of trations of low-flow ischemie concentrations 
normoxic hearts he arts from literature 

heart no. I 2 3 4 5 
f [-] 0.800 0.797 0.775 0.804 0.789 
fext [-] 0.28 0.32 0.11 0.41 0.24 0.29-0.32 
Na [rnM] 22 19 65 67 62 5-34 
Mg [rnM] 14 10 15 9 8 15 
Cl [rnM] 30 7 34 36 29 8-79 
K [mM] 115 114 105 95 62 104-180 
Ca [rnM] 1.4 0.9 1.7 2.3 4.0 1 

6.2 Error determination 
The re1ative error of the deterrnined extracellular fractions of the water (forrnula 5.3) is 
given in forrnula 6.1. 
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2 

f ext } f Co Co,Krebs P Krehs f 
[6.1] 

The two final terms of formula 6.1 can be neglected. The relative errors of most 
concentrations in the extracellular space (KRH buffer) are smaller than 1%. The error of 
the cobalt concentration is estimated at 5%, because the Co(III)EDTA distribution in the 
extracellular space had only 2 minutestoreach a stabie plateau [BRI82]. 

The relative error of the local water mass fraction is not known. The water mass 
fraction of a section with a diameter of a few mm was used as the fraction of a piece of 
tissue with a size of 100 1-1m by 100 1-1m by 10 I-LID. To find out if this is permitted, in 
different samples the variation in the water mass fraction for different area sizes was 
investigated. The average ratios between the water mass and dry weight mass in areas of 
different sizes (n pixels of about 3 1-1m by 3 1-1m (fig. 6.1 )) were determined by using 
potassium as an intracellular marker and cobalt as an extracellular marker: 

11 11 

_./_·"- _ _ P_K_reh_s L_:._i_m_c_o._i -(J- C K,Kreb.,· J + _P_K,_·eh._' L_:.__m_K_,i _ 

1- fn M C ~ CK,int M C ~ 
Co Co,Krebs ."-"mi K K,Krehs ."-"mi 

with: 
mz,i 
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]. 
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]. 
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3 
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[6.2] 

10
4 

Fig. 6.1. Variation in the water mass - dry weight ratios for d~fferent area sizes. The 
sample is from heart no. 2 and the pixel size is 3 f.im by 3 f.im. The ratio of the are as 
consisting of four pixels varies between 0 and 8. 
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The water mass fractions plus statistica! differences of all areas with a size of 90 1-1m2 

(10 pixels) or more stay within 0.5% from the 9000 1J.m2 (1000 pixels) area water mass 
fractions. The fractions of the two areas with a size of 4500 1J.m2 (500 pixels) differ less 
than 0.02% from this fraction. The water mass fraction can be considered to be stabie on a 
scale of 100 IJ.m by 100 IJ.m. 

Only 5 sections were used to determine the water mass fractions. Large consistent 
errors due to wrong determination methods are not expected, because the determined 
extracellular fractions of the water of the normoxic heart samples match the values from 
literature. Because only 5 water mass fraction determinations were done and the fractions 
were all found within the interval (0.775 - 0.804), the size of this interval is used as error 
interval. 

The relative error of the determined cobalt concentration in the dry weight can be 
determined according to formula 6.3. The variables in this formula are from formula 3.1. 

[6.3] 

with: 
ÖT TT Relative error due to thick target effects [LEP95]. 

The relative error of the solid angle of the detector and the number of used protonscan 
be neglected. The relative error of the average area! mass density is about 6% [JAC94] and 
of the ionisation cross section about 5% [MUN94]. The relative errors of the detector 
efficiency and the relative error due to thick target effects are negligible when z~ 15 and 
respectively 5% and 10% when 11 :,;Z<l5 [LEP95]. Because a charge of more than 800 nC 
is used during the !J.PIXE-experiments, the relative error of the determined number of 
counts in the sum spectra X-ray peaks is less than 2% for each element [LEP95]. Now the 
relative error of the determined extracellular fractions of the water in the used measure 
area is about 13%. 

The errors of the corrected intracellular concentrations (formula 5.4) can be 
determined according to formula 6.4 [BRU91]. In table 6.2 these errors for the different 
elements are shown. Now most of the intracellular wet concentrations match with values 
from literature. 

[6.4] 

With f = 0.8, fext = 0.3 and formula 6.1 this formula is simplified to formula 6.5. It 
becomes clear that the error of the determined water mass fraction is the main cause of the 
high errors of the intracellular concentrations. 

l [[ s J
2 

( s J
2

Jl 2 5 6 2 ( I )2 9 2 2 0 37 Cco Cco,KrdJ,\' c2 
Sc . ::::: . · s1. · Cz M z + · · S f + · · - + · Z,Krehs 

Z,m . . C C 
Co Co,Krehs 

[6.5] 
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Table 6.2. The relative errors of the corrected intracellular wet concentrations from table 
6. I. These concentrations are averages of the used me as ure area of I 00 t-tm by 100 t-tm 
with a used charge of about I 000 nC. 

Element normox1c normox1c ischemie ischemie ischemie 
heart 1 heart 2 heart 3 heart 4 heart 5 

Na 73% 85% 25% 35% 53% 
Mg 14% 16% 14% 12% 28% 
Cl 44% 162% 32% 44% 73% 
K 15% 14% 15% 14% 28% 
Ca 20% 25% 17% 17% 31% 

Because the water mass fraction is not needed to determine the intracellular dry weight 
concentrations (formula 5.5), the relative errors of these concentrations are much lower 
(formula 6.6 [BRU91] and table 6.3). 

In formula 6.6 can be seen that for elements with high extracellular concentrations, the 
relative errors of the intracellular concentration ratios are mainly formed by the error of the 
cobalt concentration in the extracellular fluid, for which the KRH-buffer concentration 
value is used in the correction method. 

S2 = (lJZ + [ S<

2

o, c~,K12·ehs +z S~Z.Kn-l>s C~o J + [ SCcM·",Kn-1"' CC
2
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~ 
Cz,intdrv M M C C 

Z Co Co,Krehs Co Co,Krehs 

s2 :::: (lJ2 

+ (Cco . cZ,Krehs . CSCco,Kn-bs )

2 

Cz,intdrY M 59 C 
Z Co,Krehs Co,Krebs 

[6.6] 

Table 6.3. The corrected intracellular dry weight concentrations and their relative errors. 
These concentrations are averages of the used measure area of I 00 t-tm by 100 t-tm with a 
used charge of ahout 1000 nC. 

Element normox1c normox1c ischemie ischemie ischemie 
heart 1 heart 2 heart 3 heart 4 heart 5 

Na [mmol/kg] 62.2 49.6 197 163 354 
error 14% 19% 2% 8% 1% 
Mg [mmol/kg] 39.8 25.6 44.9 45.3 47.3 
error 2% 2% 2% 1% 2% 
Cl [mmo I/kg] 85.6 18.8 103 167 411 
error 8% 39% 7% 6% 1% 
K [mmollkg] 331 305 321 354 372 
error 1.1% 1.1% 1.0% 0.8% 1.0% 
Ca [mmo I/kg] 3.95 2.28 5.05 2.30 25.1 
error 4% 5% 2% 9% 2% 
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6.3 Areal mass density correlations 
Due to low statistics, good estimations of the element concentrations per pixel (3 j.Lm, by 3 
j.Lm) could not be done. For this reason the pixels of norrnoxic heart no. 2 were divided in 
classes of about the sarne area] mass densities. In each class the average dry weight 
element concentrations were determined. In fig. 6.2 these area] mass density dependencies 
of different dry weight concentrations are visualised. lt becmnes clear that the elernents, 
except for magnesium, have higher concentrations in the pixels with larger areal rnass 
densities. For this reason, no intracellular measurements were possible in the used 
samples, because most of the cabalt (and other free ions) was present "in the cells", which 
was not expected. 

Because heart no. 2 was a normoxic heart, the intracellular concentrations should not 
be correlated to the areal mass densities. To check whether the element distributions befare 
and after sample preparation are the same or not, the intracellular wet concentrations of 
each areal mass density class are determined (fig. 6.3). 
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Fig. 6.2b. The area! mass 
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From fig. 6.3 can be concluded that the distribution of most elements changed during 
the preparation of the sample. 

6.4 Concentration correlations 
By dividing the pixels into classes of different cabalt concentrations, average cabalt 
concentrations of groups of pixels with about the same cabalt concentration can be 
determined. Also average values of other element concentrations are determined in these 
classes. In fig. 6.4 correlations between the concentrations of these elements are shown. 

Positive correlations of the cabalt concentration with the chloride, sodium and 
potassium concentrations were found. Because this might be caused by the areal mass 
density correlation, the concentration correlations in another (low-flow ischemie) sample, 
which has less areal mass density variations, was investigated (fig. 6.5). 

In fig. 6.5, correlations between the cabalt concentration and the potassium, sodium 
and chloride concentrations are hardly visible, while a clear positive correlation between 
sodium and potassium is visible. Because the potassium is an "intracellular marker" and 
sodium an "extracellular marker" the potassium concentration was expected to decrease 
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when the sodium and cobalt concentrations increased. So m this experiment the 
extracellular and intracellular space could not be distinguished. 
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6.5 Hot spots in low-flow ischemie hearts 
At the same positions in the concentration distributions of Co, Ca and P of the low-flow 
ischemie hearts, hot spots are visible with a size that is of the order of a cell (fig. 6.6). 
These hot spots are caused by Co, Ca and P mass increases and not by a decrease of the 
dry weight areal mass density. The increase of Ca and P concentrations in these hot spots 
is of the same order, what could main that calcium-phosphates were accumulated in the 
mitochondria (paragraph 2.3.3). This possibility of cell damage or death is confirmed by 
the presence of cobalt hot spots. A decrease of potassium, which is expected on the 
positions of the hot spots, was not observed. 
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Fig. 6.6. Concentration distributions of Co, Ca and P of !ow-flow ischemie heart no. 4. 
The pixel size is about 3 f.Jm by 3 f.Jm. 

6.6 Transmuralline scans 
By doing line scans over the whole thickness of the heart wall (transmural), variations in 
the cobalt distribution on a larger scale become visible. An example of a transroural line 
scan on a sample from the left ventricle of a )ow-flow ischemie heart is shown in fig . 6.7. 
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Fig. 6. 7. Cabalt distribution in the he art wal! of a !ow-flow ischemie he art. Th is 
transmural scan pattem is 128 by 8 pixels with a pixel size of about 20 f.Jm by 20 f.Jm. 

In fig. 6.7 the extracellular space distribution is visualised. In thi s case, a reduction of 
the extracellular fraction of the water in the middle of the ventricle wall is clearly visible. 
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7. Conclusions & discussion 

Because the corrected intracellular concentrations match better with literature values than 
the not-corrected concentrations, the correction for extracellular space seems to be a useful 
method. Still a few problems have to be examined: 

Preparation method. 
The extracellular space could not be distinguished from the intracellular space, while the 
extracellular space between the cells was expected to be visualised. An eventual too large 
size of the proton beam diameter cannot be the reason for this. Otherwise not only a 
positive sodium-potassium concentration correlation would have been found in the heart 
samples, but also a positive cobalt-potassium concentration correlation. Potassium and 
cobalt seemed were not correlated in the sample of low-flow ischemie heart 4 (fig. 6.6). 

The potassium and sodium i ons are much lighter than the Co(III)EDT A complex. 
Because diffusion of these small ions is faster than the diffusion of the Co(III)EDTA 
complex, diffusion would be a good explanation for the observed concentration 
correlations. Also the presence of hot spots of the Ca-P and Co(III)EDT A complexes and 
the absence of potassium decreases, confirms the appearance of small ion diffusion during 
the preparation of the samples. So although in earlier experiments the possibility of 
diffusion seemed to be limited [UIJ96], still diffusion of small ions seems to appear during 
sample preparation, on a scale of a few IJ.m. 

The areal mass density concentration correlations imply an ion redistribution, 
including the Co(III)EDT A complex, over a larger di stance. Diffusion cannot be the cause 
of this. The unravelling of the cells or ion crystallisation during freeze-drying might be a 
part of the cause. More research needs to be done to understand the processes that take 
place during preparation of the samples, in order to imprave the sample preparation 
method. 

Water mass fraction determination. 
Because the water mass fraction can differ in every perfused heart, this fraction has to be 
determined for each experiment. Because little errors cause large intracellular 
concentration errors, this determination must be done very precisely. By cutting pieces of 
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ventrides from the heart, the tissue can be squeezed, what may lead to errors in the 
determination of the water mass fraction in the original tissue. 

The water mass fraction in a small piece of heart tissue stabilises quickly as the tissue 
becomes larger. The fraction can be considered to be stabie on a scale of 100 f.LID by 100 
f.LID. The fraction in this area is considered to be equal to the fraction of a much larger 
section. In the transruural scan can be seen that the extracellular space fraction can change 
on a large scale (of the order of more than 100 f.LID), what is confirmed by Bridge et al. 
(section 5.3.1). This could mean that the water mass fraction in the used samples changes 
on this scale. 

In fig. 6.1 is shown that a total measure area of at least 90 f.Lm2 (on a dry sample with a 
thickness of a few f.Lm) is needed to use the water mass fraction in the cobalt correction 
method. This minimum needed area size could be underestimated because of the diffusion 
effects. 

With accurately determined dry weight concentrations, the correction method can be 
used to determine the intracellular concentration ratios on a cellular scale, however first 
the preparation problems must be solved. 

The cobalt correction method is also very useful to gain information from transruural 
scans (fig. 6.7). In these experiments a larger beam spot is used, so a higher beam current 
can be used. Because less measure time is needed when a higher beam current is used, the 
Co(III)EDT A concentration in the KRH buffer can be lowered, which is less toxic to the 
rat hearts during the perfusion with the Co(III)EDT A KRH buffer. The he arts we re 
perfused with the Co(III)EDTA KRH buffer for only 2 minutes, due to toxic effects. Now 
the perfusion can last longer than 2 minutes, so more time will be available for the 
Co(III)EDT A distribution in the extracellular space, to reach a plateau. This shall result in 
a lower cobalt concentration error in the KRH buffer. 
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Appendix A: The surface on a spherical shape 

Acrystal,spherical from formula 4.1 can be determined as follows: 

rd(phi) 

\ / \ 

The surface Aspherical can be divided into different rings. The radius of such a ring is rsincp. 
Because sinacp = acp for small angles acp, the surfaces of these rings are 2m2sincpacp. Now 
Aspherical can be calculated: 

</> 

A,p"ericat = 2m- 2 f sin <fJJ</J 
0 

A = 2nr 2 [-cos"']</J <==> spherical 'f' 0 

Aspherical = 2nr 2 ( 1 - COS </J) <:::::> 

Asphericat = 2nr(r- z) 

----------------------------------------------------------47 



Co(Ill)EDTA as an extracellular marker in pPIXE-measurements on rat heart samples 

Appendix B: Results from the effective surface 
determination 

In this appendix the determined 6 ke V and 15 ke V yields as a function of the position on 
the front of the detector are shown (paragraph 4.2). Also examples of fitted 6 ke V and 15 
keV line scan yields and plots with the half maximum positions (from these fits) for the 6 
keV, 15 keV and 59.54 keV yields are given. 

6 keV counts 
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contour 1/2 max1mum 15 keV yield 

6 I I I I I 

4 I I I I I I 

• .. .. 
"' E 

.. .. 
2 .. ... E • .. 

'---' 

c 
0 0 

+-' 

UJ 
0 .. .. 
0__2 • • .. .. 
I I 
>, • • 

• ... 
• • -4 I 1 1 I I 

-6 1 I I I I 

-6 -4 -2 0 2 4 6 
x-position (mm) 

contour 1/2 mox1mum Am 59.54 keV yield 

6 I I I I I 

4 • • • • • • 
... ... 

"' ... 
E 2 # 

E 
'-_./ .. 
c .. .. 
0 0 .. .. 

+-' .. .. 
UJ 
0 0__2 .. 
I • .. • .. >, ... 

... . .. • 
-4 • • • • • • 1-

-6 I I I I I 

-6 -4 -2 0 2 4 6 
x-position (mm) 

--------------------------------------------------------51 



Co(lll)EDTA as an extracellular marker in JlPlXE-measurements on rat heart samples 

Appendix C: 
determination 

Results from the crystal depth 

In this appendix the proportional correlations, gained with the 15 ke V and 59.54 ke V 
yields, to determine the crystal depth (paragraph 4.3), are shown. Also the "derivations" to 
check whether the measurements are useful or not, are given. 
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Appendix D 

Appendix D: Data from the ~PIXE-experiments 

In this appendix the determined average dry weight element concentrations from the 
f..LPIXE-measurements in areas of 100 f..Lm by 100 f..Lm (table 6.1) and the corrected 
intracellular dry weight concentrations are given. 

Measured dry weight concentrations: 

element normox1c normox1c ischemie ischemie ischemie 
heart 1 heart 2 heart 3 heart 4 heart 5 

Na [ppm] 5.60E+03 5.74E+03 5.96E+03 9.92E+03 1.49E+04 
Mg [ppm] 9.98E+02 6.57E+02 1.10E+03 5.73E+02 1.15E+03 
p [ppm] 1.22E+04 1.09E+04 1.01E+04 1.19E+04 1.66E+04 
Cl [ppm] 7.78E+03 5.91E+03 5.27E+03 1.01E+04 1.46E+04 
K [ppm] 1.40E+04 1.31E+04 1.29E+04 1.07E+04 1.45E+04 
Ca [ppm] 2.26E+02 1.66E+02 2.25E+02 3.28E+02 1.03E+03 
Co [ppm] 1.41E+03 1.56E+03 4.82E+02 2.09E+03 5.36E+02 

Corrected intracellular dry weight concentrations: 

element normox1c normox1c ischemie ischemie ischemie 
heart 1 heart 2 heart 3 heart 4 heart 5 

Na [ppm] 1.43E+03 1.14E+03 4.54E+03 3.75E+03 8.14E+03 
Mg [ppm] 9.66E+02 6.21E+02 1.09E+03 1.10E+03 1.15E+03 
Cl [ppm] 3.04E+03 6.68E+02 3.65E+03 5.93E+03 l.46E+04 
K [ppm] 1.29E+04 1.19E+04 1.25E+04 1.38E+04 1.45E+04 
Ca [ppm] 1.58E+02 9.12E+01 2.02E+02 9.20E+01 1.03E+03 
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