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ABSTRACT

This habilitation thesis is a commented selection of my 16 peer-review papers that are
focused on the distribution of elements by laser ablation-based methods. The ability of laser
ablation with mass spectrometry of inductively coupled plasma (LA-ICP-MS) for elemental
distribution is shown on metallic, geological, and biological materials. In the first part, the
development of LA-ICP-MS for identification and description of corrosion processes on Ni-
based alloys caused by LiF-NaF mixture is described. For geology, the evolution of the lateral
distribution is monitored from the single spot analysis in specific zones in individual grains to
the imaging of entire grains. The final part is focused on the distribution in biological tissues.
As the distribution of elements by LA-ICP-MS has become a routine analysis, our efforts
have forwarded to the imaging of specific biomolecules. For these purposes, we developed
two ways for molecular imaging — labelling of antibodies by Au nanoparticles and utilisation

of molecularly imprinted polymers (MIPs).
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1 INTRODUCTION

The pioneering works devoted to the connection of laser ablation to ICP date back to
the 80s of the 20" century. The first connection of laser sampling with ICP published by
Thompson et al. in 1981®) was carried out with optical detection (ICP-OES). The published
results were very promising with both the absolute limit of detection and the precision
comparable to solution analysis. When Gray first published the connection of laser sampling
with ICP-MS( several problems were found; Gray himself pointed to an inappropriate ICP-
MS construction for linking with laser ablation (LA) and the amount of ablated material was so
high that it caused its deposition in a sampler cone. On the other hand, the limit of detection
lower than 1 mg/kg demonstrated the potential of this technique in the future. At that time, ruby
lasers were used for ablation, creating large craters with a diameter of hundreds of pm and
producing a huge amount of ablated material (200 pg/pulse). The LA-ICP was introduced as a
possible quantitative method for analysis of solid samples without dissolution. As the
development of lasers continued, ablation craters became smaller and detection limits at OES
became inadequate. Hence, ICPs with mass detection were able to respond to a decreasing
amount of ablated material. As the information about total content of elements in the sample
may be insufficient for some applications, lateral distribution of elements in the sample is of
interest. Therefore, since the beginning of the 21% century, the investigation of the spatial
distribution of elements in all possible types of samples has been the focus of LA-ICP-MS.

This work aims to show my contribution to the study of elemental distribution by LA-

ICP-MS in various types of materials from metallic samples through geological to biological.

1.1 STRUCTURE OF THE THESIS

This thesis presents collection of 16 peer-reviewed papers published between 2007 and
2020, related to the determination of elemental distribution. As the elemental distribution is
analysed in metallic materials!#, geological materials>, and bio-applications!*1¢ in the form
of lateral scans or elemental maps, there are two ways to sort the publications: either by type of
distribution — from lateral scans to the elemental mapping, or by type of material. Finally, I
decided to sort them by type of analysed material. For better orientation within the cited papers,

these works are listed as the first 16 papers and are highlighted bold in the text.

* Thompson, M.; Goulter, J. E.; Sieper, F. Analyst 1981, 106, 32-39.
¥ Gray, A. L. Analyst 1985, 110, 551-556.



1.2 MY CONTRIBUTION TO THE STUDY OF
ELEMENTAL DISTRIBUTION

Currently, I have published 74 papers, including 60 journal articles and 14 conference
proceedings. I have chosen 16 research articles related to elemental distribution as a part of my
thesis. My contribution to these articles is summarised in the following tables with special
attention to the experimental work, supervision of students, manuscript preparation and

research direction.

1) Novotny, K.; Vaculovic, T.; Galiova, M.; Otruba, V.; Kanicky, V.; Kaiser, J.; Liska, M.; Samek, O.;
Malina, R.; Palenikova, K. Applied Surface Science 2007, 253, 3834-3842 (IF=5.155)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)
20 30 20 10

2) Vaculovic, T.; Sulovsky, P.; Machat, J.; Otruba, V.; Matal, O.; Simo, T.; Latkoczy, C.; Gunther, D.;
Kanicky, V. Journal of Analytical Atomic Spectrometry 2009, 24, 649-654 (IF=3.646)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)
20 - 80 -

3) Vaculovic, T.; Warchilova, T.; Simo, T.; Matal, O.; Otruba, V.; Mikuska, P.; Kanicky, V. Journal of
Analytical Atomic Spectrometry 2012, 27, 1321-1326 (IF=3.646)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)
30 50 70 30

4) Warchilova, T.; Dillingerova, V.; Skoda, R.; Simo, T.; Matal, O.; Vaculovic, T.; Kanicky, V.
Spectrochimica Acta Part B-Atomic Spectroscopy 2018, 148, 113-117 (IF=3.101)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)
10 100 30 80

5) Novak, M.; Gadas, P.; Filip, J.; Vaculovic, T.; Prikryl, J.; Fojt, B. Mineralogy and Petrology 2011,
102, 3-14 (IF=1.573)
Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)
30 - 20 -

6) Bacik, P.; Uher, P.; Ertl, A.; Jonsson, E.; Nysten, P.; Kanicky, V.; Vaculovic, T. Canadian
Mineralogist 2012, 50, 825-841 (IF=1.398)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)
30 - 20 -

7) Breiter, K.; Gardenova, N.; Vaculovic, T.; Kanicky, V. Mineralogical Magazine 2013, 77, 403-417
(IF=2.21)
Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)
30 50 20 30




8) Vaculovic, T.; Breiter, K.; Korbelova, Z.; Venclova, N.; Tomkova, K.; Jonasova, S.; Kanicky, V.
Microchemical Journal 2017, 133, 200-207 (IF=3.206)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

60 - 920 920

9) Petrik, 1.; Janak, M.; Klonowska, 1.; Majka, J.; Froitzheim, N.; Yoshida, K.; Sasinkova, V.;
Konecny, P.; Vaculovi¢, T. Journal of Petrology 2020 (IF=3.38)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

30 - 20 10

10) Vaculovic, T.; Warchilova, T.; Cadkova, Z.; Szakova, J.; Tlustos, P.; Otruba, V.; Kanicky, V.
Applied Surface Science 2015, 351, 296-302 (IF=5.155)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

20 60 80 40

11) Anyz, J.; Vyslouzilova, L.; Vaculovic, T.; Tvrdonova, M.; Kanicky, V.; Haase, H.; Horak, V.;
Stepankova, O.; Heger, Z.; Adam, V. Scientific Reports 2017, 7 (IF=4.011)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

15 40 30 30

12) Tvrdonova, M.; Vicnovska, M.; Vanickova, L. P.; Kanicky, V.; Adam, V.; Ascher, L.;
Jakubowski, N.; Vaculovicova, M.; Vaculovic, T. Analytical and Bioanalytical Chemistry 2019, 411,
559-564 (1IF=3.286)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

10 30 50 50

13) Munster, L.; Fojtu, M.; Capakova, Z.; Vaculovic, T.; Tvrdonova, M.; Kuritka, I.; Masarik, M.;
Vicha, J. Biomacromolecules 2019, 20, 1623-1634 (IF=5.667)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

20 40 20 15

14) Vaneckova, T.; Vanickova, L.; Tvrdonova, M.; Pomorski, A.; Krezel, A.; Vaculovic, T.; Kanicky,
V.; Vaculovicova, M.; Adam, V. Talanta 2019, 198, 224-229 (IF=4.916)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

20 40 25 30

15) Vaneckova, T.; Bezdekova, J.; Tvrdonova, M.; Vicnovska, M.; Novotna, V.; Neuman, J.;
Stossova, A.; Kanicky, V.; Adam, V.; Vaculovicova, M.; Vaculovic, T. Scientific Reports 2019, 9
(IF=4.011)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

15 40 15 30

16) Dumkova, J.; Smutna, T.; Vrlikova, L.; Kotasova, H.; Docekal, B.; Capka, L.; Tvrdonova, M.;
Jakesova, V.; Pelkova, V.; Krumal, K.; Coufalik, P.; Mikuska, P.; Vecera, Z.; Vaculovic, T.;
Husakova, Z.; Kanicky, V.; Hampl, A.; Buchtova, M. ACS nano 2020, 14, 3096-3120. (IF=13.903)

Experimental work (%) Supervision (%) Manuscript (%) Research direction (%)

10 25 10 25




2 LASER ABLATION

The term laser ablation includes a set of events that occur when a laser beam interacts
with the surface of a sample. In time sequence, it is the absorption of laser radiation, the
transmission of the radiant energy of laser radiation, the removal of atoms, ions and molecular
fragments from the surface of the sample and their immediate conversion into a form of dry
aerosol. At the same time, the pressure and temperature increases in the surrounding area of the
interaction site. This interaction results in a shock wave and a microplasma formation. The
carrier of analytical information is thus not only a laser-generated aerosol but also laser-induced
plasma (LIP). There are two ways to remove material from the sample surface - thermal
(selective evaporation) and non-thermal (ablation). Selective evaporation occurs when the
power density is less than 10° W.cm™? or when the laser pulse width is higher than
microseconds. Ablation is observed when the power density is larger than 10° W.cm™ and the
laser pulse width is in the order of ns and less. Selective evaporation is manifested by
enrichment of the vapour phase with slightly volatile elements from the surface of the sample.
Thus the composition of the aerosol is different from the solid phase composition, causing
a systematic error in the result. In the case of ablation, the heating of the solid material is so
intense that the evaporation phase is suppressed and the composition of the ablated material is
ideally the same as of the solid phase.

Under optimal conditions, laser ablation can be used not only for quantitative analysis
but also for the investigation of the lateral distribution of elements - imaging as well as

investigation of depth distribution - depth profiling.

2.1 FROM BULK TO0O THE DISTRIBUTION

The ablated material generated by the explosive interaction of focused laser radiation
with the surface of a specimen is carried by the carrier gas (most commonly helium) into the
plasma torch of the ICP spectrometer where the atomisation of material occurs. The resulting
atoms are excited and ionised. They then enter the evacuated part of the ICP-MS where they
are separated in the analyser by their mass/charge ratio (m/z).

LA-ICP-MS is currently a well-established method whose first use dates back to 1985
when Gray'’ introduced a combination of laser ablation with ICP-MS for rock samples that

were compressed into tablets. For this purpose, a ruby laser emitting radiation with
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a wavelength of 694 nm was used. Since then, the use of LA-ICP has been expanded, and
currently, 7107 original works with the topic “LA-ICP” (excluding reviews, conference
abstracts, etc.) are available on the Web of Science.

The first publications dealing with the use of laser ablation as a method of sampling

1819 and geological samples that were

for ICP-MS were performed using metallic materials
analysed in the form of compressed tablets!”?%2!. The first attempts at semiquantitative analysis
were based on the determination of the relative response of the individual isotopes!'®2°, which
were determined experimentally. The relative response depends on the relative representation
of the observed isotope in nature, the volatility of the element and its ionisation energy.
However, for quantification, this method was insufficient and in 1991 Vanheuzen devised
a matrix-matched quantification (matrix-matched standards). This method was based on an
approach where the analysed material was mixed with a binder (graphite and cellulose) and

t*2 or blended with flux and melted in the form of glass beads*. Utilisation

pressed into a table
of both matrix matching methods was affected by considerable problems with memory effects
that complicated quantification: even in the case of tablets, quantification was not possible at
all. Polyatomic interference was the second major problem complicating the quantification that
was revealed in those works?>%, Despite these problems, the use of matrix-matched calibration
standards has proved successful and has been used to date with various modifications correcting

for systematic errors of determination (e.g. different ablation rates).

2.1.1 DEVELOPMENT OF LASERS

The advances in laser ablation as a sampling technique for ICP-MS are closely
connected with the progress of the construction of lasers. The theoretical basis of the laser was
laid in 1917 when Einstein postulated the term stimulated emission in his publication "Zur
Quantentheorie der Strahlung®." The first device using stimulated emissions was described in
1952 by Basow and Prokhorov, and built by Townes in the same year. It was a predecessor to
the laser - the MASER - Microwave Amplification by Stimulated Emission of Radiation®*. The
first LASER (Light Amplification by Stimulated Emission of Radiation)* was constructed in
1960 by T.H. Maiman. It was a ruby laser, whose active environment is corundum with the
addition of Cr**. This laser belongs to a group of three-level lasers where the efficiency of

radiation generation is low and considerable energy is needed for excitation. For laser ablation,

! Einstein A., Phys.Z., 1917, 121-128
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the ruby laser was used mainly in pioneering work dealing with the combination of laser

26-28 and mass'”?°. Due to the lower excitation

ablation with ICP spectrometers, both emission
powers for the generation of laser radiation, Nd:YAG (neodymium-doped yttrium-aluminium-
garnet) lasers gradually began to emerge. The vast majority of commercial ablation systems are
currently working with Nd: Y AG lasers, although their development has been delayed by a few
years compared to the ruby laser. The first Nd:YAG laser was built in 1964?° and the first use

539 Another reason for

for laser ablation in combination with ICP was published in 198
replacing ruby lasers was the need for shorter laser radiation wavelengths. Indeed, the effect of
fractionation in laser ablation decreases with shorter wavelength (see Fractionation).
Consequently, excimer lasers are currently used which, depending on the charge, can emit laser
radiation shorter than 200 nm (Table 1). The first excimer laser coupled to the ICP spectrometer
was a XeCl laser’!.

At present, in ablation systems, we can encounter Nd: YAG lasers emitting radiation
at the wavelength of 266, 213, and 193 nm with excimer lasers of different fill types;
ArF (193 nm), XeCl (308 nm), KrF (248 nm) and F2 (157 nm). Jeffries et al. observed that by
using shorter laser radiation (UV) wavelengths when interacting with glass material (NIST610)

3233 This smaller

fractionation decreases significantly compared to IR laser radiation
fractionation observed at UV ablation was the reason that excimer lasers (XeCI*?, ArF25 34,
KrF*, and F»%) became increasingly popular. The indisputable advantage of excimer lasers is
the beam profile. In this case, it is "flat-top," which means that the laser radiation energy is the
same at every point of the beam profile. The use of a flat-top profile results in the formation of
a crater, which has not only a flat bottom but also vertical walls. This shape differs significantly
from craters created by solid-state lasers (e.g. Nd:YAGQG), which have a Gaussian profile - the
energy of the laser radiation is highest in the centre of the beam and decreases towards its edges.
Thus the obtained crater has oblique walls and the diameter of the crater bottom is smaller than
the diameter at the sample surface. Mank et al. described the effect of the aspect ratio - the ratio
of crater depth to crater diameter - on the fractionation and found that if this ratio is greater than
6, the signal is reduced by up to 50%?>". This implies that if a significant decrease in the signal
intensity is observed during a single point ablation, the laser beam diameter has to be reduced.

In addition to adjusting the wavelength of laser radiation, the duration of the laser pulse
is also optimised. In the first works on LA-ICP-MS, lasers with pulse lengths in nanoseconds
(ns-lasers) were used?®. Although the development of lasers moves towards shorter pulse
lengths (picosecond- *® and femtosecond lasers®®), ns-lasers are still commonly used. If the

energy of the laser pulse is emitted within a shorter time (fs), the selective evaporation of the
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elements is suppressed. When higher laser pulse energies are used, selective evaporation is
suppressed in both ps and ns lasers*’. Similar conclusions came from Russo et al. even when
comparing ns and fs lasers; they found that lasers working in the UV region reduce fractionation
in the same way as lasers working in the IR region®. Currently, the development of fs lasers is
moving towards the UV region of radiation because this type of laser (fs-UV - 266 nm) provides
the lowest fractionation phenomena along with more accurate results compared to fs-IR or
ns-UV lasers*!.
Conditions during laser ablation significantly affect the particle size distribution (PSD)
generated by ablation. Ideally, particles generated during laser ablation should be as small as
possible (in tens of nm). Larger particles entering the ICP source are not entirely vaporised and
cannot be completely ionized* which results in a change in the response of the individual
analytes being measured*®’. The changing PSD of the aerosol affects the intensity of the ICP-
MS signal, which was demonstrated by inserting an electrothermal vaporiser (ETV) between
the ablation system and the ICP source*.

The conditions influencing the course of laser ablation include the choice of gas in
which the ablation occurs. This effect on the ICP-MS signal was confirmed by Horn et al.*,
when comparing the effects of noble gases (Ar, He, Ne) used in LA. It was found that ambient

1,45 and

gas affects PSD*, the amount of material deposited at the edges of the ablation crater
the efficiency of particle transport to ICP. The fact that the choice of ambient gas affects the
ablation processes was also determined by the work of Novotny when the influence of air, He
and Ar was studied. It was found that there is also a significant influence on the course of
emission of microplasma radiation resulting from ablation in dependence on the gas used!.

The crucial problem of LA-ICP-MS, including imaging, is a different ablation rate, but there
are some possibilities on how to correct it (see chapter Suppression of influence of different

ablation rate).
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2.2 SUPPRESSION OF INFLUENCE OF DIFFERENT
ABLATION RATE

When laser radiation interacts with different sample matrices, unequal amounts of
material are released even with the same laser ablation parameters (radiation wavelength,
radiation frequency, beam diameter, radiant energy density, etc.). The different ablation rate is
caused mainly due to the different absorption of laser radiation of a given wavelength by

a different matrix (see Table 1).

absorption of radiation of various wavelength (%)
material
200 nm 500 nm 1000 nm
Fused quartz® 8 5 5
MgF>? 12 4 4
Sapphire? 35 18 18
CaF2® 10 8 8
Si¢ 15 8 55
ZnSe! 89 95 80
Bor-silicate 100 g 7
glass®

Table 1: Overview of radiation absorption of different wavelengths by different materials

& C. Fridriech, Precision Micromanufacturing Processes Applied to Miniaturization Technologies, Michigan Technology
University, 1998.

b http://www.thorlabs.com/NewGroupPage9.cfm?ObjectGroup_ID=3978

¢ http://www.thorlabs.com/NewGroupPage9.cfm?ObjectGroup ID=3979

4 http://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=3981

This effect is the more significant the longer the wavelength of the laser radiation used,
and as such, the use of shorter laser radiation wavelengths (213, 193 nm) is more appropriate.
Fluctuations in the energy density of the laser radiation contribute to the amount of released
material. Both of these phenomena result in a systematic error of the result. Therefore, certain
ways are available to suppress it. These corrections may be as follows:

a) internal standardisation*®

b) normalisation on the total sum of oxides
¢) normalisation on the sum of ion intensities*®

d) total mass removal'!

Each of the listed procedures has its pros and cons, which will be discussed in the

2,47

following text.
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2.2.1 INTERNAL STANDARDISATION

The most common method for compensation of different ablation rates is the utilisation
of internal standard (IS) and it is necessary to know the content of the internal standard in the

sample to be analysed:

. owis
W (X)eorr (%) = w(X)" X 7S
Wgpma

Where, w (X)%,ris the content of i-element after compensation of ablation rate, w(X)' is the
content of i-element obtained by LA-ICP-MS, w'® is the content of internal standard obtained
by LA-ICP-MS, and wi5,, 4 is the content of the internal standard obtained by an independent
method.

Most commonly, the content of IS is detected by an independent method (e.g. EPMA
- Electron Probe Micro Analysis, XRF - X-Ray Fluorescence, etc.). There are several rules for
choosing a suitable IS that should be followed: 1) An element of a high content (one of the
matrix elements) should be chosen as the IS to minimise the relative error of determination due
to the inaccuracy of the independent method. 2) This element must be detectable by ICP-MS.
Therefore, for example, the use of oxygen as an IS element for the analysis of silicates or
fluorine in the analysis of fluorites is eliminated, even though its content in the samples is the
highest. 3) The distribution of the IS in the sample should be homogeneous to suppress possible
errors caused by different contents of the IS at different locations of the sample. When
a heterogeneous sample is analysed, it is possible to circumvent this condition by performing
the LA-ICP-MS analysis at the same site of the sample as the independent method. This
normalisation method was first used in the determination of impurities REE in geological
material fused to a glass bead, with the IS being strontium?®. Its use leads to a significant
improvement in the precision of the assay. The disadvantage of this method of normalisation is
the necessity to use another, very often expensive method, such as EPMA. Nevertheless, this
method of normalisation is currently one of the most widely used and has many applications,
especially in the analysis of geological samples.
From the view of elemental imaging, this procedure is suitable for imaging of minerals or

metallic materials without corrosion.
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2.2.2 NORMALISATION ON THE TOTAL SUM OF OXIDES

This normalisation finds application, especially in the analysis of geological samples.
The main reasons for applying normalisation to the sum of contents are two: eliminating the
need to use a complementary method (EPMA, XRF, etc.) or the inability to use IS. As in the
case of internal standardisation, the first step is to use calibration standards, followed by the
recalculation of content into the form of oxides. Then the contents are summed and the

individual contents are multiplied by factor “100/sum of oxide content”:

. . 100
w(X0)¢orr (%) = w(X0)*' X S w(X0)!
Where w(X0)%,,, is the content of i-element in the form of oxide after compensation of
ablation rate, w(X0)' is the content of i-element in the form of oxide obtained by LA-ICP-MS,

100 means 100 %, and ¥ w(X0)! is the sum of all elements in the form of oxide,

Three requirements should be met for the appropriate application of this method;
a) to have information about the matrix composition of the sample, b) ensure the matrix does
not contain elements that are not determinable by ICP-MS and can replace each other
additionally (typically hydroxy- groups replacing phosphate groups in hydroxyapatites). If
these two requirements are met, then the third requirement is the measurement of all matrix and
minor elements contained in the sample. Otherwise, there is a systematic error, and the detected
contents of the measured elements are higher than the actual. If these requirements are met,
then the results obtained by this normalisation are the same as those obtained using the IS,

It should be noted that the requirement regarding non-determinable elements can be

circumvented, as in the case of elemental imaging in a mica sample?, as follow:

(100 —Y)

Yw(X0)

Where Y is the total content of non-determinable elements by LA-ICP-MS (e.g. OH", F")
obtained by EPMA.

w(X0)corr = w(X0) X

Both the above-mentioned methods for suppression of different ablation rates are used

mainly in combination with external calibration.
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2.2.3 NORMALISATION ON THE SUM OF ION
INTENSITIES

This approach for the compensation of different ablation rates is suitable for a simple
matrix with a well-defined composition as are e.g. alloys*’, and metallic samples?* (corroded
and intact surface). It is based on the measurement of isotopes of all major and minor

elements and recalculation of their measured intensities according to their isotope abundance:

_ Iisotopel
Ielementl - -
QAisotopel

I
element1

0 —
Welementl(A)) = Z —— x 100

element

Where I;54¢0pe1 18 the measured intensity of isotope, @;soroper 18 the abundance of the isotope,

Loiement1 18 €lemental intensity, and Wejement1 18 the content of the element.

The advantage is that it is not necessary to use external calibration. On the other
hand, this approach works well when the degree of ionisation is close to 100 %. This means
that the ionisation energy of the element should be lower than 8 eV — at this ionisation energy,

the ionisation efficiency is about 95 %°.

2.2.4 TOTAL MASS REMOVAL

The final method for compensating for the different ablation rate is completely
different from the previous ones. This way is based on the sample preparation and it is mainly
suitable for biosamples!®!3. Soft tissue sections are cut with a thickness that allows laser
radiation to penetrate the whole thickness of the cut and to reach the substrate (e.g. glass slide).
If the substrate is reached in every spot of the tissue section, it means that the sample has been
removed completely and the influence of the different ablation rate was suppressed
successfully. To verify the total mass removal was reached, it is useful to monitor some isotope

released from the substrate (mostly Si from glass substrate!?).
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3 LA-ICP-MS FOR LATERAL DISTRIBUTION

As mentioned above, the development of lasers was directed towards shorter
wavelength (from 1064 to 193 nm for Nd:YAG and ArF laser, respectively) and the related
creation of smaller craters. The reduction of the crater size offered the possibility of a new type
of laser ablation-based analysis. These can be divided into two groups depending on the amount
of ablated material (spot size): a) bulk analysis; and b) spatially resolved analysis. The second
one is a very attractive method that allows the gathering of information on the content of the
element as well as its distribution within the analysed sample. The distribution information can
be beneficial in detecting changes in the development of rocks and crystals, the study of
corrosion changes in metallic materials and, last but not least, in studying changes in different
biological materials, as shown below. The beginnings of LA-ICP-MS were mainly concerned
with geological samples. Therefore, it is not surprising that the first study on the lateral
distribution of the elements was carried out on a geological sample. In 1992, Imai showed the
possibility of determination of distribution on the sample of stalactite where they reported
concentration changes of 25 elements (from Mg to U)>!. Shortly after that, Chenery and Cook
performed a lateral scan over the monazite grain and compared the LA-ICP-MS results from
the individual zones to the EPMA results®’. Lateral scanning was performed as a profile of
individual points whose distance was significantly larger than their diameter.

However, in the case of really heterogeneous materials, the use of a single profile is
insufficient. There is a plenty of missing information about the elemental content in the rest of
the sample. The need to know the information about the content of the elements in the whole
sample surface increased and thus a study in which the ablation spots covered a larger portion
of the sample surface was of interest. Pioneering work devoted to elemental imaging was done
on leaves™. The leaf surface was divided into 70 fields. Each of them was analysed by four
ablation spots and the signals from these spots were averaged. However, this procedure is not
typical for the elemental imaging as we know it now. Today, a line by line or spot by spot
approach is used to cover the whole sample surface. From this point of view, the first elemental
imaging work was done on sheep liver by Kindness in 2003°*. Over the next 16 years, LA-ICP-
MS imaging has undergone dramatic developments in map quality (resolution improvement
and display), acceleration of imaging, 3D mapping and the ability to map not only elements but

also molecules (Fig. 1).
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Fig.1: Development of LA-ICP-MS imaging from pioneering work>* (a) to 3D model>(b), sub-micron

resolution®® (¢) and imaging of proteins’’ (d).
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3.1 IMAGING OF CORROSION OF METALLIC SAMPLES

Determination of lateral distribution in our laboratory started with analysis of metallic
samples. This was in relation to the cooperation with the company Energovyzkum Ltd., whose
focus was on the development of new materials for a new type of nuclear reactor — Generation
IV. As one of them uses molten fluoride salts (MFS) for cooling, the aim of the study was to
monitor the progress of corrosion in the presence of MFS.

The MFS represents media of an extremely corrosive and invasive nature, which
highly affects the properties of the reactor vessel. The tested candidate materials were treated
to 680 °C for up to 1000 h in presence of MFS and the surface was subsequently analysed in
order to investigate the corrosion process.

Our first publication was devoted to the corrosion caused by MFS treatment and LA-
ICP-MS was used for the determination of the thickness of the corrosion layer?. For this
purpose, a single line scan across the corrosion layer into the intact material was made and the
thickness of the corroded layer was measured according to Na and Li presence in the sample.
Inconel A686 and stainless steel 1.4571 were exposed to a LiF-NaF mixture at 680 °C for 380
and 1000 h. In comparison to EPMA, LA-ICP-MS showed a better ability to determine the
thickness of the corroded layer, which relates to the inability of EPMA to measure Li and
significantly worse LOD for Na. On the other hand, a significantly worse lateral resolution was
achieved. Hence, the laser beam diameter was reduced in the following research to improve the
lateral resolution.

As the LA-ICP-MS has proved to be suitable for the determination of the thickness of
the corroded layer, the method was developed to identify the corrosion damage and elemental
changes in structural materials. For this purpose, three candidates of structural materials were
tested (nickel, Ni-based alloy, and nickel-coated iron). Both LA-ICP-MS (the thickness of the
corroded layer) and ICP-OES (the content of the corrosion products) identified nickel as the
most resistant material®>. When the more detailed view on the content of the corrosion products
was applied, the conspicuous enrichment of Fe was found for nickel-coated iron. This was
caused by preferential corrosion of the steel substrate that occurred by MFS penetration through

the nickel coating to the iron substrate as seen in Fig. 2.
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Fig. 2: Similarlity of LA-ICP-MS and EPMA elemental maps

Part of the sponge-like corroded area shown in Fig. 2 was subjected to quantitative
elemental mapping to demonstrate the penetration of MFS into the exposed specimen and to
show relative depletion or enrichment of constituents in the structural material by EPMA and
LA-ICP-MS*. Full-reference objective image quality metrics were performed for the
quantitative comparison of EPMA and LA-ICP-MS elemental maps. These methods compare
the original image with distorted images using the structural similarity index metric (SSIM).
According to this SSIM, the EPMA and LA-ICP-MS maps are similar (not yet published
results).

Our studied system is very specific; however the developed imaging method could be
successfully used in other studies, e.g. development of alloys for implants. Most often implants
based on Ti-, Ti-Ni- or Zr-alloys and are placed into bones and teeth. Hence, the release of the

elements from the developed implants into the tissues could be determined.

3.2 ELEMENTAL IMAGING IN GEOLOGY

The beginning of LA-ICP-MS analysis in geological samples in our laboratory was
concerned with single spot analysis without any relation to the distribution. However, since
2011, there have been demands for analysis of specific zones in individual grains (e.g. zoned
beryl 5, or tourmaline crystals®) and various minerals (quartz, feldspar, zinnwaldite, topaz)’.
These requests led to the development of imaging methods for geological samples. As a crucial
problem, the quantification of the elemental maps of heterogeneous samples (e.g. zoned
muscovite) was identified®. When the mineral grain is imaged, the internal standardisation can
be successfully used, if the content of the internal standard is uniform. However, our muscovite
samples (from Argemela) contained two different zones (Fig. 3a) with non-uniform content of
any elements. Hence, the normalisation using IS (chapter 2.2.1) is not applicable in this case.

Moreover, the zones differ in the content of species non-determinable by ICP-MS (F, OH, etc.).
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For this purpose, the modified normalisation on the total sum of oxides had to be developed.
The LA-ICP-MS imaging found the enrichment of Li, Rb, and Mn in the rim, whereas the core
is enriched by Fe and Al (Fig. 3). The trueness of LA-ICP-MS results was confirmed by EPMA

analysis.

low

Fig. 3: Cathodo-Luminiscence (CL) (a) and Back Scattered Electron (BSE) (b) images of muscovite
grain. The circle and ellipse mark the core and rim, respectively. LA-ICP-MS elemental maps of Li,O
(0-4 %m/m), Rb20 (0-0.8 Y%m/m), Fe203 (0-3 Y%mm), and Al,O3 (20-50 Yomvm)

A combination of lateral profiling and imaging was used for the analysis of garnet and
monazite grains from Seve Nappe (Sweden)®. As the content of SiO, is homogeneous across
whole grains, the Si could be used as the internal standard. LA-ICP-MS investigation was

focused on the REE profile in various parts of the samples. As follows from the obtained results,
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the REE profiles vary very strongly depending not only on the minerals (monazite, apatite or
garnet) but across the garnet as well.

The advantages of LA-ICP-MS imaging are very similar as at comparison of EPMA and
LA-ICP-MS individual spot analysis: speed, very low LODs, and an ability to determine light
elements as e.g. Li, and B. This means the determination of the lateral distribution of elements
from Li to U in levels of hundreds pg/g. As the ICP-MS measures isotopes, the main advantage
of LA-ICP-MS imaging lies in the possibility to determine the lateral distribution of isotopic
ratios. The most often used isotopic ratios relate to geochronology U-Th-Pb®%. It is true that
Thermal-Ionisation Mass Spectrometry (TIMS) provides much more accurate determination of
the age, however there is no possibility of lateral resolution. And this is the gap that can be

filled by LA-ICP-MS imaging — dating of highly zoned minerals e.g. zircons.

3.3 LATERAL DISTRIBUTION FOR BIO-
APPLICATIONS

In recent years, the interest in the determination of elements in biological samples by
LA-ICP-MS has increased significantly. It relates to the fact that many processes in biology are
driven by the exchange of elements, which results in a change of their content and lateral
distribution. As the content of these elements is, in some cases, very low (at the level of mg/kg)
and the changes in distribution are in the level of tens of um, the LA-ICP-MS is one of the few

methods that can be used for this purpose.

3.3.1 ELEMENTAL IMAGING

As the lateral resolution and limit of detection are two crucial parameters in imaging,
the influence of the laser ablation parameters such as laser beam diameter, scan speed, and
repetition rate were studied!’. Laser repetition rate and laser fluence were investigated in the
tapeworm thin-section to attain optimum ablation rate, yielding an appropriately low detection
limit which complies with elemental contents in the tissue. The effect of combinations of laser
spot size and scan speed on relative broadening (Awrel) of the image of the ablated pattern (line)
was investigated with the aim to quantify the trueness of imaging. The Awye is strongly reduced
(down to 2%) at low scan speed (10 um s~!) and a laser spot diameter of 10 um but results in

an unacceptably long time of mapping (up to 3000 min).
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Next, the potential of the LA-ICP-MS imaging was demonstrated in the study that
determined Zn and Cu levels in the development of spontaneous regression in melanoma tissue
in MeLiM (Melanoma-bearing-Libechov-Minipig) model (Fig. 4A)'!. Two cryosections were
sliced from tissue (Fig. 4B). A thin slice (8§ um) was used for histological analysis to find
uniform spots - red - normally growing melanoma tissue, violet - early spontaneous regression,
yellow - late spontaneous regression and green - fibrous tissue. The thicker slice (30 pm) was
photographed (Fig. 4C) and analysed by LA-ICP-MS (Fig. 4D). The slices were registered in
two steps. Firstly, the elemental maps were registered with slice photography and secondly; the
result of the first step was registered with the histological scan. The registration is based on
silhouette registration. The output of the process is a layered representation of the tissue
consisting of the histological layer with selected spots and metal layers. The layered
representation of all tissues was statistically evaluated. Our data confirm the hypothesis that the
content of zinc in the zone of growing melanoma tissue is significantly higher than in all

remaining zones.
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Fig. 4. A schematic description of the transformation process from cryosections to matched layers
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In addition to the distribution of bio-elements in tissues, we can also determine the
distribution of xenobiotics as Pt-based cytostatics!® or Pb-based nanoparticles's. LA-ICP-MS
imaging was successfully used in the study where the influence of selectively oxidised cellulose
(2,3-dicarboxycellulose — DCC) as a carrier of cisplatin cytostatics (cis-Pt) was compared to
bare cis-Pt treatment!3. It was found that utilisation of DCC- cis-Pt affects the distribution of Pt
in tumour tissue. When the mice were treated by cis-Pt, the Pt was localized in the whole tumour
(Fig. 5a) and the content of Pt in the majority of the tumour was between 2.5 and 7.5 mg/kg. In
contrast, the utilisation of DCC-cis-Pt led to the accumulation of Pt in the centre of the tumour

(Fig. 5b) with the content of Pt about 20 mg/kg.

Fig. 5: Distribution of Pt in tumour tissue after treatment by cis-Pt (a) and DCC-cis-Pt (b). The red

dashed line represents the boundary of the tumour tissue'

In the last research, LA-ICP-MS was used for determination of the distribution of Pb
and Pb nanoparticles in mice tissues exposed to treatment by PbO nanoparticles'®. A new
method for the imaging of the nanoparticles had to be developed in this study. Moreover, using
this method, we were able to distinguish between Pb in ionic or nanoparticle form. The main
focus of this study was to identify differences in the ability to clear the inhaled PbO NPs from
secondary target organs (clearance). Hence the lateral distribution was determined in lung, liver
and kidney tissues after PbO treatment and clearance. The clearance of ionic lead and PbO NPs
(Pb/PbO NPs) from the lungs and liver was very effective, with the lead being almost eliminated
from the lungs and the physiological state of the lung tissue conspicuously restored. Kidneys
exposed to nanoparticles did not exhibit serious signs of damage; however, LA-ICP-MS
uncovered a certain amount of lead located preferentially in the kidney cortex even after

a clearance period (Fig. 6).
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As follows from the above-mentioned results, the information regarding elemental
distribution is very useful, especially in the case of monitoring xenobiotics (e.g. Pt and Pb). While
the origins and species of these xenobiotics can be well recognisable, in the case of natively
present elements, the situation is much more complicated. These elements are present in the
organism usually in the form of metalloproteins. For example, there are more than 3000 Zn-
binding metalloproteins, each of which is related to a different process in the organism.
Furthermore, Zn is often bound to other biomolecules including nucleic acids. Hence, our other
work was focused on the development of a bio-recognition tool, allowing the determination of

the specific biomolecules by ICP-MS (i.e. molecular imaging).

lead

PbO/11w PbO/cl

Fig. 6: Lead distribution in lung, liver, and kidney at designated time points after PbONPs inhalation.
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3.3.°2 MOLECULAR IMAGING

The real breakthrough of LA-ICP-MS in life sciences is the combination of molecularly-
specific tools that allow the determination of biomolecules (e. g. proteins, nucleic acids, etc.).
Such tools applicable to biomolecular recognition include mainly antibodies (Ab), aptamers,
and/or molecularly imprinted polymers (MIPs). Utilisation of metal-containing labels for Ab

offered the possibility of the use of ICP-MS detection. The group of metal-containing tags

60,61 62,63

includes mostly metal-containing molecules®, chelates®®¢!, and nanoparticles

A method for the determination of proteins by labelling the antibody with gold
nanoparticles (AuNPs) (10 and 60 nm) with detection by LA-ICP-MS!'? was developed.
Additionally, the AuNPs labelling strategy (Fig. 7) was compared with commercially available
labelling reagents based on MeCAT (metal coded affinity tagging). Proof of principle
experiments based on dot blot experiments were performed using anti-IgG and IgG as the model
analyte. The two labelling probes (MeCAT and AuNPs) were compared by sensitivity and limit
of detection (LOD). The absolute LODs achieved were in the range of tens of picograms for

AuNP labelling compared to a few hundred picograms by the MeCAT labelling!2.
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Fig. 7: The workflow of a dot-blot immunoassay with the labelled Ab by Au-NPs and MeCAT.!

The second approach for the determination of specific biomolecules is the use of MIP

as the biorecognition tool. MIP was used as the selector for the determination of metallothionein
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(MT) with mass spectrometric detection (matrix-assisted laser desorption/ionization mass
spectrometric detection - MALDI-MS and LA-ICP-MS)™. This method, for the first time,
integrated MIPs as a purification/pre-treatment step with MALDI-MS and LA-ICP-MS for
analysis of MTs (Fig. 8). The prepared MT-imprinted polydopamine layer showed high binding
capacity and specific recognition properties toward the template/analyte. This experimental
setup allowed detection pM concentrations of MT. Such concentrations are present in the blood
of cancer patients and therefore, this approach can be used for clinical studies recognising MT
as a marker of various diseases including tumours. Moreover, two protein isoforms (MT1 and
MT3) were successfully separated. The presented approach not only provides fast and selective
sample analysis but also avoids the limitations of methods based on antibodies (e.g. high price,

cross-reactivity, limited availability in some cases, etc.).
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Fig. 8: Workflow of MIP formation, sampling and detection of MT.'

In this work, a MIP-based pseudo-immunoassay using NP-labelled antibody
recognition was introduced and coupled with the sensitive detection technique — LA-ICP-MS'.
Two approaches of specific recognition were tested. The first was based on the
immunolabelling of the analyte captured by the MIP layer. The second approach involved
immunolabelling of the analyte as a first step and the resulting QD-AB-AG complex was
captured by MIP and further analyzed. The double-selective approach comprising of the
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specific immunolabelling reaction combined with isolation by MIP together with the LA-ICP-
MS detection represents a viable approach of the IgG detection from a complex sample (LOD
4.2 png and 1.6 pg, respectively) available for many exciting applications. Considering the
overall time of the LA-ICP-MS analysis not exceeding 23 s (scan speed of 2000 um/s),
LA-ICP-MS is a promising technology to be used in future in conjunction with MIP technology.

Biorecognition elements (antibodies, aptamers, and MIPs) represent a unique possibility
to combine excellent sensitivity and multi-analyte detection of ICP-MS and the ability to
determine specific biomolecules. Fluorescence detection, a well-established method for
determination of biomolecules based on fluorescence probes offer excellent sensitivity,
however, multiplexing capability is limited due to the spectral overlap of the probes. Because
of minimal isobaric interference (equivalent to spectral overlap) in ICP-MS the multi-analyte
detection is limited only by the number of available labels (REEs, Au, Ag, etc.). Moreover, as
follows from our results, utilisation of NPs as the labels improve the sensitivity significantly.
As any target (ions, molecules, bacteria, nanoparticles) can be imprinted into an appropriate
polymer, the MIP technology can be successfully used for the determination of not only proteins

but also others analytes (e.g. metabolites, whole cells, etc.).
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4 CONCLUSION AND OUTLOOK

As shown above, LA-ICP-MS offers a great possibility to track elemental changes in
any type of material from corroded metals through geological samples to biomaterials. The
imaging of each of the studied materials has specific problems that have to be solved. The main
problem common to all is the different ablation rate. As we have successfully suppressed this
(using different normalisations or total mass removal), LA-ICP-MS elemental imaging is now
a routine matter in our laboratory.

In order not to rest on our laurels, our research is focused on the determination of
specific biomolecules by LA-ICP-MS. For this purpose, we use antibodies labelled by Au-NPs,
which improve the sensitivity significantly and MIPs. Our works with MIPs are the first
publications utilising the combination of MIPs with LA-ICP-MS detection.
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The future of LA-ICP-MS imaging goes in two directions. The first is to improve the
lateral resolution and shorten the analysis time so that we get the multi-element maps of several
megapixels in the order of dozens minutes at the most. In this case, the solution is not only the

construction of ablation cells with a low dispersion but also the data and image processing. The
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second direction is to use biorecognition tools not only for the determination of proteins but of
any type of molecule. As many labels (Au, Ag, REE, etc.) can be used for labelling, LA-ICP-
MS offers the possibility of multi-molecule imaging. The combination of both directions will
lead to multi-target imaging with sub-micron resolution within several minutes, which will be
the last step to LA-ICP-MS becoming a molecular microscope. The ability to determine several
analytes and their lateral distribution during one analysis opens the door into clinical, diagnostic
and medicinal applications.

I believe that our contribution to elemental and molecular imaging will lead to this

future.
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Abstract

In this study we report on the results of experiments devoted o the depth profile analysis of zinc-coated steel samples using the laser-induced
breakdown spectroscopy (LIBS) technigue. The dependence of zine and iron emissions in three ablation atmospheres (air, argon, helium) was
measured using the fundamental wavelength (1064 nm) of the Nd:YAG laser, The highest possible depth resolution was achieved by optimizing the
experimental parameters, such as the delay time (which affects the tailing of the zinc emission signal). focusing conditions, energy delivered to the

sample, and choice of buffer gases. Current research indicates that there is a constant need Lo optimize these parameters so that reliable depth-

profiling analysis can be performed.
1 2006 Elsevier BV, All rights reserved.

PACS : 42.60.Fi; 42.62.Cf

Keywonds: Laser-induced breakdown spectmometry (LIBS); Laser ablation; Coating: Depth profiling; Depth resolution

1. Introduction

Nowadays several different techniques are employed for
depth profiling of multilayered metal materials. Secondary ions
mass spectrometry (SIMS) [1], X-ray photoelectron spectro-
scopy (XPS) [2]. Auger electron spectroscopy (AES) [1.2].
electron probe microanalysis (EPXMA) and total reflection X-
ray fluorescence spectroscopy (TXRF) [3] are widely used
(separately or combined with chemical etching or ion sputtering)
for depth profiling on a nanometric and sub-micrometric scale.
Glow discharge optical emission spectroscopy (GD-OES) [4.5]
is very often applied to quantitative depth profiles of coated metal
samples in the range from tens of nanometers to tens and
hundreds of micrometers.

Pulsed laser ablation (LA) techniques are also powerful tools
for depth profiling layered materials. In LA inductively coupled

* Corresponding author. Tel.: +420 549 496 231; fax: +420 541 211 214.
E-mail address: codl@selmuni.cz (K. Novotny).

01694332/ — see front matter @ 2006 Elsevier B.V. All rights reserved,
dotz LD 6/fapsuse, 2006.08 047

plasma atomic emission spectrometry (LA-ICP-AES) the
ablated material is transported by carrier gas to an ICP and
detected through atomic (optical) emission spectrometry. LA~
ICP-AES has been used by Kanicky et al. [6,7] to perform the
depth profiling of a glass coated with a single layer of Sn. steel
coated with partially stabilized zirconia, a graded metal-
ceramic zone and NiCrAlY alloy layers. In LA inductively
coupled plasma mass spectrometry (LA-ICP-MS) the ablated
matter is carried in a gas stream to an ICP and detected by mass
spectrometry. Coedo et al. [8] used a commercial highly
focused (Gaussian) nanosecond UV (266 nm) Nd:YAG laser
ablation system coupled to an inductively coupled plasma
quadrupole mass spectrometer as a tool for the depth profile
analysis of a copper coating on steel. Depth resolution, obtained
from normalized in-depth profiles, increased linearly with the
coating thickness. For the eight studied samples the ablation
rate was approximately 1 wm/pulse. The feasibility of depth
profiling of ZrTiN coatings was studied by Kanicky et al. [9]
using a 193-nm ArF excimer laser ablation system with a
lens array-based beam homogenizer in combination with an
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ICP-MS. The same system using LA-ICP-AES combined with
a Nd:YAG laser (1064 nm) has been used to perform the depth
profiling of zinc-coated iron sheets in the work of Hrdlicka et al.
[10]. The comparison of IR-LA and UV-LA profiles indicates
that the material-dependent ablation characteristic of the metals
is significantly different and the reliable metal ablation for
depth profiling needs to change from a nanosecond 0 a
femtosecond laser ablation system.

Laser-induced breakdown spectrometry (LIBS) is based on
the detection of photons emitted by the atomized sample
constituents in the laser-induced plasma created during laser
ablation. In recent years LIBS has been applied successfully to
the depth profiling analysis of metal samples with different
coatings. Nanometric range depth-resolved analysis of coated
steels was reported by Vadillo et al. [11]. The use of a fat
energy profile XeCl excimer laser beam in LIBS has been
demonstrated as an excellent way to generate craters with an
improved depth resolution of up to §nm/pulse [12]. The
capability of laser-induced breakdown spectrometry to resolve
complex depth profiles has also been demonstrated by Vadillo
and Laserna [ 13]. Electrolytically deposited brass samples were
analyzed by monitoring the emissions corresponding to Cr. Ni,
Cu and Zn emission lines. In the next work [14]. a detailed
description of the effeet of laser irradiance on the averaged
ablation rate and depth resolution of Ni-Cu-coated brass
samples was presented. Analysis of layered materials using
laser-induced plasma spectrometry was also compared with
laser-ionization time-of-Aight mass spectrometry [15]. St-Onge
and Sabsabi [16] used a Nd:YAG laser 1064 nm for quantitative
depth profiles of three elements (Al Fe and Zn) on two
galvannealed samples, For the calibration of the iron and zinc
line intensities. the iron-to-zine intensity ratio was used and it
was assumed that the sum of the iron and zinc concentrations
was equal to unity everywhere. The position of the coating
substrate interface was estimated by a method based on finding
the most negative value of the second derivative on the line
intensity profile for the major ¢lement in the coating. A steel
sample coated with titanium nitride has been depth profiled by
laser-induced plasma spectroscopy in an ultraviolet vacuum by
Radivojevic et al. [17].

The surrounding atmosphere has a significant influence on
the laser-induced plasma characteristic. Time-resolved mea-
surements of temperatures and electron densities of laser-
produced plasmas generated in air, argon and helium at
atmospheric pressure have been presented by Aguilera and
Aragon [18]. The plasmas were obtained by focusing a
Nd:YAG laser on a low-alloyed steel sample. Higher
temperatures and electron densities were obtained in argon:
a faster decrease of measured temperatures and densities takes
place in helium. Spatial characterization of laser-induced
plasmas obtained in air and argon with different laser focusing
distances has also been reported [19].

The delay time, ie. the time between laser pulse and
detection of emission also plays a key role in the evaluation of
the signal from the LIBS. The time selection significantly
influences the signal/noise ratio. A short time after the laser
pulse the signal is dominated by background radiation.

A

However, the background emission decreases faster than the
line emission of the sample constituents. A short delay time
also plays a significant role in the self-absorption effect. In
principle. the timing parameters (delay and integration times)
are highly dependent on the element and the matrix. and must
be optimized for each sample [20].

2. Experimental

In order to study the depth profile, zinc-coated iron sheets
were ablated using a Nd: YAG laser system (Quantel, Brilliant).
The laser operated at the fundamental wavelength (1064 nm)
with a pulse width of 4.4 ns, beam diameter Smm and
repetition rate 10 Hz. The energy of the laser pulse was
moenitored by an energy meter (Nova-Ophir, Optronics).

The laser-induced sparks were produced by focusing the
laser beam with a 170 mm focal-length glass lens. Different
power densities on the sample surface were achieved by
defocusing the laser light.

Utilizing a gas-filled laboratory-made aluminum ablation
chamber with a quartz window, the depth-profiling in different
ablation atmospheres (air, argon and helium) was studied (at
atmospheric pressure). The 18 em® chamber was mounted so
that the focused laser beam was inclined at 727 (o the sample
and the observation angle of the objective was at 90" to the
sample surface.

The laser-induced plasma (LIP) radiation was collected with
a gquartz objective and transported by a 3-m fiber optic system
onto the entrance slit of a (.32 m monochromator (Jobin Yvon
TRIAX 320). The monochromator was equipped with three
interchangeable  holographic gratings of 1200, 2400 and
3600 g/mm. In this study the grating of 2400 g/mm and
entrance/exit slits of 50 pm were used. A photomultiplier
(Hamamatsu C1392) gated by a laboratory-built control unit
was employed as a detector. For the gate-time delay monitoring
and time-resolved signal recording, a digital storage oscillo-
scope Tektronix TDS 1012 was used. The wavelength scale of
the spectrometer was calibrated using an ICP source with a
nebulizing solution containing 100 mg 1 ! zine or iron. A
schematic drawing of the experimental setup is shown in Fig. 1.

The time-resolved emission signal (with a resolution of
10 ns) at the given wavelength was recorded for the each laser
shot and the final temporal evolution of the LIP emission was
obtained by averaging 16, 64 and 128 laser shots.

The depth profile was evaluated by measuring the intensity
of the zinc atomic line at 280.08 nm (hackground intensity was
measured at 279.30 nm) and the iron atomic line at 344,06 nm
(background intensity was measured at 343.30 nm). The zinc,
iron and background signals were obtained by firing the laser at
laterally displaced sites on the sample for consecutive
measurements.

For visual inspection and documentation of the created
ablation craters a digital camera (Nikon Coolpix 5000)
cannected to a binocular microscope (PZ0 Warsaw. Poland)
was used. The optical profilometer (Fries Research &
Technology GmbH. MicroProf FRT) with a CHR 150 N
sensor was ulilized for crater depth measurements.
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surrounding gases and the delay time between the incident laser
pulse and the detected photomultiplier signal. Changing these
parameters affected the tailing of the zinc emission signal and
the crater shape.

3.1 Influence of laser beam focusing and power density

Al a constant laser power (100 mJ/pulse). the power density
was varied by moving the focusing lens in relation to the sample
surface. The (inner) diameter of the ablation crater was varied
in the range 0.8-0.2 mm for different defocusing conditions.

0 . . n
0 500 1000 1500
(a) Number of pulses

0 500 1000 1500
(b) Number of pulses

0 500 1000 1500
(c) Number of pulses

Fig. 5 Influence of the surmounding atmosphere on the depth profile of

electroplated Zn coating—Sollac sample. Ablation was perdormed with an
energy of 100 m) o different atmospheres: (@) air focusing at —20 mm, (b)
argon focusing at —15 mm, and (¢) in helium focusing ar —20) mm.

The dependence of the LIP signal on the focusing conditions
was studied by measuring the intensity of the Zn(I) atomic line
at 280,08 nm. The effect of the laser beam focusing was
measured in the range from —40 to +15 mm (minus means
focusing below sample surface, plus means focusing above
sample surface) in each ablation atmosphere (air, argon and
helium). The influence of the ablation atmosphere on optimal
laser beam focusing is shown in Fig. 2. In the case of air a
significant maximum intensity was observed when focusing at
—20 mm. In argon the maximal LIP signal was obtained when
focusing between —25 and — 10 mm. In the helium atmosphere
no significant maximum was observed.

Ata constant focusing distance the power density was varied
by changing the laser energy. As expected. the emission signal
increased with the higher laser energy (Fig. 3). This fact can be
attributed to the increase in the amount of ablated material.
However, for power densities higher than ~5 GW cm ™ (at
ablation crater diameter 750 pwm). the Zn(l) emission intensity
reached a saturation level. We should note that this value is in
the same order of magnitude (1 GW cm %) as that reported in
the work Cabalin and Laserna [23] for similar experimental
conditions. The difference between the two results is attributed
to the different sell-absorption effects of the Zn(l) line at
334,50 nm monitored in the work [23] and the Zn(l) line at
280.08 nm detected in this study.

3.2, Influence of surrounding gasses

The temporal evolution of the zinc signals acquired at
optimal focusing distances in each atmosphere is shown in
Fig. 4. By comparing these signals it is evident that the
microplasma exhibits the shortest lifetime in a helium
atmosphere, while in argon the radiation emitted by the
microplasma is the longest.

As shown in Fig. Sa—c, the surrounding gases have a critical
effect on the temporal behavior of the Zn signal generated
during the drilling. At a constant laser pulse energy (100 ml)
and gas pressure (~100 kPa), the strongest signal-tailing was
observed in an air atmosphere (see Fig. 5a). For argon (Fig. 5b)
and helium (Fig. 5c) the signal-tailing was lower. As shown in
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Fg. 6. Dependence of crater depth on the number of laser pulses, Electroplated
Zn conting—Sollae sample o oair and hebium atmospheres, Ablation was
performed with an energy of 100 mi/pulse focusing at —20 mm.
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surrounding gases and the delay time between the incident laser
pulse and the detected photomultiplier signal. Changing these
parameters affected the tailing of the zinc emission signal and
the crater shape.

3.1, Influence of laser beam focusing and power density

At aconstant laser power (100 mJ/pulse). the power density
was varied by moving the focusing lens in relation to the sample
surface. The (inner) diameter of the ablation crater was varied
in the range 0.8-0.2 mm for ditferent defocusing conditions.

0 500 1000
(a) Number of pulses

o Ly : . .
1] 500 1000 1500
{b) Number of pulses

] 500 1000
(c) Number of pulses

Fig. 5. Influence of the surrounding atmosphere on the depth profile of
clectroplated Zn coating—Sollac sample. Ablation was performed with an
energy of 100 ml in different avmospheres: (a) in abr focusing at —20 mm, (b) in
argon focusing at —135 mm, and (¢) in helivm focusing at —20 mm,

The dependence of the LIP signal on the focusing conditions
was studied by measuring the intensity of the Zn(I) atomic line
at 280.08 nm. The effect of the laser beam focusing was
measured in the range from —40 o +15 mm (minus means
focusing below sample surface, plus means focusing above
sample surface) in each ablation atmosphere (air, argon and
helium). The influence of the ablation atmosphere on optimal
laser beam focusing is shown in Fig. 2. In the case of air a
significant maximum intensity was observed when focusing at
—20 mm. In argon the maximal LIP signal was obtained when
focusing between —25 and — 10 mm. In the helium atmosphere
no significant maximum was observed.

Ata constant focusing distance the power density was varied
by changing the laser energy. As expected. the emission signal
increased with the higher laser energy (Fig. 3). This fact can be
attributed to the increase in the amount of ablated material.
However. for power densities higher than ~5 GWem ™ (at
ablation crater diameter 750 pm), the Zn(l) emission intensity
reached a saturation level. We should note that this value is in
the same order of magnitude (1 GW em™?) as that reported in
the work Cabalin and Laserna [23] for similar experimental
conditions, The difference between the two resulls is attributed
to the different self-absorption effects of the Zn(l) line at
334,50 nm monitored in the work [23] and the Zn(l) line at
280.08 nm detected in this study.

3.2, Influence of surrounding gasses

The temporal evolution of the zinc signals acquired at
optimal focusing distances in each atmosphere is shown in
Fig. 4. By comparing these signals it is evident that the
microplasma exhibits the shortest lifetime in a helium
atmosphere, while in argon the radiation emitted by the
microplasma is the longest.

As shown in Fig. Sa-c, the surrounding gases have a critical
effect on the temporal behavior of the Zn signal generated
during the drilling. At a constant laser pulse energy (100 mJ)
and gas pressure (~ 100 kPa), the strongest signal-tailing was
observed in an air atmosphere (see Fig. 5a). For argon (Fig. 5b)
and helium (Fig. 5c) the signal-tailing was lower, As shown in
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Fig. 6. Dependence of erater depth on the number of loser pulses. Eleciroplated
Zn coating—Sollac sample in air and helinum atmospheres. Ablation was
perfonmed with an energy of 10 ml/pulse focusing at —20 mm.
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Fig. Sc, only in the helium atmosphere did the intensity of the
Zn signal decreases to zero for laser pulses > 1500.

The relationship between the crater depth (measured by the
optical profilometer) and the laser pulse numbers for airand He
is shownin Fig. 6. It is evident that in air a lower ablation rate is

K. Novotny et al, /Applied Surface Science 253 (2007) 3834-3842

achieved and the ablation rate does not change significantly at

the Zn/Fe interface. In contrast, in the case of He a higher

ablation rate was observed and the ablation rate changed at the
interface. Similar behavior was also observed in Ar. These
results correspond to the measurements of the temporal

Fig. 7. Photographs of cmters on the electroplated Zn coating—Sollac sample surface obtained after 100, 200, 300, 500, 1500 and 2500 pulses with an energy of
10 m) in different atmospheres: (a) inair focusing at —20 mm, (b) in argon focusing at — 15 mmn, (¢ ) in helinm focusing at =20 mm, and (d) 3D profiles after 200

laser pulses in air, argon and helum aimospheres,
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Fig. 8. Influence of the delay time on the depth profile of electoplated Zn
coating—Sollac sample in different amospheres: (a) in air focusing at
—20 mm, (b) in argon focusing at —15 mm, and (¢) in helium focusing at
=20 mm. Companson of LIB signals of Zni1) 280.08 nm and Fe(1) 344.06 nm
at 5 and 10 ps delay nmes. Ablation was performed with an enengy of 100 ml/
pulse.

Table 1
Comparison of the ablanon rmtes in wr, argon and helium atmospheres
determined from LIBS depth profiles and depth measured by optical profil-

ometer

Atmosphere Ablation rate (nm/pulse)

From LIBS depth profile

By optical profilometer

Alr 49 40
Ar M 73
He 59 53

Laser energy WK mlépulse und sample slectoplated Sollac,

Table 2
Comparison of the depth resolunons of Zn-coared sheets measured ina helium
atmosphere at two different delay tmes

Zocouted sheets Depth resolution (pulses)

5 ps 10 ps
Hot dipped 493 150
Aluzink 234 139
Galfan 260 106
Electroplated Sollac 423 138
Galvaneal 224 172

Laser beam focusing at —20 mm with laser energy 100 mlpulse. Depth
resolution of laser ablation depth-profiling echnigue is evaluated as o depth
tnterval between 16% of the maximum signal of Fe and 16% of the maximum
Zn signal,

evolution of the Zn signal (Fig. 5). A helium atmosphere seems
to be the most appropriate for depth profiling using 100 mJ laser
pulse energy due to the lowest tailing of the zinc emission
signal.

Photographs in Fig. 7a—c show craters produced at a laser
energy of 100 mJ and an optimized laser beam focusing on the
Electroplated Zn coating—Sollac sample in air, Ar and He
ambient atmospheres, respectively. for a various number of
pulses. In the air (and Ar) during the drilling process melted
material accumulates at the bottom of the ablation crater. The
composition of this material was analyzed by SEM-EDX and it
was shown in [10] that it is Zn. After a higher number of laser
pulses the deposition of zine in these gases is still observable.
As an example, the Zn in air is still present after 2500 laser
pulses (Fig. 7a) and 500 laser pulses in Ar (Fig. 7h). Craters
obtained in a helium atmosphere do not exhibit a strong
accumulation of melted zinc on the crater bed (Fig. 7c).

Fig. 7d shows the results of the optical profilometer
measurements. The 3D profiles of the ablation craters after 200
shots for the three different gases were measured. The presence
of Zn is evident in the ambient gases of Ar and air.

The different Zn signal-tailing in these three gases (Fig. 5)
corresponds to the amount of Zn accumulated at the bottom of
the ablation crater. Comparing Figs. 5a and 7a for air, it is
evident that the longest signal-tailing corresponds to the highest

—4— Galfan {6 pm)

« O Galvanneal (9 pm)
—s—Electroplated Zn (10 pm)
w4 + Hot Dipped (20 pm)

\
X —&— Aluzink (24 pm)

- I, T
0.0 a0 "."‘U‘.H-—Q'o .0_‘-n an-3"9
0 500 1000 1500
Number of pulses

Fig. 9. Depth profiles of five Zn coating samples in helium atmosphere.
Comparison of L1B signals of Zn(l) 280,08 nm at 10 ws delay time. Ablation
wits performed with an energy of 100 ml/pulse focusing at —20 mm.
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Fig. 8. Influgnce of the delay time on the depth profile of elecuoplated Zn
eoating—Sollac sample in different atmospheres: (a) in air focusing at
=20 mrn, (b) in argon focusing at —15 mm. and (¢) in helium focusing at
—20 mm, Compansen of LIB signals of Zo(D 280,08 nm and Fe(l) 344.06 nm
ats and 10 ps delay times. Ablation was performed with an energy of 100 ml/
pulse.

Table |
Comparison of the ablaton mtes o oair, argon and  helium atmospheres
determined from LIBS depth profiles and depth measured by optical profil-
omeler

Atmosphere Ablation rate (nm/pulse)
From LIBS depth profile By optical profilometer
Air 49 40
Ar 88 73
He 59 53

Laser energy 100 ml/pulse and sample electoplated Sollac.

Table 2
Comparison of the depth resolutions of Zn-couted sheets mensured in o helium
atmosphere at two different delay nmes

Zu-coated sheets Depth mesolution {pulses)

5 ps 1 s
Hot dipped 493 150
Aluzink 234 139
Galfan 260 106
Electraplated Sollac 423 138
Galvaneal 224 172

Laser beam focusing at —20 mm with laser energy 100 ml/pulse. Depth
resolution of laser ablation depth-profiling rechnique is evaluaed as a depth
miterval between 16% of the maximum signal of Fe and 16% of the maximum
“£n signal,

evolution of the Zn signal (Fig. 5). A helium atmosphere seems
to be the most appropriate for depth profiling using 100 mJ laser
pulse energy due to the lowest tailing of the zinc emission
signal.

Photographs in Fig. 7a-¢ show craters produced at a laser
energy of 100 mJ and an optimized laser beam focusing on the
Electroplated Zn coating—Sollac sample in air, Ar and He

ambient atmospheres. respectively, for a various number of

pulses. In the air (and Ar) during the drilling process melted
material accumulates at the bottom of the ablation crater. The
composition of this material was analyzed by SEM-EDX and it
was shown in [10] that it is Zn. After a higher number of laser
pulses the deposition of zinc in these gases is still observable.
As an example, the Zn in air is still present after 2500 laser
pulses (Fig. 7a) and 500 laser pulses in Ar (Fig. 7b). Craters
obtained in a helium atmosphere do not exhibit a strong
accumulation of melted zine on the crater bed (Fig. 7c¢).

Fig. 7d shows the results ol the optical profilometer
measurements. The 3D profiles of the ablation craters after 200
shots for the three different gases were measured. The presence
of Zn is evident in the ambient gases of Ar and air.

The different Zn signal-tailing in these three gases (Fig. 5)

corresponds 1o the amount of Zn accumulated at the bottom of

the ablation crater. Comparing Figs. 5a and 7a for air, it is
evident that the longest signal-tailing corresponds to the highest

—— Galfan (6 pm)
+ O Galvanneal (9 pm)

—s—Electroplated Zn (10 uym)

Fd =% ' Hot Dipped (20 pm)
= 05
- =&— Aluzink (24 pm)
:l PR U
0,0 _“1“"5’-”—9'0 .0"'11 o 0-49
1] 500 1000 1500
Number of pulses

Fig. 9. Depth profiles of five Zn coating samples in helium atmosphere.
Comparison of LIB signals of Zn(l) 280,08 nm at 10 ps delay tme. Ablation
was performed with an energy of 100 mVpulse focusing at —20 mm.
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Table 3

Comparisen of the depth resolutions and ablation rates of Zn coatings in a He atmosphere

Sample Coating thickness (pm) Ablation rate (nm/pulse) Depth resolution (pm)
Hot dipped 20 81 12
Aluzink 24 152 i |
Galfan f 97 1
Electropluted Sollac 10 (] (Y]
Galvaneal 9 137 24

Lager ablation energy 100 ml/pulse, delay time 1) ps, luser beam focusing at —20 mm, Depth resolution of laser ablation depth-profiling technigue is evaluated as a
depth interval between 16% of the maximum signal of Fe and 16% of the maximum Zn signal.

amount of Zn in the crater. In the case of He the signal-tailing
(and the amount of Zn) is smallest (Figs. 5¢-7¢). We should
also note that we did not observe any significant change in the
Fe signal for the three different gases.

Comparisons of the ablation rates in Zn coatings estimated
from the LIP signal (calculated from intersection of Zn and Fe
signals) and from measurements by the optical profilometer are
presented in Table 1.

3.3, Influence of the delay time between the incident laser
pulse and the detected signal

The delay time appears to be another critical factor in-
depth profiling by means of LIBS. Its influence was studied
for all three ambient gases. Comparing two different delay
times (5 and 10 ps) it was observed that the signal-tailing is
lower for a longer delay time (see Fig. Ba—c) for all gases.
Choosing the right delay-time was most important for He
where the signal-tailing decreased considerably (Fig. 8c).
This effect could probably be explained by considerably
different microplasma properties at various delay times. The
amount of Zn in the microplasma (determined by the
ablation) does not change significantly during the LIP
lifetime. However, the plasma parameters (electron tempera-
ture and density) and so the excitation of the Zn(l) line and
also its self-absorption changes considerably. As a result, a
roll-off on the signal versus content dependence occurs.
Consequently, for a given delay time, the Zn(l) emission
signal obtained [rom the pure coating may have the same
intensity as the signal generated on the Zn-Fe interface or
even at the crater bottom (in Fe substrate splashed with
residual Zn). In other words, an incorrectly higher Zn content
is attributed to the magnitude of Zn signal-tailing which
results in a deformation of the normalized intensity versus
depth profile. As an example one can refer to the different
duration of the signal-tailing in the He atmosphere (Fig. 8c¢),
caused by a stronger self-absorption at the shorter delay time
(5 ps).

In order to compare the different zinc-coated steel samples,
we expressed the depth resolution as the depth interval
correspoending to points at which the Zn signal falls to 16% of
its maximum value in the coating and the Fe signal reaches 16%
of its maximum value in the substrate (Fig. 8c). The comparison
of the depth resolution values for all studied samples measured
in the helium atmosphere at the two delay times is presented in
Table 2.

Comparison of the LIP signals of Zn(I) line at 280.08 nm at
10 ps delay time in a helium atmosphere for the five different
samples is shown in Fig. 9. It was found that the Zn line intensity
profile corresponds to the Zn coating thickness for Galfan,
electroplated zinc and hot dipped Zn samples. In the case of the
Aluzink sample, which contains about 50% aluminum, the
presence of Al in the coating significantly influenced the ablation
rate. A twice as high ablation rate in Aluzink (in comparison to
other coatings) has already been reported by Hrdlicka et al. [10].
A similar effect is also observable for Galvaneal which contains
aluminium, iron, manganese and phosphorus. The depth
resolution values together with ablation rates in He for various
Zn coatings are presented in Table 3.

4. Conclusions

The feasibility of depth profiling of zinc-coated iron sheets
by LIBS was studied using a 1064 nm Nd:YAG laser system.
The LIP plasma ecmission was measured by applying a
monochromator coupled o a “low-cost” detection system
consisting of a single photomultiplier detector connected to an
oscilloscope. The study of several experimental parameters
(energy delivered to the sample, focusing conditions, the delay
time and choice of different surrounding gases) influencing zinc
and iron emission signals was performed. It follows from the
experiments conducted that the choice of surrounding gas
affects optimal focusing distance. Microplasma produced in a
helium atmosphere exhibits the shortest lifetime while in an
argon atmosphere the microplasma emits the longest radiation.
The swrrounding atmosphere has a critical effect on the
temparal behavior of the Zn signal generated in the course of
drilling. In the case of an air atmosphere the strongest signal-
tailing was observed whereas a helium atmosphere seemed Lo
be most appropriate for depth profiling due to the shortest
tailing of the zinc emission signal. It was also found that the
surrounding gases crucially influence ablation rates. The lowest
ablation rate was observed in an air atmosphere. Ablation rates
in Zn coatings estimated from the LIP signal (calculated from
the intersection of the Zn and Fe signals) are in agreement with
measurements made by means of an optical profilometer.

The delay time appears to be another critical factor in-depth
profiling by means of LIBS. Zn signal-tailing is much lower at
the delay time of 10 s than at 5 ps. This could be due to a
variation in the degree of self-absorption as the plasma expands
and cools. A similar behavior was found for all the samples
studied.
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The EPMA, LA-ICP-MS and ICP-OLS study of corrosion of structural
materials for a nuclear reactor cooling circuit by molten fluoride salt

treatment
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Electron probe microanalysis (EPMA), inductively coupled plasma atomic emission spectrometry
(ICP-OES). and laser ablation inductively coupled plasma mass spectrometry ( LA-ICP-MS) were
applied to study the interaction of molten LiF-NaF salt mixtures with candidate structural materials
(alloys) lor a nuclear reactor-transmutor cooling circuit. The corrosion of test ampoules and inserted
test specimens made of structural materials was brought about by the action of molten LiF-NaF
coolant at 680 “C and its extent and character were examined in dependence on the time of exposure.
The matenal corrosion changes were studied by mapping the sections ol ampoule walls and inserted
specimen surfaces with EPMA, whereas LA-ICP-MS was employed for linear scanning the salt/
ampoule wall boundary. Corrosion-released structural material, dissolved in solidified molten salt. was

analyzed by ICP-OES alter the sall dissolution, The melt activity was proved Lo induce a surficial
modification ol a structural material up to the depth of 15-50 um, which was associated with the
coolant contamination. The X-ray maps by EPMA with its I-pm lateral resolution revealed
compositional changes in alloys, such as regular depletion of Cr to the depth of 10-25 pm, While the
lateral resolution of LA-ICP-MS with the applied laser spot diameter ol 25 pm was not exactly
adequate o dimensions of the corroded regions and, consequently, yielded less information in
comparison with EPMA, this technigue was quite sulTicient for the monitoring ol the presence ol alloy
constituents in an adhered salt layer. It was concluded that: i) the EPMA study, involving semi-
guantitative elemental mappmg/content profiling and detailed spot quantitative analyses makes it
possible Lo obtain quantitative assessment ol the corrosion process; ) LA-ICP-MS profiles can be
converted [tom signal domain to elemental contents on a semi-quantitative level when applying signal

normilization 1o the total sum ol signals.

1. Introduction

Nowadays, in some countries the spent nuclear fuel from
commercial power reactors is accumulated at first in temporary
repositories and later, considered as nuclear waste, deposited in
a permanent underground repository. In other countries,
reprocessing of the spent fuel is carried out to separate uranium
and plutonium and produces mixed oxide Tuel for power reac-
tors. In the Generation IV ol power reactors. molten sall reactors
(MSR) and partitioning and transmutation methods are
considered, amongst others, with the aim of utilizing lissible
actinides from the nuclear spent fuel and minimizing volume and
radiotoxicity of wastes lor underground repositories, In the

sLaboratory of Atomic Spectrochemistry, Faculty of Science, Masaryk
University, Kotlarska 2, 611 37 Brno, Czech Republic. E-mail: vikiorki@
chemi.mumi ez
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10, 8093 Zurich, Switzerland

+ This article is dedicated to Professor Jean-Michel Mermet, in
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MSRs, molten fluoride salts (e.g LiF-BeF,, NaBF,-NaF)' are
considered. amongst others, as coolants.

Molten fluoride salts at 500 *C represent a considerably
invasive and corrosive media for the material of piping and other
circuit parts. 1t is known that [usion with alkali luorides is used
in chemical analysis [or the decomposition of resistant materials,
e.g. minerals and rocks.? Similarly, fluoride coolant attacks also
10 some extent corrosion-resistant malterials of the heat
exchanger circuit.* Consequently. besides mechanical and
thermal influence of molten Nuoride salts it 15 important 1o
investigate their chemical eflect on the constructional material.

Corrosion of the piping inner surface and composition of the
fluoride in contact with the piping needs to be studied in relation
both to the construction malterial type. and the coolant compo-
sition, as well as to the duration of the melt-exchanger contact,
melt temperature and some other conditions, For the study of
corrosion processes, methods ol local surface elemental analysis
were employed. involving glow discharge with optical emission
detection (GD-OES)* electron probe X-ray microanalysis
(EPMA)® atomic lorce microscopy® and scanning electron
microscopy (SEM).%7 Changes in coolant composition, including
the main constituents (e.g. F~, Li*', Na', K') as well as elements
released  from  the construction malerial by corrosion

This journal is @& The Royal Society of Chemistry 2009
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(particularly Cr. Mo, Ni and Fe) need to be monitored—at first
during optimization of a fluoride mixture composition and
selection of a construction material type. and later [or the routine
operation checking,

For the analysis of tesh and used Nuoride salts, atomic spec-
trometry methods might be appropriate. such as atomic
absorption spectrometry (AAS)® optical emission spectrometry
with inductively coupled plasma (1ICP-OES).* Unlike local
surface analysis, which is indispensable lor the characterization
ol material changes al the boundary between the coolant and the
piping, determination of contaminants in solidified fluoride
coolanl requires representative sampling of sulficient amount ol
salt due to expected inhomogeneous distribution of corrosion
products. Such a sample is dissolved in (acidified) aqueous
medium and analyzed by using flame AAS or ICP-OES/MS with
pneumatic nebulization ol the solution.?

The aim ol this work is to evaluate the applicability and
performance ol selected analytical techniques for characteriza-
ton ol the corrosive action ol Nuoride (LiF-NaF) melts at
temperatures above 500 °C on candidate structural materials
when selecting the most resistant metal or alloy, A coolant hased
on a binary mixture of fluorides has been selected and included in
oplimization experiments designed for realization of & secondary
circuit that would be used in a future transmutor. This study is
applicable generally 1o heat exchangers that use corrosive media
lor heat exchange/transfer.

Besides EPMA and SEM, ICP-MS coupled with laser ablation
(LA) as a means of local solid sampling was employed [or the
inspection of boundary alloy-solidified coolant. Unlike EPMA
and SEM. which are considered routine techniques lor surface
elemental analysis, LA-ICP-MS has only been used very rarely so
far for acquisition of elemental distribution across the boundary
of this kind and therefore, it presents a novelty. "

The advantage of LA-ICP-MS in comparison with EPMA
might consist in laster analysis and n its capability to detect
lithium in corroded structural material. As the diameter of the
focused laser beam is of the order of tens ol micrometers while
the electron beam of EPMA has typical diameter ol | microm-
eler, asingle line scan with LA-ICP-MS would bring information
on compositional changes of a sulliciently representative area of
the material section within a shorter time in comparison with
EPMA, which requires the use ol a raster scan [or the same area.
On the other hand, EPMA has excellent lateral resolution which
it uses Lo possibly detect small material defects. The technigue off
LA-ICP-MS 15 operaled at atmospheric pressure whereas EPMA
operates at vacuum conditions. Degasification ol porous mite-
rial and evacuation of the EPMA working space needs also some
time while LA-ICP-MS requires only a lew seconds For ablation
cell purging with the working gas.

The technigue of GD-OES makes it possible to perform depth
proliling perpendicularly to the corroded surlace. A depth profile
with a good depth resolution, which is averaged and smoothed
over the sputtered area, can be obtained up to tens or hundreds of
micrometers in depth. However, lateral resolution (discharge
diameter of the order of mm) 15 not sullicient in the case of
laterally inhomogencous surfaces. However. the resulling depth
profileis averaged from a large sputtered area and small material
defects are not detectable. In depth profiling of corrosion layers
the technique of GD-OES presents advantage over possible

LA-ICP-MS depth profiling when we are not interested in lateral
resolution, In contrast to LA-ICP-MS, GD-OES is capable of
detecting and determining oxyegen in the corroded layer, which
posesses crucial information for nuclear technology development.

Concerning the corroded sample section imaging, the best
results are obtained with SEM. which is ideally complementary
to GD-OES depth profiling,

Consequently. LA-ICP-MS might be complementary to
EPMA and comparable with GD-OES with the above
limitations.

As lar as the ICP-OES solution analysis of fluoride salts is
concerned. the chemical reactivity of fluoride ions complicates
the application ol the current instrumental equipment due to
corrosion ol glass and quartz parts of the 1CP spectrometer.
Usually. a spectrometer with standard sample introduction
equipment is not adapted for nebulization of sample solutions
with a high content of fluorides and therefore. it was necessary Lo
replace glass parts with components made of resistanl materials,
such as PFA or Teflon®?

2. Experimental

Inconel (A 686) and stainless steel 14571 were tested as candi-
date materials for the construction of a reactor secondary cooling
circuit. Nickel and iron are base constituents of Inconel A 686
and stainless steel 14571, respectively. The composition of
candidate materials 1s given in Table 1.

Corrosion by the action of the fluoride salt mixture with the
molar composition ol 60% LiIF and 40% Nal was studied in this
waork, OF the whole fluoride salt family intended for heat
exchange and transfer, this candidate cooling medium was
chosen for its relatively high melting temperature of 655 °C. The
corrosion tests were performed in ampoules'™ (height 185 mm,
mner diameter 21.3 mm, wall thickness 2 mm), made of candi-
date structural materials and filled with a mixture of LiF and
NaF. Ampoules were exposed to a constant temperature of 680
oC for 380 and 1000 hours, respectively. Aflter cooling down, the
ampoule with solidified melt was cut along its axis. The mell was
then ground in a ball mill. Powdered material was further pro-
cessed Tor ICP-OES solution analysis and lor titrimetric deter-
mination of fluorides.® The precipitation titrimetric method
based on reaction of fluoride and therium(1V) nitrate solution
was applied for quantification ol fluoride content. Glycine—
perchloric acid-sodium perchlorate buffer was applied for
adjusting the pH value to 34 while ascorbic acid served as
amaskingagenl for Fe(Ill), otherwise interfering with indication
ol equivalence. Methylthymol blue indicates equivalence and
changes from blue [complex indicator-Th(IV)] to yellow (free
indicator).'?

Table 1 Composition of candidate materials for construction of
i transmitor secondary cooling circuit obtained by EPMA on the
examined samples

Elemental content (v m/m)

Material 5i P MnCo W Fe 5§ Ti Mo Cr Ni Total

L4571 10 004520 — — 643 0.03 0.8 2
Inconel 0.050.001 0.250.04 383 0.32 0,001 0011 16

25178 42 99.93
20.26 59.1 99.96

650 | L Anal. AL Spectrom., 2009, 24, 649-654
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Annular pieces of ampoule cut with a diamond saw were
further sectioned to obtain cuts perpendicular Lo the ampoule
wall. These were embedded into epoxy resin (Araldite) disks and
lapped and polished with diamond pastes for EPMA and LA-
ICP-MS measurements.

Electron probe microanalysis was performed with an SX100
microprobe (CAMECA, France). The acceleration voltage was
set on 15 kV. The analysis spot size was 1 um. The standardi-
zation was checked for interferences and cross-checked with
a stainless steel standard SRM 460b (SPI). The acquired quan-
titative data were correcled using the modilied ZAF method
(PhiRoZet, CAMECA ),

Instrumentation for LA-ICP-MS consists of a laser ablation
system LSX 500 (Cetac, Omaha, USA) and an [CP-MS spec-
trometer Element2 (Thermo Electron. Bremen. Germany).
Optimized parameters of the ICP source and the sector ficld MS
are summarized in Table 2. A commercial Q-switched Nd:YAG
laser ablation device is designed lor operation at the 4™ harmonic
lrequency which corresponds to the wavelength ol 266 nm. The
ablation device is equipped with programmable XYZ-stages
which makes 1t possible Lo set the required XY-position on the
target surface and/or to move the sample along a programmed
trajectory during ablation. Optimization of the LA-ICP-MS
lacility (gas low rates. sampling depth. electrostatic lenses volt-
ages of the MS) was performed with the glass reference material
NIST SEM 612 in respect to maximum S/N ratio and minimum
oxide formation (ThOYTh" count ratio 0.2%, UYTh"' count ratio
L1%4)." A single line scan perpendicular to the alloy surface was
used for LA-ICP-MS measurements with a 25 pm laser spot
diameter,

For quantification purposes a normalization method which
uses a total sum of signals of isotopes was employed." The
blank-corrected isotope signal was abundance-corrected 1o
obtain the elemental signals, Particular elemental signals were
normalized to the sum of all element signals to obtain elemental
content, ICP-MS signals were measured for all elements shown
in Table | and lor Li and Na, which are present in molten
fluoride salts. The Ruorine signal was calculated as the sum ol the
Li and Na signals.

Analysis of solutions was accomplished by means of a Jobin-
Yvon 170 Ultrace ICP spectrometer (JY-Horiba, Longjumeau,
France), equipped with a poly- and monochromator. The stan-
dard glass sample introduction system (Meinhard concentric
nebulizer and cyclonic spray chamber) was replaced with sample
introduction system For fluoride solutions, which consisted ol the
PFA cross-llow nebulizer with solution capillary made of Ptand

Table 2 [CP-MS operating conditions used for laser ablation study of
elemental content profiles within the salt layer on the ampoule wall inner
surfice

ICP-MS Elemeni2 (Thermo Electron)

1350w
0.95 V/min Ar
0.6 Vmin-Ar

if power

sample gas flow
auxilary gas flow
cooling gas flow 15.0 Vmin Ar
carrier gas flow (.86 I/min He
m/Am 300
sampler/skimmer cones material Pt

a spray chamber made ol PFA. Matrix-matched calibration
solutions were used f'or determination of the content of corrosion
products in molten Nuoride salts.

3. Results and discussion
3.1, Analysis of corroded surfaces by EPMA

The Inconel 686 test samples exposed to melt for 1000 hours show
significant compositional changes at the boundary. Quantilative
results of electron microprobe analyses are presented in Table 3
and corresponding modifications of surface layer are shown in
Figs. | and 2. In the layer between 0 and 10-20 um below the
surface, nickel is enriched by one third of the original content in
the intact material (Fig. la). Similarly, molvbdenum exhibits
increased content in this layer, too. Iron and cobalt are distinetly
enriched in the owtermost laver between 0and 5 um. On the other
hand, chromium content drops in the same layer to less than one-
fourth of its value Tound in the intact material and the zone
depleted in Cr exhibits quite a sharp boundary with the intact
material (Fig. 1b). Besides, a part of chromium released from this
surficial layer reacts with oxvgen dissolved in the salt melt and
forms a thin, more or less continuous chromium trioxide crust.
This is evident in Fig. Ib as a thin white zone where chromium
content attains double the value for the intact material.
Manganese exhibits similar depletion as Cr (Fig. le). The crust ol
Cra0s s evident from the BSE (back scattered electron) surlace
image n Fig. 2a as well as from the BSE image ol polished
sections in Fig. 2b. In areas where this crystalline crust 1s absent

Table 3 Comparison of composition of Inconel At86 exposed to molien

LiF-NaF salt mixture (microgranular phase) and of unaffected zone of

Inconel A686 by means of EPMA spot analyses

EPMA, Elemental content (% m/m)

Inconel A6G86

Elements Cr Ni Mo Mn Fe Co
Unaffeeted 20.7 59 16 03 (109 .01
Corroded 5.1 74 2] 1 130 .04

S0um

Fig. 1 X-ray elemental mapping of Inconel after 380-hours exposure to
LiF-NaF at 680 *C: (a) Ni, (b) Cr, (¢c) Mn; lighter colour corresponds to
higher content.

This journal is @ The Royal Society of Chemistry 2009
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Fig. 2 Inconel afier 380-hours exposure to LiF-NaF at 680 °C: (a) BSE
image of surface with Cr;0; crystalline salt layer (bright grey platelets)
and fragments of Inconel alloy, enriched in Mo (white grains); (b) BSE
image of polished section with Crz0; crust on the wall/melt boundary
and voids following grain boundaries, rimmed with W. Ni-eariched
material, (¢) BSE image of the test body surface, area without Cra0y
crust, showing pitting; in all BSE images lighter colour corresponds to

higher content.

or removed Lhe surface appears to be punched by tiny channels or
pits formed preferably at grain boundaries (Fig 2¢) These
channels, which exhibit a depth less than 20 pm, are always
rimmed with a narrow zone of Ni (Mo) enrichment (Fig. 2b).
Based on EPMA measurements and observations it can be
concluded that the corrosion of Inconel by LiF-NaF melt is

characterized by two processes: 1) diffusion and dissolution of

the alloy, and i) oxidation of released chromium by a trace
amount of oxygen present in the argon atmosphere in the space
above the fluoride melt level, The intergranular corrosion is
combined with diffusional substitution of elements leached out
by the melt (particularly Cr), leading to enrichment in Ni, W and
Mo.

The stainless steel exposed for 1000 hours to the LiF-NaF melt
exhibits a granular texture characterized with grains ranging
from 7 to 15 um, Lateral distribution of chromium is not
homogencous, because it containg small (1-4 um) inclusions of
a Cr/Mo-rich phase, which means weak depletion of chromium
at the grain boundaries. The stainless steel 1.4571 corrosion
proceeds preferentially along grain boundanies. which is evi-
denced by the formation ol narrow etched channels (crevices) or
chains of pores. The depth of these channels depends on the
duration of contact with the fluoride mell and on the fact
whether the static or dynamic regime is considered. The channels
are rimmed with narrow Fe/Ni-enriched and Cr/Mun-depleted
zones (Figs. 3a—d), The thickness of the contiguous zone of Fe/Ni
enrichment is aboul 7 um, The degree of enrichment of Fe, Ni,
and Co represents about one lourth to one third of their original
contents, OF minor and trace elements. Mn, Mo, Si and Ti are
depleted in the 50-pm surficial zone. Besides the general decrease
(from 2 to 1% m/m) in this zone, Mn shows also local spot
enrichment up to the depth of 10 um. The Mn-rich spots do not
match the Fe/Ni enrichment zone and they are localized in some
pores or parts of channels depleted in Cr (Fig. 3d). Beneath the

X-ray clemental mapping of Stainless steel 14571 after 1000-
hours exposure to LiF-NaF at 680 *C: (a) Fe, (b) Cr, {c) Ni, (d) Mn:
lighter colour corresponds to higher content.

Fig. 4 Stainless steel 14571 after 100-hours exposure to LiF-NaF at
680 °C: BSE image, a close-up view of the near-surface area of polished
section; lighter colour corresponds to higher eontent.

7-um Fe/Nienrichment zone the Fe/Nienrichment continues, but
it follows only some grain boundaries or chained pores (Fig. 4).
3.2, Analysis of used Huoride salt coolant

The main cationic constituents ol the coolant—sodium and
lithium-—were determined by ICP-OES, similarly to the products

ol ampoule wall corrosion. Mutual non-spectral interferences of

the main cationic constituents (Li, Na) are observed even when
measuring the signal in the normal analytical zone. These
multiplicative interferences were eliminated by using matrix-
matched calibration solutions containing theoretically the same
amount of both elements as analyzed samples. This precaution
compensates for the Li and Na signal depression observed with
solution containing at the same time both Li and Na in
comparison Lo single-clement Li, Na solutions. On the contrary,
the matnx elfect of fluoride ion on Na/Li signals was not
observed despite a relatively high F~ concentration (500 mg/1).

This can be explained by the high first lonization energy of

orine which causes only insignificant fluorine ionization in the
fuorine which causes only insignificant fluorine ionization in
plasma. Hence it has only negligible impact on exeitation
processes in the ICP source.
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Contents of corrosion products (major and medium constit-
uents of the particular construction materials, fe. Ni. Cr. Fe and
Mo) were determined using matrix-matched calibration solu-
tions. For the quantification of the overall corrosion process. the
total content of corrosion products was caleulated. It was found
that the content of corrosion produets increased with the time of
exposure for both materials and it was observed that stainless
steel exhibited higher corrosion rate m comparison to Inconel
(Table 4), The sum ol corrosion products of the slainless steel
was close to 0.6% m/m alter 1000 h of exposure. In the case of
Inconel the sum of corrosion products was three times lower in
comparison with stainless steel. Detailed information on the
presence of individual elements of corroded structural material in
exposed salt mixture was published in rel. 9.

3.5 Qualitative profiling ol metalfsalt boundaries by LA-ICP-
MS

Compositional changes along the boundary salt laver/ulloy were
determined for Inconel A686 and stainless steel 1.4571 exposed
to LiF-NaF mixture at 680 °C after the 380-hours and 1000-
hours exposure. The samples were ablated perpendicularly to the
sample surface in several arcas of the sample surface. The
concentration of all elements was caleulated using the total sum
of signal normalization method. The thickness ol the affected
zones 15 determined based on lithium and sodium contents
because these elements are not present in the original candidate
material and their presence is caused by molten Muoride salt
treatment only. Fig. 5 represents a single line scan over Inconel
A686 sample alter 380-hours exposure, Compositional changes
are observed in the allected zone. Nickel. molybdenum and iron
are cnriched in this layer in comparison with non-affected
material whereas chromium and manganese are depleted in this

Table 4 Total content of corrosion products in the salt mixture after
380-h and 1000-h exposure at 680 °C determined by means of ICP-OES

zone, Elemental contents ol corroded and non-alTected materials
are shown in Table 5. Elemental content 15 not homogeneous in
the corroded layer hence the concentration interval is used in
Table 5. Inconel A686 exposed to 1000-hours molten salt treat-
ment shows similar behavior; same ¢lements are enriched and
depleted. respectively. The main difference consists in the
thickness of the aflected zone (Table 6). Longer molten salt
treatment causes larger damage of the sample surface: 90 pm lor
380 hours and 120 pm Tor 1000 hours.

Stainless steel exposed o molten Nuoride sall treatment during
1000 hours shows great inhomogeneity in lateral clemental
distribution, which is evident in Table 7. First the line scan shows
a large depletion of Fe. Ni and Mo in the corroded layer in
comparison with non-alfected material. The content of Cr and

Table 5 Composition changes on Inconel A686 inducad by the action of
molten LiF-NaF salt mixture at 680 °C for 380 h and 1000 hours, found
by means of LA-ICP-MS measurements performead in two affected areas
of a sample, and for comparison in adjacent unaffected regions

Inconel A6B6 sample

Time of exposure (h)

380 1000

Corroded Unaffected Corroded Unaffected
Element (Vi m/m) (%% mfm) (% mim) (%% mim)
Li (42140 — 0.22-0.96 =
Na 36-158 — 1.05-9.13 —
Cr 351-14.1 20,0 1.71-13.3 20.5
Mn (04110 040 0.03-0.43 032
Fe L 8HLT0 005 011455 0.035
Ni 69.7-76.4 6.2 68 3-T4.6 309
Mo 18.3-19.5 15.4 16.3-18.6 15.6

Table 6 Thicknessof affected zone of the candidate materials after 380 h
and 1000 h exposure at 680 °C

Sample Inconel A6R6 Steel 1.4571 Material Inconel A686 Steel 14371
Exposure time [h] 350 1o 380 o0 Exposure time [h] 380 1000 380 1000
Sum ofcorrosion products (e m/m) 0.12 019 0.23 0.63 Affected zone thickness [um] a0 120 125 240
Table 7 Composition changes on stainless steel 14571 induced by the
75 1.8 action of molten LiF-NaF salt mixture at 680 °C for 1000 hours, found

Na, Cr, Ni content [%]
[%a] wuspuoa

Q 100 200 300 400 500
distance [m]

Fig. 5 The LA-ICP-MS single-line scan of Inconel after 380-hours
exposure to LiF-NaF at 680 °C.

by means of LA-ICP-MS measurements performed in two affected areas
of a sample, and for comparison in adjacent unaffected regions

Stainless steel 1.457lsample

Analyzed area 1 Analyzed area 2

Corroded Unaffected Corroded Unaffected
Element (%% mém) (%% mim) (% mfm) (%% mfm)
Li 0.09-1.94 — 0.24-1.57 —
Na .64-19.5 — 0. 10931 —
Cr 15.2-18.6 17.9 2:25-5.70 17.8
Mn 1.85-1.95 215 0.80-1.42 220
Fe 309345 67.3 T19-74.0 66.2
Ni 3.17-4.88 1.4 6.79-8.16 11.6
Mo .60-1.68 268 1:26-2.13 2.71

This journal is @ The Royal Society of Chemistry 2009
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Mn in this layer is close 1o the content in the non-allected layer.
A different course is observed for the line scan in the other part of
the sample: Fe is enriched in this part of the corroded laver
whereas Cr, Mn. Mo and Ni are depleted in this zone. However,
differences are not visible in the case ol the thickness ol the
corroded layer. which is 240 pm for both line scans. Similarly to
Inconel, the duration of melten salt treatment alfects the thick-
ness ol the corroded layer; which attains 125 pm lor 380 hours
and 240 pm for 1000 hours of treatment (Table 6),

The main advantage of LA-ICP-MS in comparison with
EPMA is the possibility to detect and determine Li (Na) as
constituents of molten Nuoride salts, which are present on the
surface of the examined material due to corrosion processes
during molten luoride salt treatment. Hence LA-ICP-MS allows
more accurate determination of the thickness of the corroded
layer than EPMA,

4. Conclusions

Investigation of molten LiF-NaF mixture-induced corrosion of
alloys that are designed as candidate structural materials for
transmutor cooling circuit construction was performed in labo-
ratory-buill test equipment. The corrosion ol surlaces of test
ampoules and test bodies was evaluated based on results of
clectron probe X-ray microanalysis. Corrosion products in used
fluoride salts were determined by solution analysis with ICP-
OES. An elemental content profile of the solidified salt layer/
alloy boundary was also obtained by means of EPMA. The
results are in accordance i previous observations.” stating the
crucial role of chromium content in the candidate alloy. The laser
ablation ICP-MS technique was used lor chemical mapping of
the solidified salt layer/wall sections. The latter technique offers
guantitative profiles with lateral resolution suitable particularly
lor the salt layer description. The novelty of the results consists in
a detailed description ol the alloy/molten salt boundary, espe-
cially of the chemical composition of the corrosion-influenced
surficial zone in the alloy and its microstructure, obtained by
EPMA and LA-ICP-MS.
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Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was applied to the study
of the interaction of molten LiF-NaF salts with candidate structural materials for a nuclear reactor-
transmutor cooling circuit, Al a working temperature of 680 °C structural materials of heat exchangers
are attacked and the melt-alloy interaction provokes microstructural and composition changes ol the
contact surface. The resulting corrosion-influenced zones were studied by LA-ICP-MS and the maps of
clemental distribution were created on the semiquantitative level using the procedure based on the
normalization of particular isotopic signals to the sum of signals ol all isotopes present in the examined
zone. Consequently, LA-TICP-MS signals were measured for structural material constituents (Ni, Cr,

Downloaded by Masarykova Univerzita V Bene on 07 June 2012
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Fe, W, Mo, Ti. and Mn) and [or cationic constituents of the cooling medium (Li and Na), The
hypothetical Muorine signal was calculated as a sum of Liand Na signals, Corrosion products in the
exposed cooling medium were determined by ICP-OES alter dissolution. O[ the three examined
candidate structural materials (pure nickel, nickel-based alloy AOTIEV and nickel-coated iron) pure

nickel exhibits the best resistance.

Introduction

Spent nuclear fuel (SNF) is deposited in repositories as nuclear
waste. However, alter reprocessing the SNF can be exploited e ¢
in the so-called Molten Salt Reactors (MSRs). which utilize fis-
sible actinides from the SNF and minimize the volume and
radiotoxicity of waste for underground repositories.*?

The MSR systems employ mixtures ol molten salts either as
solid luel coolants or as media carrying molten fissile material
and accomplishing heat transler at the same time. The molten
fQuoride salts (MFS) and their mixtures such as LiF-BeFs or
NaBFs-NaF are utilised as high-temperature heat transfer media
due 1o their favourable physical properties.*®

The MFS circulating in the MSR cooling system atl tempera-
tures above 500 °C represent corrosive media that can possibly
damage the conduit and other heat exchanger parts.!” Corrosion
needs to be studied in relation to both the structural material type
and the coolant composition, as well as the melt temperature and
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E-mail; viktorkiwehemimunicz
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the duration of the melt-material contact. The rate ol even
corrosion should be up to 2.5 um per year."" At present, pure
nickel. nickel-based alloys and Hastelloy are considered as the
most resistant structural materials for MSRs. ™"

Corrosion processes are studied by methods of local surface
elemental analysis, such as glow discharge with optical emission
detection (GD-OES)L" electron probe X-ray microanalysis
(EPMA)'® atomic force microscopy' and scanning electron
microscopy (SEM).!

The application of laser ablation (LA) inductively couple
plasma (ICP) spectrometry analysis ol structural materials tested
for their wtilisation in the technology of nuclear reactor cooling
systems makes it possible to obtain spatially resolved informa-
tion on elemental distribution changes at the inner surface of the
cooling conduit, which may be the result of contact with the
corrosive cooling medium. Similarly. a solidified coolant. such as
a molten fuoride salt or a salt mixture, adhering to the inner
surface ol the piping. may be subjected to local or depth profile
analysis 1o find out the thickness of the adjacent salt layer, where
a comtamination by dissolved conduit material extends, and to
determine trace element contents.

Recently, LA-ICP-OES has been used lor laboratory tests of
the sodium-cooled fast reactor (SFR) cooling system'® ulilizing
the supercritical CO4 for heat transler. In case of heatl exchanger
boundary [lailure the intermixing of high-pressure CO; in
a sodium circuit causes pressurization which together with
chemical reactions may endanger the integrity of the heat
exchanger.® The developed LA-ICP-OES method has been used

This journal is @& The Royal Society of Chemistry 2012
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for the determination of carbon in sodium afler its exposure 1o
COs at high temperatures. The depth-profile analysis ol the
exposed solidified sodium provided evidence ol the penetration
of the chemical reaction into the sodium coolant.”

The influence ol exposition time on corrosion depth for the
selected candidate structural materials Inconel A686 and stain-
less steel 1.4571 in the presence of LiF-NaF molten salt mixture
at 680 "C has recently been studied by EPMA and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS),
while the concentration ol corrosion products in the exposed
LiF-NaF mixture was determined by ICP-OES. It was
concluded that EPMA makes it possible to obtain quantitative
assessment of the corrosion process. and LA-ICP-MS single-line
raster profiles can be converted [rom a signal domain 1o
clemental contents on a semi-quantitative level by using signal
normalization to the total sum of signals of isotopes. However,
the lateral resolution of LA-ICP-MS with a laser spot diameter
of 25 um was not sulliciently adequate in comparison with the
depth ol the affected zones (100-200 pm) 22

The aim ol this study consists in the development of an LA-
ICP-MS gquantitative elemental 2D-mapping procedure for the
description of composition changes throughout the depth of the
corrosion-alfected layer formed by the action of the molien
mixture of LiF and NaF at 680 “C for 1000 h.

Contrary to our previous work® we have now focused the
study on nickel-based materials which seem to be the most
promising for MSR. 2 Nickel 15 covered with a compact layer of
NiF; in molten Muoride salts which protects the material against
further attack. The corrosion resistance of elements to the action
of molten Nuoride salts increases with their values of Gibbs ree
energy of fluoride formation, which are highest for the fluorides
ol Mo, Co, Ni, and W.' Conseguently. a smaller depth of the
layer affected by corrosion was expected for nickel-based mate-
rials in comparison lo those studied in rel. 22.23 and thus better
resolution ol mapping was required. Therefore, mstead ol the
single-line raster ol spots with the 25 um diameter used in
rel. 22.23. the grid ol spots with the 8 pm diameter was employed.
An aerosol density was measured in this study to monitor
different ablation rates in the attacked and intact alloys.

It is expected that dilferences in the corrosion resistance of
examined structural materials will be distinet Irom elemental
maps obtained. Accordingly, the most resistant material will be
assessed and the selection will be supported by analysis of the
dissolved used fluoride salt previously exposed to interaction
with the particular examined alloy.

Experimental

Studied structural materials, corrosion tests and sample
preparation

The lollowing candidate structural materials were studied: (i)
ADTIEV which is a Ni-based alloy containing (in % m/m) 76.3
Ni, 7.0 Cr. 4.3 W. 9.0 Mo and 1.7 Ti; (i) pure nickel; and (i) iron
with Ni coating, The test specimen in the form of a tetrahedral
prism with a square base was made of cach of the tested candi-
date materials and suspended into an ampoule made of the same
material. The ampoule was filled with a mixture of salts with the
molar composition of 60% LiF and 40% NaF and maintained at

a constant temperature ol 680 °C for 1000 h in a lurnace with
argon atmosphere which eliminated the undesirable presence of
oxveen. The details of the corrosion test procedure have been
described in our earlier papers®® After cooling, the ampoule
containing the solidified Nueoride mixture was cut along its axis.
The solidified fluoride mixture was ground in a ball mill, dis-
solved i nitric acid and the corrosion products were determined
with ICP-OES 2 Test specimens were cut with a diamond saw
and were [urther sectioned to obtain cuts perpendicular to the
block wall. These were embedded into the epoxy resin disks
(Araldite®, Huntsman Advanced Materials), lapped and pol-
ished with diamond paste.

LA-ICP-MS instrumentation and conditions

The instrumentation for LA-ICP-MS consists of a laser ablation
system UUP213 (New Wave Research, Inc., ESL. Fremont, CA,
USA) and an ICP-MS apparatus Agilent 7500CE (Agilent,
Japan). Optimization of the LA-ICP-MS [acility (gas flows,
sampling depth, mass spectromeler parameters) was carried out
using the glass NIST SRM 612 with the aim of obtaining
maximum S/ N ratio and minimum oxide formation. A collision-
reaction cell (octopole reaction system) was switched on for the
removal of interfering species. A commercial Q-switched
Nd:YAG laser based ablation device is designed for operation at
the 5" harmonic requency which corresponds to a wavelength of
213 nm. The ablation device is equipped with the computer-
controlled XYZ-stages which makes it possible to adjust the
requested position on the target surface and/or to translate the
sample along a programmed path. Single hole drilling was
selected as the ablation mode and a grid consisting of lines of
isolated spots was used for the mapping. Operating conditions of’
LA-ICP-MS are listed in Table 1. A ten-second delay between
individual hole drilling events was chosen for the ICP-MS signal
decreased to background level (Fig. S1F). The thickness of the
corrosion-altected zone was evident [rom the image acquired by
the electron microprobe and was consistent with the course ol the
signals of isotopes of sodium and lithium through the corrosion
layer.

Acrosol particle number measurement

The concentration of the particles released during laser ablation
was measured with an Acrosol Spectrometer Welas 2000 Series
(Palas GmbH, Karlsruhe, Germany). The optical spectrometer
Welas operates on the principle ol the single particle scattering ol

Table 1 Operating conditions of LA-ICP-MS

1500 W

15.0 1 min™
1.0 | min™!
0.6 1 min '

Generator power input

Outer plasma gas flow rate (Ar)
Intermediate plasma gas Aow rate (Ar)
Sample gas flow rate (Ar)

Fluence 251 em™
Laser repetition rate 20 Hz
Hole drilling time 53

Time delay between hole drilling events 10 s
Laser spot diameter § pum
Distance between craters in line 12 pm
Distance between lines 15 pm

Carrier gas flow rate (He) L0l min-!
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white light. The intensity ol the scattered light detected at an
angle of 907 18 a measure of the particle size while the number of
scattered-light impulses determines the concentration ol parti-
cles, The Welas sensor 2200 measures the size distribution of the
particles in the size range [rom 0.25 to 17 pm with a maximum
concentration of 10? particles em™. The Welas Condensation
Nucleus Counter (CNC) module combined with the Welas
sensor 2100 allows time-resolved particle counting within the
nanomeler range for particles larger than 8 nm with a maximum
concentration of 10° particles em™, This CNC module operates
on the principle of 2-propanol condensation on the particles.

ICP-OES analysis of exposed fluoride salts

Analysis of dissolved samples of corrosion-exposed fluoride salts
was performed using ICP-OES JY 170 Ultrace (Jobin Yvon
Horiba, Longjumeau. France). Details of the instrumentation
have been described in our previous paper.® For the determi-
nation of the contents of corrosion-released metals, the matrix-
matched calibration solutions were prepared in the unused
fluoride salt mixture. Due to the presence ol hydrofluoric that
results [rom the dissolution of fluoride salts with acids, the
standard glass sample introduction system was replaced with
that made ol perfluoroalkoxy (PFA) material.

Results and discussion
Influence of the corrosion extent on the ablation rate

The influence of corrosion and its extent on the ablation rate was
studied by using the Welas spectrometer with both sensor 2200
and CNC modules. Aerosol particles released as a result of laser
ablation of studied materials were observed only when the CNC
module was used for the measurement. 1t implies that the size of
ablated particles is smaller than 250 nm. A section ol the
corroded sample AOTIEV was ablated in seven positions. Six
ablation pits are situated within a distance ol less than 100
micrometers [rom the edge of embedded section, ie in the
corroded surface layer, and one spot is situated at a distance of
550 micrometers {rom the specimen edge, fe. within the ntact
arca. It is obvious from Fig. $27 that the amount of the released
aerosol particles decreases [rom the edge of the specimen section
with increasing distance toward the unalfected area. The number
ol agrosol particles released [rom the corroded surlace is five
times higher compared with the unaflected material as a result of
more efficient ablation ol material attacked by molten fluoride
salts. Consequently. determination ol contents of structural
material constituents in a corroded area cannot be calibrated
based on signals measured in an uncorroded area.

LA-ICP-MS guantification procedure

As it was shown. external calibration based on the known
composition of the intact part ol a particular test specimen
cannol be used for guantification due to different ablation rates
in the corroded layer and the unallected bulk material.
Normalization to the inlernal reference signal lails due to an
inhomogeneous distribution of alloy constituents caused by their
local depletion or enrichment as a result of corrosion by molten
fuoride salts. Hence. the gquantification was accomplished with

a normalization method based on a total sum of signals of
isotopes.™ This method has already been used in our earlier
work.* The blank-corrected isotope signal was abundance-cor-
rected 1o obtain the elemental signal. Particular elemental signals
were normalized (o the sum of signals of all elements to obtain
the elemental content. ICP-MS signals were measured for all
clements contained in unalTected materials (Ni, Cr, Mo, Ti, W)
and Li and Na which are present in molten fluoride salts. The
fuorine signal was calculated based on the stoichiometry and
composition ol the fluoride sall mixture, e in this case as the
sum of the Li and Na signals®?

First, applicability of the above described guantification
procedure was confirmed by LA-ICP-MS analysis of the E4
setting up standard (once produced by the now non-existent
company Hilger) used for the spark-source optical emission
spectrometry. The LA-ICP-MS signals were measured at eight
dilferent points on the £4 standard. The results obtained on the
E4 standard using the quantification procedure based on a total
sum of signals of isotopes provide excellent agreement with the
reference values (Table 2). Consequently, this analysis can be
considered as evidence that the sum ol signals can be used Lo
quantify the elemental distribution in the test specimen section
where the matrix-induced variation of ablation rate makes it
impossible 1o use external calibration.

Corrosion products in molten salt

Contents ol major and minor constituents of candidate materials
(Ni, Cr, Fe, W, Mo, Ti, Al, V, Nb and Mn) in the solidified
fluoride mixture were determined after dissolution by ICP-OES.
For the quantilication ol the corrosion process the total content
ol corrosion products is expressed as the sum of contents ol all
clements contained in candidate materials. 11 follows from the
results summarized in Table 3 that the nickel-based alloy

Table 2 Elemental content obtain on E4 setting-up standard (once
produced by the now non-existent company Hilger) by LA-ICP-MS
measurement with total sum of signal normalization (with standard
deviation for 8 measurements) and reference values

Determined value, Reference value,

Element comntent (" mfm) content (% m/m)
Cr 4.5 4£104 4.3

Mn 08 4+ 0.1 0.7

Ni 5. 1 S 28.5

Fe 6242 62.7

W 0017 £ (0.008 0,02

Mo 1.1 £02 0.97

Table 3 The total content of corrosion products in solidified fluoride
mixture after the exposure of examined materials to the mixture melt for
1000 h at 680 °C. The salt mixture before exposure is considered as
a blank. The standard deviation is calculated from 5 measurements

Corrosion products,

Sample total content (% m/m)
Blank 0,020 + 0.002
Pure Ni (L.055 £ 0.004
ANTIEV 0,129 £ 0.009

Nickel-coated iron L0681 £ 0003

This journal is © The Royal Society of Chemistry 2012
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AOTIEV exhibits a twice higher total content of corrosion
products than pure nickel and nickel-coated iron.

LA-TICP-MS semiguantitative clemental mapping of specimen/
salt boundaries

The laser ablation parameters were optimized with respect to the
acceptable lateral resolution and sufficient limit of detection
(LOD). The lateral resolution which s lower than 10 pm is
required in principle, because the thickness of the corroded layer
typically reaches tens ol micrometers. The laser beam spot
diameter of 8 pm was emploved as a good compromise between
resolution and LOD values, which are presented in Table 4, The
LOD values for ICP-OES are better in comparison with LA-TCP-
MS which is caused by using very small laser spot (8 um),

Table 4 Summarization of LODs obtained by means of ICP-OES and
LA-ICP-MS (using 8 pm laser ablation spotsj, respectively

LOD (% m/m)

Element [CP-0OES LA-ICP-MS
Ni (10004 0.001
Fe 0.0002 0.02
Mn 0.0002 0.003
Cr (.0002 004
Al 0.0006 (.06
Na 0.1
Li 0.07
a Na 6%
W
30 pm
= 0%
]
u 2%
30 um
— 0%
1}
100 %
80 %

Fig. 1 Elemental distribution of (a) L1, (b) Na, and (¢) Nion the
of the test specimen of pure nickel exposed to the molten fluoride salt
mncture for 1000 h at 680 “C.

secton

The elemental mappmg ol the specimen section embedded in
the epoxy resin disk was accomplished using the single hole
drilling mode with a distance of 12 pm between the centers of
adjacent spots. The analyzed area (approximately 400 x
200 pum) was defined by a grid consisting ol lines of isolated
spots, The mapping of the section was mitiated in the epoxy
resin area close to the edge of the specimen and then continued
through the corroded area until the unalTected zone was reached
(Fig. S37),

Compositional changes in pure nickel are distinet to a depth
varying between 25 and 36 um as is visible in the lelt parts of the
clemental maps in Fig. 1. This corrosion-alTected zone exhibits
enrichment by lithium and sodium up to 2% and 6%, respectively
(Fig. la and b) and depletion of the nickel content to 82%
(Fig. lc).

The nickel-coated iron specimen is afTected, as apparent from
Fig. 2a where the sodium distribution indicates the penetration

Na 4%
v | 0%
a
i (M o6%
| A
v
no | 100%
2wl 0%

100 %

0%

Fig. 2 Elemental distribution of (a) Na, (b) Li, (¢) Ni, and (d) Fe on the
section of the nickel-couated iron specimen exposed to molten fluoride sait
mixture for 1000 h at 680 “C.
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na (M50
30 um
— 0%
u}
Li ; 2%
g 0%

by

0%

Fig. 3 Elemental distribution of (a) Na, (b) Li (¢) Ni, and (d) Cr on the
section of the nickel-based alloy AO71EY test specimen exposed to the
molten fluoride sult mixture for 1000 h at 680 °C. Areas on the unaffected
part of the alloy specimen section showing complémentary enrichment/
depletion of NVCr and vice versa are marked out with a rectangle and an
ellipse.

of the LiF-NaF mixture to the depth of 25 pm. This corrosion-
affected zone exhibits enrichment by sodium of up to §%.
Contrary to the pure nickel specimen lithium is not distributed
homogeneously and its content reaches 0.8% at the maximum
(Fig. 2b). The surficial zone is depleted in Nito a depth [rom 12
10 25 pm where the Ni content decreases to 80% (Fig. 2¢). The Ni/
“¢ gradient ol the coating-substrate mterface exhibits a thick-
ness of about 50 um (Fig, 2¢ and d).

The nickel-based alloy AOTIEV specimen shows the highest
corrosion damage characterized by the occurrence of Na and Li
(Fig. 3a and b) and depletion in Niand Cr (Fig. 3¢ and d) up to
a depth of 65 um. The nickel content in the corrosion-affected
zone ranges from 41 o 63% whereas its content in the non-
affected zone is in the range from 70 to 83% (the average value is
78.5%). In the case ol chromium, its content varies in the
corroded layer lrom 0.1 1o 1.2%, The average chromium content
in the non-atlected layer is 6.8%., Besides, mhomogeneity ol the
unaffected part of the alloy specimen section is obvious on the Ni
and Cr maps in Fig. 3¢ and d where the complementary enrich-
ment/depletion of Ni/Cr and vice versa are marked out with
a rectangle and an ellipse.

Conclusion

The influence of the extent ol corrosion caused by molten fluo-
ride salts on the ablation rate in studied structural materials in
the nuclear ndustry was proved by measuring the amount of
aerosol generated by laser ablation. The number ol aerosol
particles released from the corroded surface 15 (in the particular
presented case) five times higher compared with the unallected
material. As a resull. neither the calibration based on signals
measured m the uncorroded area, nor the calibration relying on
usual metallic reference materials can be applied for the deter-
mination of the eorrosion-induced changes. Consequently, the
normalization ol particular isotopic signals to the sum ol signals
ol all isolopes represents an acceptable solution for the semi-
quantitative determination. The applicability of this procedure
has been confirmed by the LA-ICP-MS analysis of the setling up
standard lor metallurgical analyses.

The size ol aerosol particles was proved to be smaller than
250 nm by the fact that the aerosol was observed only when the
CNC module was used for measurement. This applies both for
the corroded and non-ullected parts of a test specimen.

A procedure has been developed lor elemental mapping of
corrosion damage of alloys designed lor construction of nuclear
reactor cooling circuits. Elemental maps characterize the zones
where penetration of molten fluoride salts into the structural
materials occurs, detect the depletion of affected zones in major
alloy constituents, and depict gradients of coating-substrate
interfaces and even elemental inhomogeneities in the unaffected
parls ol a specimen.

Both LA-ICP-MS and ICP-OES analyses have unambigu-
ously identified the material with the lowest and the highest
corrosion damage. Of the three examined candidate structural
materials (pure nickel, nickel-based alloy AOTIEV and nickel-
coated iron) pure nickel exhibits the best resistance.
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ARTICLE INFO ABSTRACT
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Elemental imaging
Ni-based strucnural material

This work is focused on the study of corrosion treatment of molten fluoride salt (MFS) on three candidate
structural materials (N ferritie steel with protective Ni coating, and Ni-based alloy), The samples were exposed
to an MFS mixture (60 mol% LF + 40 mol% NaF) at a temperature of 680 'C for 112, 350 and 1000h. Their
corrosion resistance was tested by the determination of the content of corrosion products in MFS by ICP-OES
{Inductively Coupled Plasma with Optical Emission Spectrometry) analysis and comparison of elemental ratios,
Distinctive differences in the ratios were found for ferritic steel with protective Ni coating. Morphological

changes induced by MFS treatment were revesled and studied by EPMA (Electron Probe Micro Analysis) and LA-
ICP-MS (Laser Ablation Inductively Coupled Plasma of Mass Spectrometry). Elemental maps of the corroded area
were dequired by both methods, The analyses of corrosion products show that the best candidate material is

nickel.

1. Introduction

The Molten Salt Reactor (MSR] is a promising nuclear reactor type,
which belongs to the group of Generation IV reactor systems [1]. The
great benefits of this reactor design are its efficient fuel urilization,
minimum radicactive waste and economical use with a safe and en-
vironmentally friendly operation [2-4], Molten salts, exhibit the most
appealing properties; they can be used as reactor coolant or a transfer
medium in high temperature process hear loops from nuclear reactors
to hydrogen production, This explains why they were taken into con-
sideration in the development of nuclear energy technology.

These salts are characterized by a high thermal conductivity, low
viscosity, high boiling points, the largest heat capacity per unit volume
without any need of pressurization, and insensitivity to radiation [4].
Compared to chloride salts, fluoride salts are more frequently used
because fluorine does not require an expensive isotope separation
process. Potential coolants for MSR's are BeFs-salts and alkali fluoride
salts. The construction of MSR iz a complex process with many diffi-
culties such as finding compatible and resistant structural material for
the application and development of the system. The chemical attack of

= Corresponding author,
Email address: vaca@mail municz (T, Vaculovi&),

httpst//dolorg/10.101 6/ )sab 2018,06,010

MFS at working temperature level (570°C) is highly corrosive. The
corrosion in MFES is driven by several factors involving thermodynamic
aspects such as Gibbs free energy of fluorides formation, corrosion due
to the presence of impurities (moisture, oxygen, metals) and fission
products [5]. Alloy dissolved from hotter zones is transparted by con-
vection and then plated to colder areas. The major impurities must be
removed in order to prevent severe corrosion of the container metal.
Typical impurities include moisture and oxide contaminants, which
together with a temperature gradient and galvanic corrosion are con-
sidered the main driving forces for the corrosion [6, 7]. Additionally,
alloying elements dissolved into molten salts accelerate the corrosion
due to thermodynamic transportation [8, 9]. Moreover, the production
of helium due to neutron irradiation and the formation of helium
bubbles can cause exweme swelling, surface roughening and surface
blistering [10].

The most promising corrosion-resistant structural materials are Ni-
based alloys, eg Monels, Inconels, Hastelloys, pure nickel and Ni-
plated alloys [11-13]. The tendency for common alloying constituents
to corrode in MFS increases in the order of Ni, Co, Fe, Crand Al, with Al
being the most prone to dissolution [14].

Received 27 November 2017; Received in revised form 12 June 2018 Accepted 13 June 2018
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Electrochemical techniques such as voltammerry are ideal for the
study of corrosion thermochemistry and kinetics [15, 16]. For the in-
vestigation of the corrosion processes of materials various measurement
techniques are typically applied, including e.g. Scanning Electron Mi-
croscopy (SEM) [13, 17], EPMA [17], synchrotron radiation techniques
[13], laser ablation based methods - LA-ICP-MS [18, 19] and Laser
Induced Breakdown Spectroscopy (LIBS) [20, 211,

This work is devoted to the study of the corrosion behavior of three
candidate structural materials when exposed to MFS treatment for
various ime. Resistance to corrosion of ferritic steel with protective Ni
coating, Ni, and Ni-based alloy AO71EV was expressed and compared in
terms of content of steel constituents dissolved in MFS and their ele-
mental ratos, The dissoluton of particular steel constituents in MFS
was assessed based on the determination of corrosion products in ex-
posed MFS by ICP-OES solution analysis. Elemental maps of corroded
area over the Ni-coating/steel substrate interface on a perpendicular
section were acquired by EPMA and LA-ICP-MS,

2. Experimental
2.1. Corrosion test

The ferritic steel 5355J0 (> 95%. Fe) coated with an 80 pm
nickel protective layer, nickel (99.0% Ni, 0.80%yp Fe, 0.20%y,
Mn), and AO71EV alloy (in %, 76.3 Ni, 7.0Cr, 4,5 W, 9.0 Moand 1.7
Ti) were tested as candidate structural materials. For this purpose, the
specimen (rectangular prism, 2% 5 % 7mm) of investigated material
was suspended into an ampoule (height 185mm, inner diameter
21.3 mm, wall thickness 2mm) made of the same material. The am-
poule was filled with the mixture of LiF-NaF (60:40 by mol%) of cer-
tified elemental composition 12.9%,, ., 1i, 28.4%.,,, Na, and 58.7%,,.
F. The ampoule was evacuated and then heated to 200°C for 2h for
degassing, after which it was maintained at a constant test temperature
of 680°C in a furnace with an argon atmosphere thus preventing
oxygen penetration, After the isothermal exposure (112, 350 and
1000 h) the ampoule and the specimen were allowed to cool © room
temperature.

2.2, Determination of corrosion products in MFS and preparation of the test
specimen for elemental mapping

The ampoule with the specimen was cut along its axis, the test
sample was removed and the solidified fluoride mixture was separated
and ground in a ball mill. A 250 mg portion of homogenized fluoride
mixture was dissolved in nitric acid, diluted to 250m| and the resulting

Table 1

Spectrochimica Acta Part B 148 (2018) 113-117

solution was used to determine the corrosion products (Ni, Fe, Mn, Cr,
W, Mo, and Ti) by the ICP-OES Jobin-Yvon 170 Ultrace (Jobin-Yvon,
France) [22, 23]. The Ni-coated steel specimen was cur with a diamond
saw and both resulting parts were embedded into epoxy resin disks
(Araldite®, Huntsman Advanced Materials), lapped and polished with
diamond paste for EPMA and LA-ICP-MS elemental mapping.

2.3, EPMA/WDS and LA-ICP-MS elemental mapping of corroded Ni-steel
interface

The spatial 2D distribution of elements of interest was determined
by means of electron probe microanalyser Cameca SX100. The X-Ray
maps were collected at an accelerating voltage of 15 kV, beam current
of 40 nA, beam diameter < 1 pm. The Ko X-rays of F, Na, Cr, Fe, and Ni
were simultaneously collected in the wavelength-dispersion mode
{WDS) on PC1, TAP, PET, PET and LIF monochromators, respectively.
The grid of the map was setat 250 x 188 pixels with a step size of 3 pm
to cover an area of 747 « 561 pm®, The dwell (counting) times for the
peak and the background were 250 ms each, The stage-moving mode at
static beam was chosen to keep the detector, monochromator and X-ray
source aligned in ideal geometry. The background intensities were
subtracted from the peak intensities for further data interpretation. The
acquired data were quantified using albite (Na), CaFy (F), and pure
metals Cr, Fe, Ni as calibrants and X-PHI matrix correction routine [24].

The UP213 laser ablation system with a 213 nm lasing wavelength
and a 4.2 ns pulse width (New Wave Research, Inc., ESI, Fremont, CA,
USA) coupled with the quadrupole ICP-MS Agilent 7500ce (Agilent
Technologies, Japan) was used for elemental mapping. The operating
parameters of the LA-ICP-MS experiments were the same as used in
previous work [19]. The analyzed area was the same as for EPMA
elemental mapping. For the ablation series of individual non-over-
lapped spots were used. The distance between spots in one line and
berween lines was 8 pm. Each row of isolated ablation spots originated
ouside the test specimen in the epoxy resin material, continued
through the Ni-coating and coating/substrate interface into the cor-
roded area of steel substrate and ended in the unaffected substrate zone.
The quantification was performed using the total sum of signals of
isoropes [19, 23],

3. Results and discussion

3.1. Determination of corrosion products in exposed MFS and evatuation of
corrosion resistance

The content of corresion products in MFS is an indicator for the

Content of corrosion products in MFS resulting from exposure of nickel-coated steel 8355 J0, nickel, and alloy AO71EV depending on the time of exposure.

Exposure time (h} Corrosion products content in MFS (3.,

Ni Fe Mn w Mo Ti Total content
Nicoated S355 JO steel
11z 00019 00198 0.0014 < < =< 0.0231
350 00044 00215 0.0029 < < =< 0.0287
1000 00067 0.0464 0.0069 < = < 00599
Ni
1z 0.0164 0.0039 0.0008 < < < 00211
350 0,0155 0,0055 00017 = < < 00267
1000 0.,0320 0.0072 0.0031 < < - 00423
Alloy AD71EV
112z 0.0056 006012 0.0008 0.0011 0.0150 0.02r0 D036 00584
350 00083 00036 0.0012 0.0012 0.0225 0.0193 0.0047 00612
1000 00150 00067 0.0035 0.0010 0.0224 0.0219 0.0054 0.0758
LOD (M)

00002 0.0005 000005 0.0001 0.001 noo1 00005

114

64



Article 4

T. Warchilovd et al

Table 2

Ratio of content of corrosion products to content of Ni in MFS resulting from
exposure of nickel-coated steel 535510, nickel, and alloy AD71EV depending on
the time of exposure and their ratio of intact material.

Exposwe (h)  Fe/Ni Mn/Ni  Co/Ni W/NIi Mo/Ni Ti/ND
Nicoared §355 112 107 076 - = = =
10 350 49 065 - = = =
1000 70 1.0 = L= = =
Intact 0.002 0008 - = = =
Ni 112 024 0051 - = = =
350 028 0087 - = N =
1000 022 0095 - = N =
Intact 0002 0008 - = - =
Alloy ADVIEV 112 021 015 020 33 4B 064
50 043 015 014 28 23 0.5
1000 045 023 016 15 15 036
intact 0001 0.001 0092 0058 0.118 0022

Table 3
Ratio of content of particular element in MFS after exposure to its content in
intact material.

Exposure (B} Wijps s/ Winsteriat » 107
Ni Fe Mn Cr W Mo Ti
Ni<coated S355J0  112h 0018 59 1.8 - - - -
3500k 0044 107 386 - - - -
1000 h 0067 232 B6 - - - -
Mi 112h 0165 19 10 - - - -
350h 0197 27 21 = - - -
1000 h 0323 36 35 - - - -
Alloy AD7IEV 112h 0074 12 12 016 42 30 21
a50h 0109 36 17 017 51 23 28
1000 h 0197 67 50 014 50 24 32

selection of the most resistant material. The results of ICP-OES solution
analysis of MFS are summarized in Table 1. Generally, corrosion rate
decreases with exposure time for all constituents, but it differs for
particular elements. Due to the substantially lower content of Cr, W, Mo
and Ti in nickel coating and in nicke! the amount of these elements
released by corrosion intwo MFS is lower than the LOD of the ICP-OES
method. The relative standard deviation (RSD) of the analysis ranges
from 1 to 7% except for values of content near to the LOD where the
RSD increased to 20%.

The comparison of total content values of corrosion products in MFS
for each period of exposure indicates that both the coated steel and Ni is
more resistant than AO71EV alloy. The wtal content values of corrosion
products released from coated steel and Ni into MFS after 112 and

Spectrochimica Acta Part B 148 (2018) 113-117

350 h of exposure are very close, whereas 1000 h exposure results in a
significantly higher amount of corrosion products coming from coated
steel than from Ni. The content of elements in MPS differs distinctly
depending on examined candidate material. The ratios of Fe/Ni, Mn/Ni,
fand where possible also of Cr/Ni, W/Ni, Mo/Ni and Ti/Ni) were cal-
culated both for original (intact) structural marterials and for MFS after
exposure in order to compare the individual candidate materials in
terms of corrosion rate. The content of corrosion products in MFS is
nonlinear increasing with time. The steep increase of corrosion pro-
ducts during the first 112 h is observed for all candidate material, can
be caused by the presence of impurities in the system, mainly moisture
in the MFS that reacts with fluorides to form highly corrosive HF [5].
This observation is consistent with Koger who found that the amount of
Cr in MFS after the first 3h of exposure was 25 mg/kg and increased to
551 mg/kg after 30,000h [25]. Moreover, the corrosion rate is driven
by diffusion of the metals from the alloy surface into the MFS [26]. The
diffusion slows down due to equalization of the concentration on the
alloy-MFS interface. They observed that the long-term corrosion attack
can be predicted by a logarithmic fiting curve.

Itis evident from Table 2 that pronounced enrichment of Fe and Mn
{and also of Cr, W, Mo and 'I'i where determinable) occurred with re-
spect to Ni in exposed salt in comparison to elemental ratios inall three
intact materials, The most conspicuous enrichment of Fe and Mn in MFS
is observed for Ni-coated steel (10.7 vs. 0.002 in MFS and intact ma-
terial, respectively). It is remarkable that this enrichment is sub-
stantially higher for Ni<oated steel than for Ni, although the coating
material and “bulky” Ni have the same composition (99%y,w Ni,
0.8%, 4, Fe, 0.2%,,., Mn), Thus, it can be assumed that corrosion oc-
curred mainly on the coating/subswate interface and the increased
content of Fe (Mn) might predominantly originate from steel substrate.
Corrosion products than probably penetrate into the MFS through the
damaged nickel coating, To confirm this assumption, a section of the
exposed specimen of Ni-coated steel was subjected to surface imaging
by EPMA. It is obvious from the EMPA image of the section (Fig, 2) that
porous caverns developed in the steel substrate in positions opposite the
areas of disinctly thinned nickel coating. Due to different thermal ex-
pansion coefficients of Ni and Fe (13 and 12pm/K) the micro eracks
probably existed at locations of thinned Ni-coating before MFS attack or
they formed during the test due to increased temperature, and MFS
consequently came into contact with the steel substrate. Thus provoked
corrosion has produced an increased content of substrate constituents in
MFS. Diffusion and convection during the test transported corresion
products outside the specimen into MFS,

The significant rise of the Fe/Ni ratio in MFS with increasing ex-
posure time is observed for the nickel-based alloy AO71EV (Table 2)
which indicates that the rate of Fe release from the alloy into MEFS was
higher than that of Ni. Different corrosion rates for Ni and Fe are also

Fe substrate

Ni layer

DGy ! Elniton Imaiga 1 |

Fig. 1. Nickel-coated steel specimen after 350-hours exposure to LiF-NaF at 680°C, corroded area EPMA image: the black area corresponds to epoxy resin, the white
frames enclose the analveed ares; &) Hght rim on the edge of specimen — Ni coating; two perforated loel are shown; B) detall of analvzed porous cavern below the

corrosion pit.
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EPMA

100 um ~=

100 pm

0 20 a0 6 BO 100
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LA-ICP-MS

100 yrm

Fig. 2. Elemental maps of Cr, Fe, Li, Na and Ni obtained by LA-ICP-MS and EPM analysis of nickel-coated steel specimen after 35(-hours exposure to LIF-NaF at

680°C.

evident from Table 1. On the ether hand, the Mn/Ni and Cr/Ni ratios in
MES remain approximately the same during exposure. Besides, the Mn/
Ni ratio is increased in MFS in comparison to the intact specimen by
two orders while Cr/Ni ratio no more than twice. Different behavior is
visible for W/Ni, Mo/Ni, and Ti/Ni. lmportant enrichment of W, Mo,
and Ti in fluoride salt occurred during 112 h, however, W/Ni, Mo/Ni
and Ti/Ni ratios then decrease with increasing MSR exposure. The de-
crease in these ratios is related to the fact that the amount of Ti, Mo and
W increases in the MFS more slowly than the amount of Ni. This may be
due to the fact that the amount of Ti, Mo and W in the MFS is close to
their amount on the surface of the alloy and their diffusion slows down.

The resistance of the candidate material to the LiF-NaF exposure can
be scored as a ratio of the content of given elements in the LiF-NaF
mixture after exposure (Wyipner) to the content of particular elements in

116

the tested material (Wisrenat), 85 well. The most resistant elements ex-
hibit the lowest ratio and vice versa. It is evident from Table 3 that
nickel is the most resistant element to MFS exposure whereas iron is the
maost susceptible to corresion. The noticeable enrichment in the case of
Ni-coated steel is caused by preferential corrosion of steel substrate that
occurred by penetration of nickel coating by MFS to iron substrate as is
clearly seen in Fig. 1. In case of alloy AO71EV the most resistant ele-
ments are Ni and Cr. Ni, Fe, Mn exhibit similar behavior - a significant
enrichment in LiF-NaF mixture with increasing time of exposure
(Table 1 and Table 3). On the contrary, in the case of Cr, W, and Mo no
significant enrichment is observed. For Ti, slight enrichment occurred.
The behavior of Cr, W, Mo and Ti could be caused by their passivation
which suppresses the corrosion rate. The results from Tables 2 and
show the same conclusion regarding the resistance of candidate
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materials and amount of corrosion products.

3.2. Surface analysis

Part of the sponge-like corroded area shown in Fig, | was subjected
to quantitative elemental mapping to demonstrate penetration of MFS
into the exposed specimen and to show relative depletion or enrichment
of constituents in the souctural material. As EPMA does not allow
measuring soft radiation of light elements (in our case of Li) and
fluorine ionization in the ICP source is very weak, both EPMA and LA-
1CP-MS were used for obtaining 2-D elemental distributions (Fig. 2). All
maps are quantified and the seale is from 0 to 100%,, -

The elemental maps on right hand side of Fig. 2 show the Ni coating
on the steel substrate. The corrosion penetrates up to 500 pm under the
Ni coating and outstanding depletion of Fe (up to 5%,,,,) and enrich-
ment in Li, F and Na content. Moreover, the wide boundaries can be
clearly seen between the Ni-coating and the Fe-subswate. In the out-
ermost part of Ni-coating depletion of Ni and enrichment of Li and Na
are evident.

4. Conclusion

Three candidate structural materials for the nuclear industry were
tested for their corrosion resistance to MES exposure, with the most
appropriate material being selected based on corrosion products con-
tent in the solidified exposed melr. The analyses show that the best
candidate material is nickel, whereas the nickel alloy AO71EV releases
the largest amount of metals into the melt and is thus most susceptible
to corrosion. A disproportionately higher amount of Fe in MSF after
exposure of the Ni-coated steel specimen indicates, together with EPMA
and LA-ICP-MS mapping, the coating failure followed by massive cor-
rosion of the steel substrate to a depth of 600 pm.
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Abstract Syn-tectonic quartz-calcite veins containing
blue beryl are enclosed in hematite > magnetite-rich
portions of the low-grade metamorphosed Fe-deposit
Skaly near Rymarov, Czech Republic. Aggregates of
pale to deep blue beryl, up to 2 cm in diameter, are
associated with euclase, clinochlore, hematite, albite and
dravite. Complexly zoned beryl crystals consist of
skeletal aggregates of beryl | randomly distributed
within volumetrically dominant beryl II with narrow
rims of beryl III. All types of beryl have similar contents
of Na (0.32-0.49 apfu) and Mg (0.31-0.41 apfu) but
variable contents of Fey, (0.05-0.34 apfu) and Al (1.20—
1.62 apfu). The LA-ICP-MS study yielded elevated
contents of Li, up 1,314 ppm (0.28 wt% Li,O) in beryl L
The quartz-calcite veins represent an unusual type of low-T
metamorphic-hydrothermal vein related to Fe-ore deposit
characterized by single-stage fracturing and mobilization in a
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closed system at T~200-300°C and CO;* as a major
complexing agent for the mobility of Be.

Introduction

The chemical composition of beryl is commonly close to the
ideal formula Be;ALSigO,s however, more complicated
compositions are also quite frequent, leading to the following
general formula for beryl-group minerals written as: “"(Na,
Cs,Rb,K.H,0,He,Ar) "™(Be,Li,0); “(ALFe™,Sc,Cr,VFe™,
Mg, Mn?"), T[Si50,5] (see e.g., Cerny 2002). Composition-
al variations in natural members of the beryl group tend to
three general compositions, where R =Na, Cs, Rb, K; R*" =
Mg, Fe** and R*" = Al, Sc, Fe*: (i) beryl with an idealized
formula BesR5*'Sig0ys (beryl—Be; Al 'Si0,, bazzite—
BesSc, ' SigOy; stoppaniite—BesFe,? 8ig0,9): (i) O-beryl
with dominant substitutions at the O site and CH site
(channel site) leading to the simplified general formula
R'Be;R¥R*S8ig0,s (Hawthorne and Huminicki 2002;
Barton and Young 2002); (iii) T-beryl with a dominant
substitution at the T(2) site and CH site leading to the
simplified general formula R Be,LiR,*"8is0 5 (pezzotaite—
CsBe,LiAlLSigO;g). Iron is a typical minor to major element
in beryl-group minerals (see Ferraris et al. 1998; Groat et al.
2010 and review therein). Spectroscopic studies suggest that
Fe may enter, along with the O site, also the CH site, the T
(1) site (Groat et al. 2010) and the 6 g and the 4 d positions
in the beryl structure (Platonov et al. 1979; Taran and
Rossman 2001); however, the amount of Fe at these
positions is typically very low to nil. Lithium enters the T
(2) site via the substitution o T@Be*" = “HRT TAL*, put
traces of Li may also be present at the CH site (Shemriff et al.
1991). Small amount of Si is considered to enter T(2) site
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69



Article 5

M. Novik et al.

(Beal and Lentz 2010). Also molecular H>O along with He
and Ar frequently enters into the CH site, on two distinct
positions - type I H,0 and type 11 H;O (e.g., Brown and
Mills 1986; Sherriff et al. 1991),

Novék and Jilemnickd (1986) first described blue beryl
from quartz-calcite veins in a low-grade metamorphosed
Lahn-Dill type Fe-deposit at Skaly near Rymafov, Northern
Moravia, Czech Republic; the petrography, mineralogy and
fluid inclusion chamcteristics of the Skaly Fe-deposit were
reported by Fojt et al. (2007). Our study shows that this
unusual (Na,Mg,Fe)-enriched beryl is complexly zoned
(beryl I, beryl 11, beryl III) and contains mmor but variable
concentrations of Li. Based on EMPA and LA-ICP-MS
data, and Méssbauer and FTIR spectroscopy we discuss
potential substitution mechanisms, miscibility/immiscibility
in this texturally and compositionally unusual beryl as well

as mobility of Be and Li in low-grade metamorphic-
hydrothermal conditions and a genetic type of the beryl
occurrence Skaly near Rymatov.

Geological setting

The low-grade metamorphosed Lahn-Dill type Fe-deposit
Skaly near Rymafov (former name of the locality -
Pittenwald), mined intermittently from the 17% to 19"
centuries, is located at the easternmost part of the Vrbno
Group (Devonian) close to the tectonic berder with
overlying greywackes and schists of the Andélskd Hora
Formation (Carboniferous) (Fig. 1) in the eastem termina-
tion of the Rhenchercynian Zone of the Variscan chain
(Franke and Zelazniewicz 2000). The Vrbno Group is made

blastomylonite | X ?

biotite-chlorite-sericite phyllonite 4
sericite-chlorite phyllite with graphite -

quartzite, quartz metaconglomerate

quartz metakeratophyre [T

metadolerite

sericite-chlorite schists I[m:m:ﬂ

guartz-feldspar phyliite (acid metatuff)

Carbeniferous shales, greywackes

Fig. 1 Schematic geological map of the Vrbno Group and the And&ska Hora Formation: the locality Skaly near Rymatov is marked by a star.

Modified from Opletal and Koverdynsky et al. (1998)
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up of dominant sericite-chlorite and chlorite schists alter-
nating with less common metarhyolites, graphite schists
and Fe-rich ores in the examined area. Metavolcanics of the
eastern part of the Vibno Group are affiliated with a back-
arc rift-related alkaline suite (Han#l et al. 2007) and such a
scenario is in line with the current palacogeographic models
for the region (Kalvoda et al. 2008). The rocks underwent
complicated tectonic and metamorphic evolution with
several stages of deformation and low-grade metamor-
phism. The peak conditions at T~350-400°C and P~4-
5.5 GPa (René and Srein 2001) were attained in chloritoid
schists located several km S of the Skaly Fe-deposit. The
chlorite thermometer (Cathelineau and Nieva [985) yielded
278-308°C for chlorite from chlorite schist at Skaly (Fojt et
al. 2007) and 291-320°C for chlorite from a hematite +
magnetite-rich ore at Horni Mésto (Fig. |; Rozmanek
1981), respectively.

The rock sequence of the Skaly Fe-ore deposit is
composed of dominant sericite-chlorite schists with
minor caleite and accessory titanite, pyrite, chalcopyrite,
hematite and stilpnomelane. Coarse-grained portions of
sericite-chlorite schists with abundant calcite and minor
albite, quartz and accessory tourmaline are rare. Common
intercalations of hematite > magnetite-rich layers (Fe-ore
mined in the past) reached a thickness of up to several m
and a length of up to several hundreds m. Along with
abundant hematite and common minor chlorite and
magnetite, calcite, quartz, accessory to locally minor
pyrite and chalcopyrite also were identified (Fojt et al.
2007). A geochemical study of rocks at the Horni Mésto
locality (Fig. 1) and from the borehole JR-10, situated
about 0.5 km N of the Skily deposit (Fig. 1), yielded
concentrations of Be of 2-6.3 ppm (VIckova 1984;
Valova-TomSikova 1987). At the Skily Fe-deposit, 6—
10 ppm Be in schist and hematite-calcite rock, and up to
106 ppm Be in magnetite-chlorite rock (VavroSova 1987),
were found.

The syn-tectonic quartz-caleite veins are exclusively
enclosed in hematite > magnetite-rich portions of the
Skdly Fe-deposit (Novik and Jilemnicka 1986). They are
up to ~10 ¢m thick and their length of ~1 m was estimated
from common fragments in old dumps; no outcrops with
quartz-calcite veins have been found at the locality. These
veins are typically concordant to a well-developed
foliation of the host rock: thin discordant veinlets are very
rare. The fluid-inclusion study of quartz and calcite from
quartz-calcite veins yielded temperatures of homogenization
of aqueous inclusions at 110-180°C, and 124-156°C,
respectively, low fluid salinity (2.2-4.3 wt.% of NaCl
equivalent) and Na-Mg-Cl salt composition (Fojt et al.
2007). Isotopic composition of calcite *C (+0.9 to +2.2
PDB) and 'O (-8.1 to 13.5 PDB) indicate a metamorphic
origin for H,O and a marine source for C (Fojt et al. 2007).

Experimental methods

The chemical compositions of beryl and associated miner-
als were determined with a Cameca SX100 electron
microprobe at the Joint Laboratory of Electron Microscopy
and Microanalysis, Department of Geological Sciences,
Masaryk University, Brno and Czech Geological Survey,
Brno, P. Gadas analysts. The analytical conditions were an
accelerating voltage of 15 kV, a beam current of 10 nA, and
a beam size of 5 pum. The following standards and
analytical lines were used: (K,) lines: sanidine (81, Al, K),
albite (Na), almandine (Fe), pyrope (Mg), titanite (Ca, Ti),
rhodonite (Mn), ScVO, (Sc,V); (Ly) lines: pollucite (Cs),
Rb-leucite (Rb). The analytical data were comrected using
the PAP correction procedure (Pouchou and Pichoir 1985).
Crystal formulae of beryl were calculated in three different
ways: a) normalized on Si=6 apfu, because most studies
show that this site is occupied only (or almost exclusively)
by Si and the presence of Si at the T(2) site is negligible if
any {Ccmj; 2002, Groat et al. 2010); b) calculated on the
basis: 18 oxygens, Fe,, = FeO and stoichiometric Be + Li=
3 apfu (beryl I, beryl II); ¢) calculated on the basis: 18
oxygens, 5-20% Fe*" of total Fe and stoichiometric Be=3
apfu (beryl II).

Instrumentation for LA-ICP-MS at the Department of
Chemistry, Masaryk University, Brno, T. Vaculovi¢ analyst,
consists of a laser ablation system UP 213 (New Wave,
USA) and an ICP-MS spectrometer Agilent 7500 CE
(Agilent, Japan), A commercial Q-switched Nd:YAG laser
ablation device works at the 5% harmonic frequency which
comresponds to the wavelength of 213 nm. The ablation cell
was flushed with helium (carrier gas), which transported the
laser-induced aerosol to the inductively coupled plasma
mass spectrometer (1 1/min). For LA-ICP-MS measure-
ments we used a hole drilling mode (fixed sample position
during laser ablation) with a duration of 75 s for cach spot.
Laser ablation was performed with laser spot diameter
40 pm, laser fluence 24 Jem > and repetition rate 10 Hz.

The amount of Fe’" was estimated by the Mbdssbauer
spectroscopy. The transmission *"Fe Massbauer spectra of
powdered beryl (ground under acetone using an agate
mortar and subsequently washed in cold diluted hydro-
chloric acid) were acquired at constant acceleration mode
using a 37Co in Rh source and 1,024 channel detector at a
temperature range of 5-300 K. The isomer shift was
calibrated against an «-Fe foil at room temperature. Spectra
were fitted by Lorentz functions using the computer
program CONFIT2000 (Z4k and Jiraskova 2006).

Fourier transform infrared (FTIR) spectra were
recorded using a Nicolet Nexus 670 spectrometer
equipped with DTGS detector and XT-KBr beamsplitter.
The sample was prepared by mixing 1 mg of powdered
sample with 300 mg of KBr (dried beforehand at 150°C)
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with an automated mortar and pressing in an evacuated
die at 10 tons. A total of 32 scans in air were done for
the sample in the wavenumber range 4,000-400 cm ™' at a
resolution of 4 em ™,

The methods used in this study differ significantly in
terms of the volume of analyzed material. The clectron
microprobe has a beam-spot diameter of ~5 pm, whereas
the LA-ICP-MS employs a laser spot diameter of ~40 pm.
Bulk amounts of 0.2 g and 0.1 mg were used in Méssbauer
spectroscopy and FTIR-spectroscopy, respectively. Conse-
quently, each method is able to analyze a distinct scale of
zoning, and we took this fact into account in the discussion.
In all compositional types of beryl, apparent in the BSE
images, EMPA and LA-ICP-MS data can be generally
correlated; however, Maossbauer spectroscopy, FTIR-
spectroscopy and X-ray powder diffraction datm were
applicable only to volumetrically dominant beryl IL

Results
Mineral assemblages of quartz-calcite veins

The syn-tectoni¢ quartz-calcite veins containing blue beryl
are typically enclosed in hematite > magnetite-rich portions
of the Fe-ore deposit. Dominant white to grayish quartz
consists of anhedral grains, up to 5 mm in size, with
common unduloze extinction in the optical microscope.
Moreover, thin quartz veins typically cut beryl, Grayish to

Fig. 2 BSE images of selected
minerals from the quartz-calcite
veins, & Aggregate of albite
grains in calcite. Note small
inclusions of tourmaline dnd
fluorapatite in albite and laths of
muscovite at the contact be-
tween albite and calcite. b Cal-
cite with flakes of hematite and
chiorite and oscillatory zoned
euhedral crystals of tourmaline.
¢ Apgregate of subhedral grains
of chlorite in beryl 11 with a
narrow tim of beryl 111. d
Euhedml grains of REE-rich
cpidote in calcite. Scale bar=
200 pum. Abbreviations (accord-
ing to Kretz 1983): Cal calcite;
Otz quartz; Tur tourmaline; Ap
apatite; £u euclase; Ms musco-
vite; 4b albite; Hem hematite;
Chi chlorite; Bri beryl; REE-gp
REE-rich epidote

pale brownish calcite only locally predominates over
quartz, commonly close to the contact with the host rock;
otherwise, its distribution in the veins is rather irregular. In
thin sections, two texturally distinct types of calcite were
recognized. Calcite T forms medium- to coarse-grained
aggregates n the vein matrix (Fig. 2a); calcite II cuts
through early minerals, including beryl, in thin veinlets.
Large grains of calcite 1 show locally folded polysyntetic
twinning. Small grayish green flakes of chlorite and thin
flakes of hematite are typically present close to the
generally sharp contact with the host rock., Chlorite also
occurs as aggregates in beryl (Fig. 2¢). Several common to
rare accessory minerals were identified. Common albite
(Abygo.gs) forms subhedral grains, up to 3 mm in size,
irregularly distributed in veins mostly situated close to beryl
(Fig. 2a). Oscillatory zoned, dark brown-green to dark
green euhedral crystals of tourmaline, up to 200 um long
(Fig. 2b), were found enclosed in calcite, quartz, albite, and
only rarely in beryl. They are also associated with hematite
and chlorite (Fig. 2b) near the contact or form folded thin
veinlets composed of accicular crystals enclosed in quartz
or calcite. Small flakes of muscovite are commonly
associated with tourmaline and albite (Fig. 2a). Rare
bomite, digenite, chalcopyrite, monazite-(Ce), REE-rich
epidote and fluorapatite form small euhedral to subhedral
grains, commonly from ~10 to ~100 pm in diameter
(Fig. 2a,d). Most minerals are fresh with no evident
alterations. Only REE-rich epidote is locally replaced by
Ca,REE-fluorocarbonates and rarely by monazite-(Ce).
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Copper sulphides are weathered to malachite and unspec-
ified Fe-oxyhydroxides (Fojt et al. 2007).

Homogenous calcite (both aggregates and thin veinlets)
with low concentrations of Mg (0.01 apfu), Fe (0.01 apfu)
and Mn (0.005 apfu) is very similar to the data of Fojt et al.
(2007). The chlorite composition matches Alrich clino-
chlore with Fey,/(Feyg, + Mg) varying about 0.35 (wet
chemical analyses of chlorite from host rocks yielded .36
and 0.44; Fojt et al. 2007), containing slightly increased Ni
(up to 0.03 apfu, 0.32 wt.% NiO) and low Li (Li,O—
0.06 wt.%; Fojt et al. 2007). The chlorite thermometer
(Cathelineau and Nieva 1985) yielded 242-246°C. Cores of
the oscillatory zoned tourmaline (Fe-rich dravite) usually
display a slightly elevated X-site vacancy (~0.1-0.2 pfu),
Fey/(Feyq + Mg)=0.33-0.40 and contents of Al within the
range of 5.73-3.86 apfu compared to the rims which show
lower Al (5.34-5.71), higher Fe,,/(Fe,, + Mg)=041-047,
low X-site vacancy (0-0.11 ptu) and, in some cases,
slightly increased Ca (up to 0.16 apfu). Both cores and
rims yielded low contents of F (0.03-0.17 apfu) and,
occasionally, slightly elevated contents of Ni (up to 0.08
apfu, 0.62 wt% NiO). Hematite is homogenous with
elevated Ti (up to 0.02 apfu, 0.85 wt.% TiO;) and trace Ca
(up to 0.01 apfu, 0.37 wt.% Ca0O). Crystals of apatite are
homogenous and the composition is close to the fluorapa-
tite end-member. Patchy zoned REE-rich epidote shows
variable content of YREE=0.5-0.71 apfu, Al=1,84-1.95
apfu and Fe,'=1.04-1.02 apfu. Phengitic muscovite has
high Si=3.25-3.35 apfu, low contents of Al=2.12-2.20
apfu, high to moderate concentrations of Fe®'=0.07-0.26
apfu, Mg=0.25-0.39 apfu, and Fe.y.'"=0.08-0.20 apfu,
but very low contents of Na<0.04, Ca<0.01, Ti<0.01 and
F<0.06 (all in apfu).

Beryl description and its mineral assemblage

Subhedral to euhedral, short prismatic crystals of beryl, up
to 8 mm long and their aggregates, up to 2 ¢cm in diameter,
range in color from pale blue to a sporadic deep blue color.
While translucent, no gem-quality beryl has been found.
Position and orientation of the crystals and their aggregates
within the veins are uneven. They occur close to the contact
with host rock or are situated in central parts of the veins.
Complexly zoned beryl crystals consist of three individual
zones commonly well-defined in BSE images (Fig. 3a) and
showing equal optical orientation. Beryl I forms solitary
euhedral grains, up to ~200 um in size, typically with
hexagonal shape, frequently arranged in skeletal aggre-
gates, which also show hexagonal symmetry, both random-
ly distributed within beryl II (Fig. 3b.c). Volumetrically
dominant beryl 1T (Fig. 3d) comprises 90-95 vol. % of the
individual beryl crystals, Beryl Il forms narrow rims of
large beryl I1 crystals from ~10 to 200 pm thick (Fig. 3c.d).

Commonly, late quartz + calcite veins cutting beryl 1T also
are rimmed by thin zone of beryl 1II (Fig. 3¢.d). Beryl II
contains rare relics of chlorite, which also show a narrow
zone of beryl IIT (Fig. 2c). Most crystals of beryl contain
subhedral inclusions of euclase, up to ~200 um in size,
typically associated with euhedral grains and skeletal
aggregates of beryl T (Fig. 3e.f). The textural relations
suggest that euclase + beryl 1 + calcite 1 crystallized
simultaneously as the earliest minerals in the complex beryl
crystals. Beryl crystals are locally cut by late veinlets of
quartz + calcite II. Beryl I occasionally shows corrosive
contacts chiefly with calcite I (Fig. 3c.d).

Textural relations suggest that beryl, quartz, calcite and
minor to accessory euclase, chlorite, albite, hematite,
muscovite [, tourmaline and Cu-sulfides crystallized simul-
taneously. In the beryl crystals, the detailed succession of
crystallization is evident—euclase + beryl 1 + calcite
I—beryl I—beryt Il + quartz + calcite 1. No alterations
of beryl except corrosion along contacts with calcite
(Fig. 3d) were observed. Beryl I, beryl II, beryl I and
calcite in a spatial contact are locally intact (Fig. 3e),
whereas euclase is commonly replaced by calcite or
muscovite (Fig. 3e.f).

Chemical, spectroscopic and X-ray diffraction study
of beryl

Electron microprobe study of about 10 individual crystals
revealed three distinct but individually rather homoge-
neous compositions. All three types of beryl have high
but similar contents of Na (0.43-0.49; 0.42-0.48; 0.32-
0.45 apfu) and Mg (0.37-0.41; 0.35-0.39; 0.31-0.38
apfu) but variable contents of Fe (0.05-0.08; 0.24-0.34;
0.09-0.15 apfu) and Al (1.49-1.62; 1.20-1.34; 1.43-1.55
apfu) in beryl I, beryl Il and beryl III, respectively
(Table 1). The only minor cations above the detection
limits of EMP are Zn (0.15 wt.% ZnO) and Rb (0.14 wt.%
Rb,0) in beryl I and Ca (0.12 wt.% CaO) in beryl I11. The
other detected oxides (MnO, K-O, Cs,0, Ti0O,) were
found below or close to the detection limits in all
compositional types of beryl.

The LA-ICP-MS study revealed similar concentrations
of some trace elements (Sc, V, Mn, Co, Ni, Ga) in beryl 1,
beryl 11 and bery! III (Table 2). Other elements (T1, Zn, Ge,
Cs) are more or less partitioned into the individual beryl
types (Table 2). The concentrations of Li in beryl I, beryl 11
and beryl 111 are lower relative to the preliminary data given
by Novak et al. (2010) with the concentrations of Li up to
2,135 ppm obtained using LA-ICP-MS. Recalculation to
Lis0 yielded 0.25-0.28 wt.% Li,O in beryl I and 0.08 wt.%
Li,O in beryl MI. Calculation of H,O using the empirical
relationship of Giuliani et al. (1997) for emeralds gave high
values up to 3.4 wt.% H,0.
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Fig. 3 BSE images of beryl and
euclase from quartz-calcite
veins, a Simple zoned euhedral
crystal of beryl in quartz show-
ing three compositional types of
beryl from centre outwards —
beryl I, beryl 11 and beryl TIL. b
Skeleta!l aggregate of cuhedral
grains of beryl I in bery| I1. Note
thin late veinlets of quartz and
calcite. ¢ Two beryl crystals with
inclusions of beryl [ in beryl 11
and narmow anhedral ims of
beryl 11l along late quartz =
caleite veinlets. d Large crystal
of beryl II with euhedral rims of
beryl T1L. Note absence of beryl 1
and evident corrosion of beryl 11
by calcite. e Beryl IT with
inclusions of beryl 1 associated
with subhedral grains of euclase
replaced by calcite. f Skeletal
aggregate of beryl 1 in beryl 1T
closely associated with subhe-
dral grains of euclase, which is
evidently replaced by calcite,
‘whereas beryl is more stable and
corrosion is less intensive. Note
that quartz is commonly absent
in the assemblage euclase +
beryl 1 + beryl 11 + calcite in
Fig. 4ef. Scale bar=200 pum.
Abbreviations as in Fig. 2

Typical feature of *'Fe Massbauer spectra of beryl is high
asymmetry of dominant Fe** doublet (da Costa et al. 2006;
Groat et al. 2010; Prce et al. 1976; Viana et al. 2002) with
very broad low-velocity peak and isomer shift §=1.2 mm/s
and quadrupole splitting AEg=2.7 mm/s (Groat et al. 2010;
Novak and Filip 2010). Accordingly, Méssbauer spectra
collected from beryl 11 are highly asymmetric at room
temperature and down to 25 K (Fig. 4). With respect to the
asymmetry and strong overlap of Fe** and Fe*" doublets in
spectra measured between 300 and 25 K, we fit exclusively
the 5 K spectrum where the strong asymmetry of the main
paramagnetic Fe** doubled disappeared. All the spectral
components have hyperfine parameters typical for Fe in a
high-spin state. The most intense Fe** doublet with parameters
5=1.30 mm/s and AE,=2.77 mm/s is assigned to octahedral
Fe?* occupying the O site. However, partial substitution of
Fe*" into a channel site could not be unambiguously
excluded/confirmed on the basis of Mossbauer spectra, where

4 Springer

another Fe®* doublet with parameters comparable to “Fe™’,
but with very broad spectral lines, could be fitted (see 5 K
spectrum in Fig. 4). Femric ron seems to be solely octahedrally
coordinated (O site) with doublet parameters 5=0.50 mm/s
and AEg=0.69 mm/s and resulting relative contribution,
calculated from subspectral areas, roughly 5 to 20 at.% Fe®"
from total Fe. Such a high uncertainty is given by the fact that
the fitting procedure is highly model-dependent. An inner
doublet typically ascribed to Fe* at the T site was not
observed in this blue beryl (cf. Novak and Filip 2010).
Unpolarized FTIR spectrum of the blue beryl show
characteristic bands at 3,655, 3,592 cm™ " and the 1,624 cm™
(Fig. 5). According to literature data we interpret the
3,655 cm™! band as the v, stretching mode of type 1T H,0
in the channel site bonded to Na and 1,624 cm™ band as a
comresponding v, bending mode (cf. Della Ventura et al. 2007
and references therein). The 3,592 cm™ band is, on the other
hand, interpreted as either the v stretching mode of type 1
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Table 1 Representative EMP analyses of the individual types of beryl and euclase. The detected oxides (MnO, K;0, Cs,0, TiO,) were found
below or close to the detection limits (Mn - 620, K - 255, Cs - 333, Ti — 217 all in ppm) in all compositional types of beryl

beryl 1 beryl 11 beryl 111 euclase
Sample 5/1 13/1 11/1 71 12/1 18/1 8/1 9/1 20/1 2/1
Si0, wt.% 66.13 65.98 65.73 64.89 6530 65.09 65.87 66.11 65.99 4241
ALO; 14.14 14.19 13.89 11.24 1147 11.37 13.95 14.02 13.43 35.01
FeD 0.78 090 0.85 417 450 425 1.29 1.31 1.55 031
MgO 2.85 277 2.80 2.74 2.70 2.78 2.49 2.46 2.79 b.d.l.
Zn0 b.dl. 0.10 b.d.l. b.d.l. b.d.l b.d.l. bd.l b.d.l. b.d.l. b.d.l
Ca0 0.04 b.d.l b.d.l b.d.l b.d.l. b.d.l. b.d.l 0.04 b.d.l. b.d.l
Na,0 2.58 2.71 2.48 2.46 243 2.50 213 2.30 221 b.d.l.
Rb,0O b.dl. bad.l 0.14 b.d.l. b.d.l. b.d.l. b.d.l. b.dl b.dl. b.d.l.
sim 86.52 86.65 85.89 85,50 86.40 85.99 85.73 86.24 85.97 71.73
Si* apfi 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6,000 1.010
APF 1.512 1521 1.494 1.225 1.242 1.235 1.498 1.500 1.439 0.982
Fe* 0.059 0,068 0.065 0322 0346 0.328 0.098 0,099 0.118 0.006
Mg 0.385 0376 0.381 0.378 0370 0382 0.338 0.333 0378 =
Zn*" = 0.007 = = = = = = = =
Ga** 0.004 == = = = = e 0.004 = =
Na® 0.454 0478 0.439 0.441 0433 0.447 0.376 0.405 0.390 =
Rb* = = 0.008 - - = = = = -
sum cat 8.414 8450 8.387 8.366 8391 8.392 8.310 8.341 8.325 1.998

b.d.l - below detection limit

H,0 or the stretching vibration of O-H groups substituted for
0(2) according to the (Fe*"OH), AL, vector (as proposed for
the 3,595 ¢m™ ! band in stoppaniite; Della Ventura et al. 2007),
In the FTIR spectrum are also noticeable CO, bands at
~2,350 em™' (see also Novak and Jilemnickd 1986). With
respect to the measurement conditions, however, this CO, is
most probably of atmospheric origin.

X-ray powder diffraction data of blue beryl (very likely
volumetrically dominant beryl 1) yielded the unit-cell
dimensions: @=9.253(4) and 9.285(8), ¢=9.208(5) and
9.195(4) A and ¢/a=0.995 and 0.990 according to Novik
and Jilemnicka (1986) and VavroSova (1987), respectively.

These data are consistent with our new data: a=9.292(1) and
9.280(5), ¢=9.199(1) and 9.193(1) A and ¢/a=0.990 and
0.991, and other Fe-enriched blue beryls (cf., Aurisicchio et
al. 1988; Hinni 1980; Groat et al. 2010).

Discussion

Chemical composition, substitutions and zoning in beryl

Chemical analyses (EMPA) of beryl were first normalized
to 6 Si apfu (see “Experimental Methods™ for details). All

Table 2 LA-ICP-MS data of

bery! from Skily (in ppm) d.L (ppm) beryl 1 (n=5) beryl 11 (n=16) beryl Il (n=6)
Li 1 1,148-1314 48-93 183-362
S¢ 1 1318 20-34 19-33
Ti 1 13-29 45-144 10-15
v 0.1 21-31 40-57 354
Mn 04 10 12-33 7-18
Co 0.1 10-13 69 56
Ni 04 89 69 57
Zn 1 467-388 87-131 5396
Ga 0.05 57 12-17 7-11
Ge 0.5 4-12 1734 6-11
Cs 0.01 40-74 185-243 4664
d.l. - detection limit
@ Springer
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Fig. 4 Room- and low-temperature Mossbauer spectra of bﬂﬁ'\g 11 from
Skaly. Dark gmy - °Fe®”, medium gray - “Fe*”, light gray - “PFe®" (see
text for more details)

three compositional types of beryl are characterized by similar
and mostly rather constant concentrations of Na and Mg,
whereas Fe and Al vary fairly more significantly (Table 1),
Poor negative correlation R**/YR*" (Fig. 6a) and and poor
positive correlation Na'/YR*" (Fig. 6b) suggest dominant
participation of the substitution (1) “¥o “R** = “¥Na* OR™
for beryl I and beryl III. However, beryl 111 and particularly
Fe-enriched beryl II exhibit the evident excess of R*" cations
(Fig. 6b) commonly observed in Fe-rich beryl (Groat et al
2010). If we plot Na vs. Mg (Fig. 6¢), beryl II exhibits a
similar pattern to beryl I and beryl I, which may imply
that most Fe is present as Fe’™ in beryl II. This is
supported by the plot Na vs. Fey, (Fig. 6d), in which no
correlation is seen. However, it is in contradiction to the
results of the Mossbauer spectroscopy, which yielded only
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Fig. 5 FTIR spectumof bery! 11 from Skily. The ripples at ~2,900 cm™
are due to impurities of organic matter

5-20% of Fe*" of total Fe (Fig. 4) and also slight excess of
Na relative to Mg is evident (Fig. 6c¢).

Average data for three compositional types of beryl
including concentrations of Li in beryl I and beryl 11
and Fe**/Fe*” in beryl 11 yielded results very similar to
the normalization on 6 apfu Si for beryl I and beryl III
with 6.027 and 6.037 apfu Si, respectively (Table 3).
Beryl 11 with a total Fe as FeO has higher $i=6.070 apfu
(Table 3). If we consider solely participation of the
substitutions (1) and (2) o T®Be®" = “Na* T@Li" in
the beryl, Na" should be equal to YR*" + Li. In both beryl
I and beryl I1I, there is a deficiency of about 0.05 apfu of
YR". These disproportions may be explained by several
reasons. A higher amount of Fe** at the O site is the most
probable and most effective, but it is in contradiction with
the results of the Massbauer study. The presence of Fe at
the CH site (e.g., Viana et al. 2002; Da Costa et al. 2006),
the presence of OH at the CH site (Della Ventura et al.
2007) and/or the presence of Si at the T(2) site (see
Aurisicchio et al. 1988; Beal and Lentz 2010) may have
played a role. Also overestimation of the Li content
obtained from LA-ICP-MS may give this difference,
although the content of Li is rather low. The current
knowledge about the crystal chemistry of beryl and our
analytical data do not allow us to distinguish, which of
these factors caused the surplus of YR*". However,
deficiency of R'-cations is common in aquamarine and
blue beryl (e.g., Beal and Lentz 2010; Groat et al. 2010)
but less common in emerald (Groat et al. 2007).

Participation of the substitutions (1) and (2) within a
single crystal of beryl is notable because usually substitu-
tions affiliated to the O site or to the T(2) site (plus CH site)
are dominant (e.g., Aurisicchio et al. 1988; Franz and
Morteani 2002). Aurisicchio et al. (1988) suggested that
participation of these substitutions is restricted by crystal-
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structural constraints, whereas Cerny (2002) considers
concomitant participation of these substitutions simply
geologically unlikely, Our results demonstrate that Fe-
enriched beryl II contains lower concentrations of Li
relative to late beryl III and chiefly to early beryl L
Because there are no discernible indications in the mineral
assemblages (with dominant quartz and caleite) or in the
change of PTX-conditions (indicated by replacement
textures or zoning in minerals) to significantly change
chemical activities (Li, Al, Fe) in the system during beryl
crystallization, higher contents of Fe and/or higher partic-
ipation of substitution reaction (1) may constrain lower
degrees of substitution reaction (2) in beryl II. A lack of
information about the contents of Fe*™ in beryl I and beryl
I complicates our discussion and this question is still
open. Beryl from Skily near Rymafov is similar to blue
beryls—the analyses No. 1, 2, 3 and 4 (see Aurisicchio et
al. 1988), but the content of Li is slightly lower for these
localities. Because Li has not been routinely determined in
beryl from such geological environments (see Turner and
Groat 2007; Groat et al. 2007, 2010), a combination of
these substitutions in beryl-group minerals is perhaps more

common and routine determination of Li by SIMS or LA-
ICP-MS is needed (Groat et al. 2007).

The textural relations of the individual compositional
types of beryl are characterized by inclusions and skeletal
aggregates of beryl I rather randomly distributed within
volumetrically dominant beryl 11 (Fig. 3b) and exclusive
presence of beryl 111 as the thin outermost rims on beryl IT
crystals (Fig. 3a,c,d). Distribution and framework of the
aggregates of beryl I in beryl 11 and absence of any
compositional changes in the contact of both beryl types
(Fig. 3a,b) exclude an exsolution of beryl I from beryl IL
Skeletal aggregates rather suggest a rapid crystallization of
beryl 1. Textural relations of narrow rims of beryl 11 around
beryl I and their shape (Fig. 3a,d) do not indicate any or
only insignificant participation of fluid-induced dissolution-
reprecipitation processes (see e.g., Putnis 2002; Harlov et
al, 2005) leading to formation of beryl III instead of beryl
IL Hence, replacement of the individual beryl types such as
described by Novak and Filip (2010) and Novék and Skoda
(2010) from granitic pegmatites was not recognized in the
Skaly occurrence, Sharp contacts of the individual beryl
types also point to a lack of post-crystallization diffusion
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Table 3 Chemical analyses of beryl, combination of EMPA, LA-ICP-
MS and Mossbauer data

beryl 1 beryl 11 beryl 111
0% Fe3+ 5% Fe3+ 20% Fed+

Si0, wt% 65.35 64.67 64.67 64.67 65.61
ALO; 14.18 11.61 11.61 1161 13.94
Fea03 0 0 0.20 0.81 0
FeO 0.83 4.07 3.87 3.26 1.47
MgO 2.85 2.73 2.73 273 2.58
BeO 13.15 13.31 13.31 13.31 13.45
Li,O 0.26 0 0 0 0.07
Na,O 2,53 2.51 2.51 2.51 2.25
sum 99,35 98,90 98.90 98,90 99.37
Si*" apfu 6027 6070 6.067 6.061 6.037
AP 1.537 1.284 1.284 1.282 1.512
Fe'™ — - 0.014 0.057 -
Fe™™ 0.064 0319 0.304 0.255 0.113
Mgt 0.391 0.382 0.382 0.381 0.354
Be*" 2,904 3.000 3.000 3.000 2,974
Li 0.096 S = = 0.026
Na* 0.451 0.457 0.457 0.456 0.401
sum cat 11470 11512 11.508 11.492 11.417
0 18 18 18 18 18

within the beryl crystals under low-grade metamorphic-
hydrothermal conditions.

Although compositional zoning in beryl crystals is
commonly not apparent in macroscopic samples, it has
been described from optical microscopy and chiefly in
BSE-images by numerous authors. Zoning varies from
relatively simple concentric (e.g., Hanni 1980; Turner and
Groat 2007; Novak and Filip 2010) through oscillatory
(Beal and Lentz 2010), sectorial (Scandale and Lucchesi
2000), complex (Turner et al. 2007; Groat et al. 2010) to
late veining (Wang et al. 2009; Novak and Skoda 2010;
Uher et al. 2010). Some of these zoned patterns indicate a
complex origin for the beryl crystals. The style of zoning in
Skaly typically has sharp compositional boundaries rather
than a homogeneous composition. An absence of replace-
ment textures between the individual beryl types suggest a
gradational crystallization. These textures also imply that
immiscibility between different individual beryl composi-
tions at low temperature may be the main factor controlling
complex zoning in the blue beryl.

Minemnl assemblages, PTX conditions, source and mobility
of beryllium

Beryl is known from a variety of geological environments (see
e.g., Barton and Young 2002; Cerny 2002; Franz and
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Morteani 2002) including veins in low- to medium-grade
metamorphosed Fe(Mn)-deposits (e.g., Hinni 1980; Fontan
and Fransolet 1982; Brugger and Gieré 2000) and mn altered
syenite from the True Blue showing, Yukon Territory (Tumer
et al. 2007; Groat et al. 2010). Blue beryl mostly occurs in
mobilized syn-tectonic to post-tectonic metamorphic-
hydrothermal veins at these localities and it is typically
associated with quartz, and carbonates (dolomite, ankerite,
siderite), and locally also with several accessory to minor
minerals such ag fluorite, hematite, allanite, phenacite,
fluorapatite, pyrophyllite, scheclite-powellite, pyrite, and
chalcopyrite. Although the exact PTX conditions of the
bery! formation in these localities were not specified in
detail, generally low to moderate T<~300-400°C are
considered (Turner and Groat 2007). The mineral assem-
blage in the quartz-calcite veins from Skily is similar to
these extent occurrence except here calcite is replaced by Fe-
and/or Mg-rich carbonates. A temperature of ~200-300°C is
implied for the quartz-calcite veins from Skaly, This is based
on the low-temperature limit of beryl formation (Barton and
Young 2002; Cemy 2002), the experimental data in the
BASH system for euclase (see e.g., Barton 1986; Barton and
Young 2002), chlorite thermometry, and metamorphic con-
ditions of the host rock complex.

Beryllium has been mobilized from host rocks of the low-
grade metamorphosed Lahn-Dill type deposit Skaly, where
one of the rock types (magnetite-chlorite rock) yielded up to
106 ppm of Be (Fojt et al. 2007), whereas the other rock types
contam 6-10 ppm of Be. These values are similar to those
from low-grade metamorphosed oolitic ironstone and ferru-
ginous sandstone in Sardinia (Franceschelli et al. 2000). For
hydrothermal fluids, the dominant complexing agents
controlling the solubility of Be are F~, CO;>, OH', and
F-CO3% a pH of 5-7 (Wood 1992), This is consistent with
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the presence of cuclase in the mineral assemblage from
Skaly (Cerny 2002). Mineral assemblages from the quartz-
calcite veins formed under a high CO5> activity, a low §
activity, and a very low F activity. This is supported by the
absence of fluorite and low contents of F in tourmaline and
muscovite. The presence of euclase (+beryl) suggests high
activity of AlO; and slightly acidic to neutral conditions
(Barton and Young 2002; Cerny 2002). The fO;) is
buffered by common hematite in quartz-calcite veins;
however, the absence of magnetite may suggest higher {O,)
in veins relative to the host hematite-magnetite rock.
Because calcite is common i quartz-calcite veins as well
as in host schists, the crucial role of CO;* as a major
complexing agent for the mobility of Be from host rock to
syn-tectonic quartz-calcite veins is evident. The influence of
CO4™ complexes on the mobility of Be is also documented
by partial corrosion of beryl by calcite (Fig. 3d). The
concentrations of Li in beryl (up to 1,314 ppm) manifest
elevated contents of Li and its mobility in the host rock
sequence of the Skily Fe-deposit. However, bulk rock
concentrations of Li in the host rocks were not studied;
consequently, further discussion about the origin of Li is not
feasible. Nevertheless, concomitant mobility of Be and Li in
Skaly is apparent

Conclusions

Zoned blue beryl from quartz-calcite veins in the low-grade
metamorphosed Fe-deposit Skaly represents O-beryl with
the dominant substitution (1) “P3 °R* = “™Na* ®R*, the
minor substitution (2) Mo T@Be = HNat AL
(elevated concentrations of Li up to 1,314 ppm, 0.28 wt.%
Li;0) in beryl I, and the rather negligible substitution (3)
Al = Fe* in beryl IL. Sharp contacts and absence of any
reaction rims in beryl crystals indicate that immiscibility
of the individual beryl compositions beryl I, beryl II and
beryl 111 at rather low temperature may be the main factor
controlling such a zoned pattern. The mineral assemblages
and paragenetic relations of quartz-calcite veins in the
Skaly Fe-deposit are an example of high mobility of Be
(and Li) in the F-poor but CO,-rich system at low T~200-
300°C. Owing to the absence of a potential magmatic
source of Be in the host rocks complex, high concentrations of
Be in the host rock, and evident paragenetic and geochemical
similarities between the host rock and the quartz-calcite veins
classify this metamorphic-hydrothermal occurrence as a
closed system (Tumer and Groat 2007). The vein mass was
sourced via metamorphic-hydrothermal fluids during one-
stage fracturing from the host rocks. Because the quartz-
calcite veins containing beryl occur exclusively in hematite +
magnetite ore and the highest concentrations of Be were
detected in magnetite + chlorite schist (Fojt et al. 2007), Fe-

rich portions of the host rock complex seem to be the main
source of Be in the veins. Figure 7 illustrates the position of
the assemblage beryl + euclase + calcite + quartz +
muscovite + albite among other beryl occurrences. It falls
within the field of greisens and granitic pegmatites (abundant
quartz, minor albite and muscovite, beryl, euclase) tending to
carbonate-hosted replacement deposits (commeon calcite,
euclase). Beryl formation is characterized by one-stage
fracturing and mobilization in a closed system, CO5> as
the major complexing agent for the mobility of Be, a high
AL O, activity, and elevated concentrations of Li.
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ABSTRACT

Green 1o grayish green tourmaline crystals (up to 10 em across), with distinet optical zoning. occurs with quartz. blocky
albite and muscovite in the Forshammar granitic pegmatite. central Bergslagen provinee, Sweden. Tourmaline contains inclusions
of zircon and xenotime-(Y ), and it is cut by veinlets of muscovite and hydroxylbastnisite-(Ce). Microanalytical and structural
data (from the rim) indicate that the tourmaline can be classified as a dravite with moderate Al-Mg disorder at the ¥ and 7 sites.
Tourmaline displays chemical zoning that reflects the distribution of Fe. Mg, Al Caand Na. The Mg/{Mg+Fe) value is high: it
decreases [rom core (~0.83) 1o intermediate zone (0.76-0.79), but mereases in the rim and vein dravite (0.93). The core has the
highest proportion of X-site vacancy and Al content. whereas the intermediate zone is the most enriched in Fe and Na. The rim is
slightly depleted in Al and has the highest Na compared toinner zones. Tourmaline veins crosscut the pre-existing tourmaline and
are relatively more enriched in Na and Ca. The main compositional variations are driven by AFTIMg_;Na_; and AIOMg_(OH)._;
substitutions. The Forshammar dravite shows the highest known concentrations of REE from pegmatite tourmaline. =1200 ppm
REE. <210 ppm La, <670 ppm Ce: the chondrite-normalized patterns reveal high Lag/Yhy (32 1o 464) values and strongly
negative Euanomalies (Eu/Eu® = 0.005 10 0.05). The contents of Ti. Mn. Y and REE generally inerease at the boundary of the
intermediate zone and rim. whereas the contents ol Zn. Ga and Sn decrease from the core to the rim. The core is likely a product
of an early magmatic process during the late Svecofennian pegmatite formation (~1.8 Ga) as suggested by oscillatory zoning
of trace elements. The intermediate zone. rim and tourmaline veins onginated during the late magmatic 1o hydrothermal stage.
Hydroxylhastniisite-(Ce) and muscovite are apparently the final products of the hydrothermal process.

Keywords: tourmaline. dravite, muscovite. zircon. xenotime<Y ). hydroxylhastnisite-(Ce). REE. EMPA . XRD. LA-ICP-MS.
aranitic pegmatite. Forshammar, Bergslagen, Sweden,
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INTRODUCTION

Dravite, a magnesium-dominant alkali tourmaline. is
arelatively widespread mineral, mainly in metamorphic
and metasedimentary rocks. especially in metapelites
to metapsammites, amphibole gneisses. marbles. dolo-
mites. and skarns. In contrast, dravite is not typical
of common granitic pegmalite environments, where
schorl-to-foitite and elbaite members of the tourmaline
supergroup are the most widespread (e.g.. London
2008). Magnesium-rich members of the schorl—dravite
solid-solution series occur only in very primitive barren
granitic pegmatites or in relatively unusual Mg-rich
environments. such as desilicated pegmatites emplaced
in (ultrajbasic rocks (e.g.. Bernard & Hyrsl 2006) or
NY F pegmatites derived from Me-rich parental plutonic
rocks, e.g.. melasyenites to melagranites of the Trebic
Pluton, Czech Republic (Noviak er al. 2011).

In this contribution. we document an occurrence
of distinctly Mg-rich dravite with unusually high REE
contents and associated minerals from a granitic pegma-
tite at Forshammar. Bergslagen ore province. central
Sweden. We carried out a detailed X-ray powder and
single-crystal study with a crystal-structure refinement,
supplemented by EMPA (electron microprobe) and LA—
[CP-MS (laser ablation — inductively coupled plasma
— mass spectrometry) spot analyses to establish the
internal evolution of the tourmaline from the magmatic
to subsolidus stage.

GEOLOGICAL SEITING AND OCCURRENCE

The Forshammar area is situated in the western
central part of the Paleoproterozoic. ca. 2.0-1.8 Ga
Bergslagen ore province (Fig. 1). The main metasupra-
crustal sequence in Bergslagen consists of Svecofennian
volcano-sedimentary units dominated by rhyolitic-to-
rhvodacitic. alkali-enriched metavolcanic rocks. clastic
metasediments, calcite-rich to dolomite-rich marbles,
and minor metabasic dykes and [Tows. The felsic
metavoleanic rock units formed primarily in a volcanic
arc environment at ¢ca. 1.90-1.87 Ga (¢f. Lundstrom er
al. 1998, and references therein), and the sequence was
subjected to intense folding. Faulting and regional meta-
morphism during the Svecokarelian orogeny. as well
as to the intrusion of large volumes of mostly granitic
magma during several successive stages. The resulting
rocks have been historically divided into an older and
a younger series: characteristically. the vounger series
is dominated by mostly undeformed granites of overall
S-type affinity, as exemplified by the ca. 1.8 Ga Stock-
holm granite (Ivarsson & Johansson 1993, and refer-
ences therein). The vast majority of rare-element-type
granitic pegmatites in central Sweden formed during ca.
1.82-1.79 Ga (¢f. Romer & Smeds 1997). thus overlap-
ping in time with these granites.

Overall, the region around Forshammar hosts abun-
dant pegmatitic to granitic bodies, occurring on several

scales. from thin dykes to large pods. They are consid-
ered 1o belong to the ca. 1.8 Ga generation of granites.,
and are mostly mineralogically simple and unzoned. and
dominated by coarse-grained quartz—feldspar rocks with
smaller amounts of micas and locally also magnetite
(Sundius 1952, Ambros 1983 ). At some localities. they
form distinct pegmatitic units. with a coarse 1o very
coarse grain-size. typically with very coarse radial
ageregates of muscovite, and irregularly distributed
small (decimeter- to meter-sized) pods of quartz. A
relatively coarse-grained graphic intergrowth between
quartz and perthitic microcline is generally dominant.
Several of these larger pegmatile bodies have been
mined, primarily for feldspar, such as in the Klinttjambo
and Limbergsbo quarries (K and L. respectively. in Fig.
1), in the Forshammar area. The Limbergsbo quarry is
still in operation.

The granitic pegmatites of the area are. to a large
extent, hosted by felsic metavolcanic units, in contrast
to a majority of pegmatite fields in central Sweden.
Furthermore, pegmatites are characteristically Al-rich.
shown by the fairly widespread occurrence of andalu-
site (Flink 1917, Lundegardh 1971). and the sporadic
appearance of chrysoberyl. Mineralogically unspecified
tourmaline-supergroup minerals have been observed
in the Forshammar pegmalites, as previously noted
by Brotzen (1959) and Lundegardh (1971). The latter
author specifically noted the occurrence of “light gray
tourmalines™ from the Forshammar quarries. Yet. on the
basis of observations during a succession of visits to the
area. tourmaline must be considered a rare constituent
ol these pegmatites. Variably altered andalusite. sparse
molybdenite and occasional small amounts of an
unspecified, black allanite-like mineral have also been
noted (of. Limdegardh 1971).

We sampled a tourmaline-bearing pegmatite body
(GPS geographic coordinates: 539°46°6"N, 15°30°56"E)
situated about | km northeast of the Klinttjambo quarmy
in the Forshammar area. exposed in relatively recent
times through road construction work, In the remaining
exposed portion of the pegmatite. a hall-meter-size local
quartz core oceurs within a muscovite-bearing, coarse-
grained graphic intergrowth of K-feldspar and quartz.
The euhedral prismatic tourmaline crystals occur at the
boundary or immediately inside the quartz at the core
margin. in some cases projecting some 10 centimeters
into the quartz core. A large part of this particular small
core is asvmmetrically filled by a single. euhedral and
megacrystic internally graphic K-feldspar crystal.

ANALYTICAL METHODS

Electron-microprobe analysis (EMPA)
The composition of tourmaline and associated
minerals was established with a CAMECA SX100

electron microprobe in wavelength-dispersion mode at
the State Geological Institute of Dionvz Stir, Bratislava.
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Fig. 1. Simplified geological map of the bedrock in the Forshammar area. The map is based on data from the Geological Survey

of Sweden. including the findings of Ambros (1983).

under the following conditions: accelerating voltage
15 keV. beam current 20 nA. and beam diameter 3 to
5 pm. The tourmaline samples were analyzed with the
following standards: wollastonite (SiKa., CaKa). Ti(),
(TiKa). Al O3 (AlKw). pure Cr (CrKa). pure V (VKa).
Fayalite (FeK). rhodonite (MnKw ). forsterite (MgKu),
willemite (ZnKa), pure Ni (NiKea), albite (NaKaw),
orthoclase (KKa). BaF; (FKw) and NaCl (ClKa). The
lower limits of detection of the measured elements
vary between 0.01 and 0.05 wt.%: Zn, Ni and CT were
invariably found to be below their detection limits,
The analvtical data were normalized according to the
PAP procedure. The calculation procedure of tourma-
line formula is presented in Table 1. Analytical details

on the electron-microprobe measurements of zircon.
xenotime-(Y) and hydroxylbastniisite-(Ce) are given
in Priek er al. (2010).

Powder X-ray diffraction

Powder X-ray-diffraction analyses were made on a
BRUKER D8 Advance diffractometer (Laboratory of
X-ray diffraction SOLIPHA . Comenius University in
Bratislava. Faculty of Natural Sciences) under following
conditions: Bragg—Brentano geometry (8-28), Cu anti-
cathode (Aoy = 1.54060 A), accelerating voltage 40
kV. beam current 40 mA. We used Ni KB filters to strip
the KB radiation on the primary and diffracted beam,
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and data were obtained with the BRUKER LynxEve
detector. The step size was 0.01° 28, the step lime
was 5 s per step. and the range of measurement was
4657 26. The measured data were evaluated with the
DIFFRACPY EVA software package (Bruker 2010a).
Analyzed scans were fitted and lattice parameters were
refined with the DIFFRACP TOPAS software using
a pseudo-Voight function (Bruker 2010b).

Crystal-structure refinement

A fragment of the rim (sample TSW and) of a
tourmaline crystal (originally ~5 cm in length) from

TABLE 1. REPRESENTATIVE COMPOSITIONS OF DRAVITE
FROM FORSHAMMAR, BERGSLAGEN PROVINCE, SWEDEN

TSW TSW  TSW TSW TSW TSW TSW TsSwW
an13 and4 an10 anl4 an3d an5 and4? ans0
core core intz. intz. nm rim vein  vein

Si0, 37.80 38.27 37.32 3776 0O7.87 3B14 3847 38.24
TiD, o.08 008 0416 014 018 014 001 001
B,O* 11.03 11.056 10.82 1089 1101 11.04 11.058 11.02
ALO, 3611 36.82 3524 3534 3478 3491 3367 3347
FeQ 262 248 358 338 1.23 122 137 1.3
MnO 0.05 bdl 006 007 0058 bdl badl b.adl
MgO 7.80 T7.76 767 763 924 831 1023 1037
CaO 0.03 002 008 004 030 027 051 069
Na,O 181 191 223 235 232 226 232 235
K0 0.04 003 003 004 005 004 bdl bdl
H.O* 342 331 332 326 325 329 333 328
F b.dl. bl 013 007 008 008 023 027

Total 100.89 100.80 100.79 101.12 100.49 10072 101.23 101.07

Siapfu 5974 6.020 5838 5974 50995 6004 6053 6.033

Al 0.026 0.000 0.061 0.026 0005 0000 0000 0.000
T 6.000 6.020 6000 6000 6000 6004 6053 6033
B 3.000 3.000 3.000 3.000 3.000 3000 3.000 3.000
Ti 0.009 0.011 0.019 0017 0022 0017 0001 0.001
Al 6.682 6.658 6.548 6.564 B4B7 6476 6.244 £.224
Fe 0.345 0.327 0477 0447 0163 0160 0181 0.173
Mn 0.006 - 0.008 0009 0.006 0002 - -

Mg 1.833 1.820 1.820 1.788 2174 2185 2400 2.439
Ly+Z B8.875 8.815 B8.671 8835 8832 B841 B.626 B.837
Ca 0.006 0.004 0.013 0.006 0.050 0046 0.086 0.116
Na 0.554 0.582 0.687 0722 0711 0682 0706 0.718
K 0.007 0.006 0.006 0007 0.010 0007 0005 0.004
O 0434 0408 0294 02656 0228 0258 0.203 0.161

IX 0.566 0592 0.706 0735 0772 0742 0797 0.839

F - - 0.067 0036 0038 0041 0114 0.134
aH 3.687 3.474 3.627 3439 3420 3451 3495 3.455
@) 0.403 0.526 0406 0523 0542 0507 0390 0.411
IZV+#W 4000 4.000 4.000 4.000 4000 4000 4.000 4.000

ZICal 18,444 18,433 18.583 18577 18608 18588 18.679 18.714
LAl B.708 6.658 6.809 6.580 6473 6476 6.244 B.224

The analytical data. acguired with an electron microprobe, is first reported
in wt%, and then converted to atoms per formula unit on the basis of 15
cations per formula unit A component is not considered significant unless
its value exceeds the uncertainty (b.d.|.: below detection limit). * B,O, was
calculated assuming 3.00 apfu; ** OH and ¥ O were calculated from the
charge-balanced formula, H,O was calculated for OH + O = 4 apfu.
Notation: int. z: intermediate zone.

Forshammar was examined on a Kappa APEX 1l
CCD single-crystal X-ray diffractometer from Bruker
AXS equipped with a monocapillary optics collimator,
graphite-monochromatized MoK« radiation (Univer-
sitit Wien). Data were collected at room temperature
with six-fold redundancy (up to 80° 28), integrated
and corrected Tor Lorentz and polarization factors:
an absorption correction was applied by evaluation
of multiple scans. The structure was refined with
SHELXL-97 (Sheldrick 1997) using scattering factors
for neutral atoms and a tourmaline starting model from
Ertl er al. (2010b). The refinement converged at R1(F)
value of 1.5%:. Table 2 provides crystal data and details
of the structure refinement. The H atom bonded to the
O3 atom was located from a difference-Fourier map and
subsequently refined. Refinement was performed with
anisotropic thermal parameters for all non-hydrogen
atoms. Site occupancies were refined according 1o well-
known characteristics of the tourmaline structure (Na
was refined at the X site, and Mg and Fe were refined
at the ¥ site: for further details see Table 3). In Table 3.
we list the atomic parameters, and in Table 4 we present
selected interatomic distances. A table of structure
factors and a cif file are available from the Depository
of Unpublished Data on the Mineralogical Association
of Canada website [document Dravite CM50_R25].

Laser-ablation ICP-MS spot analysis (LA-ICP-MS)

Instrumentation for LA-ICP-MS analysis consists
of a laser-ablation system UP 213 (New Wave, [ISA)
andan Agilent 7500 CE 1CP-MS spectrometer (Agilent.
Japan). A commercial Q-switched Nd-YAG laser-
ablation device works at the fifth harmonic frequency.
which corresponds to a wavelength of 213 nm. The
ablation device is equipped with programmable XYZ-
stage to move the sample along a programmed trajec-
tory during ablation. Visual inspection of the target
and photographic documentation are accomplished by

TABLE 2. CRYSTALLOGRAFPHICAL DATA AND REFINEMENT
DETAILS FOR TOURMALINE FROM FORSHAMMAR

Sample TSW an3 (im)
a ¢ (A) 15.921(1), 7.175(1)
V(A% 1575.1(4)

Crystal dimensions (mm) 0.15 = 0.20 = 0.20

Collection mode, 26, () full sphere, 80.24

h, k, lranges —28 -+ 25,-28 - 28,13 —+ 12
Total reflections measured 23334

Unique reflections 2370 (R, 2.14%)

Ri(F), wR.(F) 1.51%, 3.79%

Flack x parameter 0.060(44)

“Observed= reflections [F, > 40, 2323

Extinction coefficient 0.00371(15)
MNumber of refined parameters as

GooF D.916

A£G, AT, (8IAY) -027, 0.36
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TABLE 3. COORDINATES AND DISPLACEMENT PARAMETERS OF ATOMS IN TOURMALINE FROM FORSHAMMAR

Site X v z u,, U, U U, U, U, U, Occupancy
X 0 0 0.2307 0.0191 0.0191 0.0197 0 0 0.0096 0.0193  Na, g,
0.0002  0.0004 0.0004  0.0008 0.0002 0.0003

Y 0.12439  x 0.63110 000682 0.00470 0.01074 -0.00172 -0.00344 0.00341 0.0072 Mgy, Fe0re
0.00003 0.00005 0.00015 0.00011 0.00016 0.00005 0.00010 0.00007 0.0001

Z 029771 026139 0.61062 000882 0.00470 0.01074 -0.00172 -0.00344 0.00341 0.00540 Al ,,
0.00002 000002 000003 0.00015 000011 0.00016 0.00005 0.00010 0.00007 0.00004

B 0.10976 2x 04540 000528 000555 0.00533 000038 -0.00007 0.00267 0.0060 B,
0.00003 0.0002 000008 0.00008 0.00007 0.00006 0.00006 0.00007 0.0001

T 019176 0.18981 -0.00040 000462 0.00423 000521 -0.00060 -0.00044 0.00220 0.00469 Si
0.00001 0.00001 0.00003 000007 000007 0.00007 0.00006 0.00006 0.00005 0.00003

H3 0.259 Vax 0.402 0.0052 0.0057 0.0071 0.0007  0.00034 0.00286 0.034 H, s
0.002 0.004 0.0003 0.0004  0.0004 0.0003  0.00014 0.00018 0.007

o1 0 0 0.7716 0.0131 0.0131 0.0071 0 0 0.00655 00111 O,

0.0002 0.0003 00003  0.0005 0.00017  0.0002

02 0.06098  2x 0.4863  0.0126 0.0050 0.0127  0.0002  0.00010 000252 0.0110 O,
0.00003 0.0001 0.0003 0.0003  0.0003 0.0002  0.00011 0.00013 0.0001

03 0.26378  Vax 0.5095 0.0246 0.0120 0.0057  0.00008 0.0002 0.0123 0.0127 0,4
0.00008 0.0001 0.0004 00002  0.0003 0.00014  0.0003 0.0002 0.0001

04 0.09353 2 0.0705 000715 0.0145 0.0097 -0.0015 -D.00075 0.00727 0.0096 O,
0.00003 0.0001 0.00012 0.0003  0.0003 0.0003  0.00013 0.00017 0.0001

05 0.18512  ¥x 0.0924 0.0150 0.00726 0.0093  0.00088 0.0018 0.00750 0.0097 O, 4
0.00007 0.0001 0.0003  0.00019 0.0003 0.00012  D0.0002 0.00017  0.0001

06 0.19549 (0.18515 0.77620 0.0093 0.0098 0.00527 -0.00128 -0D.00083 0.00521 0.00792 O,
0.00004 0.00004 0.00007 0.0002 0.0002  0.00018 0.00015 0.00015 0.00017 0.00008

O7 0.28536 028518 007831 000848 000625 000760 -0.00101 -0.00103 0.00121 0.00766 O,
0.00004 000004 000007 0.00012 000018 0.00012 0.00015 0.00015 0.00015 0.00008

08 0.20954 027033 0.43993 0.00467 0.0090 0.0118  0.00257 0.00093 0.00336 0.00851 O,4
0.00004 0.00004 0.00008 0.00018 0.0002  0.0002 0.00016 0.00016 0.00016 0.00008

Note: For the definition of U,,, see Fischer & Tillmanns (1988).

TABLE 4. SELECTED INTERATOMIC DISTANCES IN TOURMALINE
FROM FORSHAMMAR

X 02 =3 2.488(1) Y- o1 1.9894(8)
05 =3 2.739(1) 02 =2 1.8811(6)
04 =3 2.824(1) 06 =2 1.9953(6)

Mean 2.684(1) 03 2.1108(11)

Mean 2.0122(7)

T o7 1.6070(5)
0B 1.6071(8) Z- 06 1.8863(6)
04 1.6242(3) o7 1.8884(8)
05 1.6394(4) o8 1.88922(6)

Mear 1.8194(5) [e]:} 1.8210(8)

or 1.9532(6)

B- Oz 1.365(1) 03 1.9889(5)
0B =2 1.3794(8) Mean 1.9233(6)

Mean 1.375(1)

The standard deviation is given in brackets. Distances are guoted in A.

means of a built-in microscope-CCD camera system.
The ablation cell was flushed with helium (carrier
gas) that transported the laser-induced aerosol to the
inductively coupled plasma. A sample gas flow of argon
was admixed to the helium carrier gas flow behind the
laser-ablation cell. Optimization of the LA-ICP-MS

conditions (gas flow rates, sampling depth, voltages
of electrostatic lenses of the mass spectrometer) was
performed with the glass reference material NIST SRM
612 in order to obtain the maximum signal-to-noise
ratio and minimum oxide formation (ThO"Th* counts
ratio 0.2%. UYTh' counts ratio 1.19%). The hole-drilling
mode (fixed position of the sample during laser abla-
tion) was used for a duration of 40 seconds for each
spot. Laser ablation was performed with a laser-spot
diameter of 65 pm (samples TSW), laser fluence 13
J em? and repetition rate 10 Hz. All element contents
were normalized using Si as an internal standard.
Its concentration was obtained by means of EMPA
measurements.

RESULTS

Chemical composition, structure and zoning
of tourmaline

Tourmaline from the pegmatite studied at Fors-
hammar occurs as distinetly optically zoned crystals
up to 10 em in length and 2 ¢m in width, scattered
in white quartz and white blocky albite. Tourmaline
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crystals consist macroscopically of a green core and
grayish green rim. Moreover, there is a darker green
zone in between the core and rim observable in the

250 pm

Fig. 2. BSE photomicrographs of dravite and associated
minerals from the Forshammar pegmatite. (a) The contacts
of the tourmaline core. intermediate zone and rim. cut
by veins of muscovite (Ms). (b) Core of tourmaline
cut by vounger tourmaline vein and even later vein
with muscovite and hydroxylbastnisite-(Ce) (Bst). (¢)
Aggregate of hydroxylastnasite-(Ce) in quartz (Qtz)
growing on the rim of ourmaline (Tur-rim).

thin section. Optical zoning is related to chemical
zoning. as observed in back-scatiered (BSE) images
(Fig. 2a). Tourmaline crystals are cut by veins of
younger tourmaline and even later veins of muscovite
and hydroxylbastniisite-(Ce) (Figs. 2b. ¢).
Microchemical data demonstrate that tourmaline
from the Forshammar pegmatite belongs to the alkali
subgroup (Fig. 3) and has a dravite composition, poor
in Fe (Figs. 4b, d): the Mg/(Mg+Fe) value decreases
from core (~0.83) to an intermediate zone (0.76-0.79),
but increases in rim and vein dravite (0.93) (Table 1).
In dravite from the Forshammar pegmatite, chemical
zoning is the best displayed in the distribution of Fe,
Mg. AlL Ca and Na. as well as in REE and other trace
elements (see below). The core has the highest propor-
tion of X-site vacancy (0.34-0.43) and the highest
content of Al (6.62-6.71 apfi). whereas the interme-
diate zone is the most enriched in Fe (044054 apfir)
and Na (0.69-0.75 apfu). although the Mg content is
similar in both zones (1.74-1.89 apfu) (Table 1). The
rim is slightly depleted in Al (6.46-6.47 apfie), and it has
the lowest content of Fe (0.16-0.18 apfu) and highest
content of Mg (2.12-2.18 apft) and Na (0.74-0.77 apfie)
compared (o the inner zones (Table 1). The latest thin
vein of tourmaline has a composition similar to the rim,
but it is even more enriched in Na (0.79-0.84 apfir),
Mg (240-2.49 apfi) and has the lowest content of Al
(6.18-6.25 apfir). The calcium content is very low in the
core and intermediate zone (<0.01 apfin), but increases
at the rim and in vein dravite (0.05-0.12 apfi) (Fig. 3).
Moreover, the vein tourmaline is enriched in F (0.11-
017 apfit). whereas other zones except the intermediate
zone (0.04-0.07 apfu) are generally F-poor. with up to
0.04 apfu (Table 1). The chemical zoning of dravite
from Forshammar causes only slight changes in the
lattice parameters: a 15.9252(7), ¢ 7.1627(3) A in the
core (powder XRD data): ¢ 15.9223(6), ¢ 7.1706(5) A in
the rim according to powder XRD data. or @ 15.921(1).
e 7.075(1) A from the crystal-structure refinement.
fariability in the chemical composition is the result
of several substitutions. none of which is predominant.
An increase of Al compared to an ideal composition of
dravite (Fig. 4a) is driven by AI\CIM e Nay (Fig. 4¢)
and AIOMg_((OH)_; substitutions. The influence of
AlOMg_((OH)_; substitution is manifested by a shifi
in composition from the ideal dravite
foitite trend to “oxy-dravite™ in the core, intermediate
zone and rim: the dravite composition corresponds to
the ANTIMe_Na_; substitution trend only in the vein
(Fig. 4b). However. the extent of the AIOMg_(OH)_,
substitution is not sufficient to attain the composition

magnesio-

of “oxy-dravite™ (Fig. 4b). The excess of Al at the Y

octahedra and also the lower Fe contentresult in a lower
correlation of the FeMg_; substitution (Fig. 4d). which
in contrast decrease the impact of the A\CIMg_Na_,
substitution i the intermediate zone (Fig. 4¢). Slightly
increased Ca contents concomitant with a decrease in
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Fig. 3. Classification of dravite from the Forshammar pegmatite based on X-site
occupancy (atomic proportions). Arrows indicate evolutional trend of dravite from core
(o). through intermediate zone ( € ). to rim (A) and vein (C).

YZAl in the rim and vein dravite (Table 1) indicate also a
limited role of the uvite YCa?M e Na_ ZAL; substitution.

The crystal-structure refinement shows that the
average <T-O> bond length. 1.6194(5) A (Table 3).
is within one standard deviation equivalent to a 7 site
that is occupied only by Si (1.620 A: see Ertl et al.
2010b). Hence there is no evidence for tetrahedrally
coordinated B or Al. By using the correlation between
Mg at the Z site and the average <Z-O> distance from
Ertl et al. (2010a). which can be used for Fe-poor
tourmalines, where the Z site is only oceupied by Al
and Mg. we can assign ~0.7 apfu Mg to the Z site of
our tourmaline by using the <Z-0O> distance. 1.923 A
(‘Table ). By using the data acquired from the crystal-
structure refinement and the chemical composition of
the tourmaline rim (sample TSW ana: Table 2). we can
propose the following formula: ~¥(NagCagToa)s;
Mgy sAl) 2Fegalh, ) )s3 A AlsaMegp 756 (BO3)(SicO 1s)
(OH)3[(OH).0O]. Hence this tourmaline shows a
moderate Al-Mg disorder involving the Yand the Z site.

Most of trace elements were found 1o be below
their detection limits; only Li. Ti. Mn Zn, Ga and
the REE are significantly above the detection limits
(‘Table 5). Zoning is also expressed in the distribution

of trace elements. The contents of Ti. Mn. Y and REE
are generally higher in the rim. whereas the contents
of Zn, Ga and Sn decrease from the core to the rim
(Table 5). Moreover, trace elements in the core display
an oscillatory zoning that is not apparent in the major-
element contents. Titanium, manganese and the REE
accumulate on the contact of intermediate zone and rim
and decrease toward the outer parts of the rim (Figs. 5a.
b). The intermediate zone expresses a similar content
of trace elements as the inner part of the rim. but it has
the highest contents of Zn and Ga (Table 5).

The LA-ICP-MS data for the REE were normalized
to chondritic values. All zones in tourmaline display a
distinet enrichmentin LREE, with Ce the most abundant
in comparison to the HREE: Lan/Yby is in the range
32 —464(Fig. 6). The chondrite-normalized REE values
regularly decrease with increasing atomic number:
Cen shows a slight enrichment over Lay (Fig. 6). All
zones of tourmaline display very strong negative Eu
anomaly (Eu/Eu® = 0.005 1o 0.05). The content of
3 REE increases from the core to the intermediate zone
and the inner part of the rim. and then decreases 1o the
outer part of the rim (Fig. 6).
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Fig. 4. Diagrams of tourmaline chemical composition (in apfir). a. Al versus | diagram. b. Fe/(Mg + Fe) versuy ]
diagram. ¢. Na + Mg versus T+ Al dingram. d. Mg versus Fe diagram. Gray arrows represent change of chemical
composition within wurmaline zones. Black arrows represent substitution vectors (a) or trends of cation increase (¢, d).
Solid line represent ideal substitution trends (a. c. d) or borders of mineral composition (b). Dashed lines represent borders
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Associared minerals

Dravite from the Forshammar pegmatite contains
thin vemnlets and mclusions of other minerals. Musco-
vite oceur in veinlets cutting tourmaline crystals (Figs.
2a.b): it has higher content of Mg than Fe.anatomic Fe/
(Fe+Mg) value in the range 0.07-0.10, which is similar
to the host tourmaline (Table 6). Zircon and xenotime-

(Y) oceur as tiny euhedral inclusions (usually 30 to 150
wm across) in dravite (Fig. 7). The zircon is Hi-rich
(3.6 10 6.3 wr.% HIO,. 0.03-0.06 apfir H, Zr/Hly. =
6.9 10 12.2). The content of Y+REE is relatively low
(0.01-0.03 apfie): some crystals are slightly enriched in
U (up to 1.5 wt.% UOs 0.011 apfie: Table 7). Irregular
zoning and fractures in zircon could indicate (partial)
metamictization. Moreover, zircon contains numerous
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tiny inclusions of xenotime-(Y) (Fig. 7). Xenotime-(Y)
shows a high atomic YAY+REE) value (0.80). 0.19 apfu
SREE; Dy (0043 apfie) and Yb (0.048 apfue) are the
most abundant REE (Table 7). Hydroxylbasindsite-(Ce)
forms tiny veinlets or irregular fillings (up to =300 pm
across) with muscovite in host dravite or at the tour-
maline—quartz boundary (Fig. 2). It shows a relatively
homogeneous composition, with a distinet dominance
of Ce over the other REE. negligible contents of Th.
U (both <0.01 apfu). and a low F concentration (~(.25
apfu) (Table 8).

The chondrite normalization of the REE in accessory
minerals was only possible from the electron-micro-
probe data. as their minute size did not allow for LA~
ICP-MS analysis. Hydroxylbastnisite-(Ce) is distinetly
enriched in LREE (Fig. 8a). whereas xenotime-(Y) is
enriched in HREE: both of them display a strong nega-
tive Eu anomaly (Fig. 8b).

Discussion AND CONCLUSIONS
Crvstal chemistry of towrmaline

As suggested by our EMPA and LA-ICP-MS data,
the Forshammar tourmaline shows relatively minor
chemical variability. It is controlled by substitutions of
major cations including Al. Mg and Na: other cations
play only negligible roles in the observed crystallo-
chemical variations. Our tourmaline has a poor correla-
tion of FeMg_; substitution: its deviation from the ideal
trend is due 1o a low Fe content.

TABLE 5. CONTENTS OF TRACE ELEMENTS IN TOURMALINE
FROM FORSHAMMAR

dl, core int, zone rim
Li 170 bd.l - 220 240 b.dl - 369
Ti B 380 - 814 1127 833 1611
Mn 1 206 - 406 B35 207 - 877
Co 0.1 01 - 15 0.5 060 - 14
Zn 0.8 34 - B4 86 16 - 37
Ga 0.4 58 - 115 108 54 - 88
Y 0.10 080 - 1.7 51 13 - 69
Sn 1.2 19 - 9.8 6.6 24 - 586
La 01 15 - 30 165 4 - 210
Ce 0.1 53 - 108 548 112 - 670
Pr 0.06 74 - 14 63 14 - 79
Nd 0.1 27 - BB 180 45 - 25
Sm 0.2 35 - 90 28 58 - 30
Eu 0.0 bd.l. - 0.07 b.dl. 0.02 - 0.5
Gd 0.2 13 - 34 3 28 - 11
Tb 0.0 009 - 0.32 0.77 0.16 - 0.81
Dy 0. 019 - Q.72 22 0.43 - 25
Ho 0.0 bd.l - 0.05 0.14 b.dl - 024
Er 0.01 003 - 029 0.27 0.05 - 043
Tm 0.01 bd.l. - 0.03 b.d.l. b.dl - 0.04
Yb 0.0 006 - 047 0.33 0.10 - 038

These data, expressed in ppm, were acguired by laser-ablation inductively
coupled plasma — mass spectrometry (LA-ICP-MS]), Motations: d.l.:
detection limit, b.d.|.: below detection limit.

The occupancy of ¥ and Z sites is mainly controlled
by exchange of Al and Mg. Their distribution over octa-
hedral sites in dravitic to olenitic tourmalines reflects
their disorder (Hawthorne ef al. 1993, Ertl ef ¢l. 2008,
2010a. Bosi er al. 2010y, Our tourmaline exhibits Al-
Mg disorder involving the Y and the Z sites. but it is
not sufficient to change the composition from dravite
to olenite. Charge-balance requirements of the substitu-
tion of AI* for Me® are partly satisfied by an alkali
decrease (mainly in the core, decreasing to the rim).
but the excess of Al in comparison to the proportion of
X-site vacancy suggests a deprotonization of Y*WOH.
The observed variation in chemical composition in the
Y site with increased content of YA, which is observ-
able in dravite from Forshammar ("AI** in the range
0.18-0.71 apfu from the ordered Formula; YAPY =12
apfu in the structural Formula) is typical of the dravite
1o “oxy-dravite™ trend (Bloodaxe er al. 1999, Bosi &
Lucchesi 2004, Novik er al. 2004). The proportion of
VWO caleulated from a charge-balanced formula is
not sufficiently accurate. and data from the structural

TABLE 6 REPRESENTATIVE COMPOSITIONS OF MUSCOVITE
FROM FORSHAMMAR, BERGSLAGEN PROVINCE, SWEDEN

TSWan3 TSWand4 TSWan5 TSWan8 TSW and

Si0, wt.% 50.52 50.28 47.68 49.13 48.88
TiD, 0.10 0.12 012 0.04 0.04
ALD, 30.59 29.92 3422 34.33 35.20
FeQ 0.47 0.48 0.25 022 0.17
MgO 2.80 2.09 1.33 158 1.07
Cal 0.03 0.06 0.04 0.06 0.06
Na,C& 0.09 0.20 0.12 0.13 0.10
K0 10.94 10.61 10.73 10.49 9.93
H.O* 4.55 4.49 4.50 459 4.59
cl D.02 0.07 0.01 0.01 b.d.l
sum 100.10 99,25 99.05 100.58 100.08
0=Cl 0.01 -0.03 0.00 0.00 0.00
Total 100.09 99.21 99.05 100.58 100.08
Si** apfu 3.328 3.341 3.173 3.209 3.194
VAP 0.672 0.659 0.827 079 0.806
0 4.000 4.000 4.000 4.000 4.000
T 0.008 0.006 0.006 0.002 0.002
ViaP 1.703, 1.684 1.857 1.852 1.806
Fe?* 0.026 0.027 0.014 0.012 0.009
Mg** 0.275 0.296 0.132 0.151 0.104
M 2.009 2013 2.009 2016 2.021
Ca* D.002 0.005 0.003 D.004 0.004
Na™ 0.0 0.026 0.016 0.017 0.013
K 0.920 0.899 0,891 0.874 0.828
jul 0.087 0.070 0.071 0.105 0.155
Il 0.933 0.930 0.929 0.895 0.845
cr 0.002 0.008 0.001 0.001 -
OH" 1.998 1.992 1.990 1.999 2.000
Fal(Fe + Mg) 0.09 0.08 0.10 0.07 0.08

Theanalytical data, acquired with an electron microprobe, arefirst reported
inwt.%, and then converted to atoms per formula unit on the basis of 100
+2(0OH) anlons per formula unit. A component is netcensidered significant
unless its value exceeds theuncertainty (b.d |- below detection limit). * H.O
was calculated assuming OH + Cl= 2 apfu.
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formula do not take any local inhomogeneities into
account. However, the calculated YO along with
dravite 1o "oxy-dravite” trend (Fig. 4a) are good indi-
cators that the AIOMg_(OH)_; substitution is the most
likely mechanism to balance the local excess in charge
(Medaris et al. 2003). Thus. if O dominates the W sitein
the ordered formula, some compositions of tourmaline
Irom Forshammar could be classified as “oxy-dravite™
according to Henrv er al. (2011).

The distribution of the REE and other trace elements

Dravite from the Forshammar pegmatite is markedly
enriched in the REE in comparison to all known tour-
malines from granitic pegmatites (Neiva 1974, Jolliff
et al. 1987, Hellingwerl ef al. 1994, Roda ef al. 1995,
Jiang er al. 1997, Roda-Robles er al. 2004, Exil er al.
2006, Novik er al. 2011). In particular. the rim zones
atfain up to ~ 1200 ppm 2REE. <210 ppm La. <670 ppm

TABLE 7. REPRESENTATIVE COMPOSITIONS OF ZIRCON
AND XENOTIME-Y) FROM FORSHAMMAR,
BERGSLAGEN PROVINCE, SWEDEN

Zmn Zm xnt Zm Zm xnt
TSW-2 TSW-5 TSW-1 TSW-2 TSW-5 TSW-1

PO, wt% 011 203 3648 P apfu 0.003 0056 0.996

As,0, 014 019 bdl As 0.002 0003 -
Si0, 3167 2876 012 S| 0.992 0939 0.004
Tio, 004 005 bdl T 0.001 0001 -
Zr0, 6122 4983 013 Al 0.001 - -
HfO, 481 632 010 EB 0.999 0999 1.000
Tho, bdl badl 009
uo, 010 052 009 Zr 0935 0794 0.002
ALO, 004 bdl bdl Hf 0.041 0052 0.001
Y,0, 011 447 4516 Th < - 0.001
La,0, bdl bdl bdl U 0.001 0004 0.001
€e,0, 004 007 007 Y 0.002 0078 0.776
Pr,0, 013 013 018 La - = -
Nd,O, bdl bdl 008 Ce 0,001 0001 0.001
Sm,0,  bdl bdl 060 Pr 0.001 0002 0.002
Eu,.0, 012 016 bdl Nd = = 0.001
Gd,0, 012 015 243 Sm = = 0.007
Tb.0, bdl bdl 055 Eu 0.001 0002 -
Dy,0, 004 029 415 Gd 0.001 0002 0026
Ho,0, bdl bdl 068 Th - 2 0.006
Er,0, 031 080 346 Dy 0.001 0.003 0.043
TmO, 010 022 067 Ho - = 0.007
Yb,0, 021 164 485 Er 0.003 0008 0.035
Lu,0, bdl 03 076 Tm 0.001 0002 0.007
FeO 018 074 000 Yb 0002 D016 0.048
Cad 008 133 bdl Lu - 0.004 0.007
Sr0 008 008 bdl Fe 0.004 0018 0002
Ca 0.003 0047 -
Total 9945 9815 10073  Sr 0.001 0002 -
A D.896 1042 0973

Scations 1.995 2041 1.973
Y+REE 0011 0.118 0086
Y/Y+REE) 0.18 066  0.80
ZriHfwt 1158 6.88

The analytical data, acquired with an electron microprobe, are firstreported
in wt.%, and then converted to atoms per formula unit on the basis of P +
As +5i+ Ti+Al=1 apfu. A component isnot considered significantunless
its value exceeds the uncertainty (b.d.|: below detection limit). Symbols
used: Zrn: zircon, Xnt: xenotime-(Y).

Ce, <250 ppm Nd. <30 ppm Sm (Tables 5.6). A careful
inspection of each area of the tourmaline grain before
LA-ICP-MS measurement and the general enrichment
in REE in all analyzed spots minimize the possible
influence of tiny inclusions of hydroxylbastnisite-(Ce)
on the analytical resulis.

It seems likely that the REE occupy the X site of the
tourmaline structure, Tourmaline with dominant Na*
and Ca* cations at the X site prefers LREE with larger
ionic radii rather than HREE and Y. The ionic radius of
9-coordinated Na* cation is 1.24 A, similar 1o PICa?
(1.18 A) and th3f' 1o Sm** in the same coordination
(1.216 w0 1.132 A), whereas the ionic radius of the
following HREE decrease down 1o 1.032 A for PILu?*
(Shannon 1976). The relationship of Ca and REE is
also pronounced in tourmaline from Forshammar: the
highest content of REE is in the rim and veins, which
are also the most enriched in Ca.

The REE content of tourmaline in granitic pegma-
tites is generally low: usually ZREE is below ~20 ppm
(Laand Ce <10 ppm), with wide variations of Lan/Y by
(0.16 10 433) and Ew/'Eu* (0.03 10 over 1) (Table 5).
Only a few pegmalite populations include tourmaline
remarkably enriched in the REE ('Table 9). e.g.. elbaile
from Nuristan. Afghanistan and Anjanabonoina, Mada-
gascar (bBrtl er al. 2006) or dravite (o schorl from the
Trebic pluton, Czech Republic (Novik ezal. 2011). The
Forshammar dravite also show a high Lan/Yby value
(32 1o 464) and a strikingly negative Eu anomaly (Fuw/
Eut = 0.005 10 0.05) in comparison to other known
tourmalines from granitic pegmatites (Table 6). A
strong negative Eu anomaly in tourmaline and also in
senotime-(Y ) and hydroxylbasindsite-(Ce) suggesis low
oxvgen lugacity or some degree ol magmatic fraction-
ation of the host rock (e.g.. Mdller & Muecke 1984).
which is a characteristic feature of granitic pegmatites.
However, some [eatures of Forshammar tourmaline,
including the high Xy, value, suggest a low degree of
Iractionation of pegmatite.

The RELE concentration in tourmalines from granitic
rocks also is generally low (usually <20 ppm La and
Ce), with LREE > HREE and a negative Eu anomaly
(Bea 1996, Jiang er al. 1997, Pesquera er al. 2005). Yet,
it is noteworthy that a tourmaline Irom an unspecified
pegmatite in the Riddarhytlan area, near Forshammar in
central Bergslagen. also attains elevated REE contents,
as measured by neutron-activation analysis (Hellin-
gwerl ef al. 1994). Variable bul commonly higher REE
contenis are characteristic of tourmaline in tourmalin-
iles. gneisses, and metasediments, commonly spatially
related to metamorphic. magmatic or hydrothermal
ore deposits. where dominant La and Ce locally attain
up to ~130 and 280 ppm, respectively (Hellingwerl
et al. 1994, Torres-Ruiz er al. 2003, Pesquera er al.
2005, Garda er al. 2010, Klemme ef al. 2011). The
tourmaline in tourmaline—quartz veins is usually very
poor in REE (<20 ppm La, Ce: <50 ppm 2REE: ¢.g..
King er al. 1988, Yavuz et al. 1999, Jiang et al. 1999,

91



Article 6

REE-ENRICHED DRAVITE. GRANITIC PEGMATITE. FORSHAMMAR, SWEDEN 835

ppm
2000 — T T - - - -

intz. rim

1800

1600

1400

1200

1000

800

400

-a,
o ‘ﬂ-ﬂ"“~n—-0ﬁﬁ d
200

Lt

feg
5 b

By gy oy g N L I

: )
3 < LY

- !
b -0 *ﬂ'n"ﬂ‘

"op-Q

0 i

ppm

240 core

int.z. rim

220

200 lI:'

180

160

—— (Ga
—+- Zn

140

120

100

80

60

40

20

FiG. 5.

Cross-section diagrams of trace elements in dravite from the Forshammar

pegmatile. The distance between tickmarks on the X axis represents ca. 100 wm on

the real sample.

2004, Deksissa & Koeberl 2002, Roberts ef al, 2006).
However, the highest REE concentrations observed in
tourmaline were reported from veins, also from the
Bergslagen ore province in central Sweden (up to 783
ppm La and 1560 ppm Ce; Hellingwerl er al. 1994).
These highest reported contents of REE in various

genetic types of tourmaline (pegmatites, metamorphic
rocks. quartz veins) from same general part of the Berg-
slagen province indicate an important role of regional
lithology on the trace-element (at least REE) concentra-
tions in this mineral group.
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The tourmaline rim with the highest REE concentra-
tions may also have been influenced or may be the resull
of a later hydrothermal process that could mobilize
the rare earths. The mobilization of the REE is also
suggested by formation of hydroxylbasinisite-(Ce) ata
late stage of this hydrothermal process. The behavior of
the REL 15 usually controlled by F (Gramaccioli ef al.
1999). However, the low content of FF in tourmaline and
muscovite and the presence ol hydroxylbasinisite-(Ce)
in spite of more common bastniisite-(Ce) suggest only
a negligible role of F, Thus, the enrichment in REE in
tourmaline [rom Forshammar could be likely controlled
by the activity of CO,.

Concentrations of Co and Ga (0.1 to 1.5 and 54 1o
115 ppm. respectively: Table 5) are similar, Y (0.6 10 6.9
ppm) reveals higher contents, whereas Zn and Sn (16 1o
86and 1.910 9.8 ppm. respectively) show usually lower
contents compared 1o the trace-element concentrations
reported from tourmalines in pegmalites (Neiva 1974,
Hellingwerl er al. 1994, Roda er al. 1995, Jiang et al.

Fig. 7. BSE photomicrographs of zircon (a) and zircon
— xenotime-(Y ) inclusions (b) in dravite {rom the
Forshammar pegmatite. Note the tiny anhedml inclusions
of xenotime-(Y) in zircon. Symbols: Zrn: zircon. Xnt:
xenotime-(Y ).
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1997, Keller er al. 1999, Roda-Robles er al. 2004, Ertl
et al. 2006, Novak er al. 2011).

The evolution of rourmaline

The observed zoning in the dravite suggests at least
two different processes in the growth ol tourmaline.

This is suggested by the chemical composition of the
core. which dilTers [rom other zones in some [eatures.
The core has a lower Ca content and distinctly higher
X-site vacancy (Table 1) in comparison to other zones.
Slight oscillatory zoning apparent in the trace-clement
distribution suggests that the core is likely the product
ol a magmatic process. The Xy, value of the rim (0.76)
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is similar to that in tourmaline from unusual NYF
pegmalites in TTebi¢ pluton. Czech Republic (up to 0.8:
Novik eral.2011). However, dravite from Forshammar
has distinctly higher Al content (6.6 — 6.7 apfu) and
X-site vacancy (0.3 — 0.4) than tourmalines from the
Trebie pluton, with up to 5.7 Al apfic and 0.15 of X-site
vacancy (Novdk er al. 2011).

The intermediate zone and rim display increasing
Ca and Ti contents and a decreasing proportion of
X-site vacancy compared 1o the core. It could indicate
prograde P-T conditions during high-grade metamor-
phism (Henry & Dutrow 1996). However. on the basis
of presently available data and observations, the central
Swedish pegmatites formed around 1.8 Ga are unlikely
to have experienced any significant overprinting
geological event other than brittle deformation. The fact
that the granitic pegmatites in the Forshammar area are

TABLE 8. REPRESENTATIVE COMPOSITIONS
OF HYDROXYLBASTNASITE-{Ce) FROM FORSHAMMAR,
BERGSLAGEN PROVINCE, SWEDEN

TSWS1 TSW52 TSW51 TSW52
CO,*wt% 18.80 1863  Capu 0.997 0.995
Si0, 009 014 i 0.003 0,005
Tho, bdl 004 3B 1000 1.000
uo, 0.06 005
¥.0, 079 121 Th = 0.001
La.0, 119 1069 U 0.001 0.001
Ce,0, 3241 3071 Y 0,016 0.025
Pr,O, 382 390 La 0171 0.154
N0, 1519 1585  Ce 0461 0.440
Sm,0, 363 406  Pr 0.054 0.056
Eu,0, bdl 004 N 0211 0.221
6d.0, 139 183  Sm 0.049 0.055
Th,0, 010 bdl  Eu B 0.001
Dy, 0. 028 043 Gd 0018 0,024
Ho,0, 012 007 Tb 0.001 -
Er.O, 026 034 Dy 0.004 0.006
m,0, 012 009 Ho 0.001  0.001
¥b.0, 0.17 013  Er 0.003  0.004
Lu,0, bdl bdl Tm 0.001 0.001
FeO 007 bdl Yb 0,002 0.002
MnO bl 004  Lu = =
Ca0 0.04 007 Fe 0.002 -
S0 bdl 006  Mn " 0.001
H,0* 280 282 Ca 0.002 0,003
F 201 211 S . 0.001
cl 0.04 004  ZA 0.997 0894
0=F 085 088  IREE:Y 0.992 0.989
0=Cl ©0.01 001  Xcations 1997 1.994
Total 9339 9245  OM 0751 0.736
F 0.247 0.261
cl 0.003 0.003
X 1.001  1.000
0 3.000 3.000
FI(F+OH) 025 026

100Ce/(REE+Y) 465 445
100LREE/(REE+Y) 954  83.7

The analytical data, acquired with an electron microprobe, arefirstreported
in wt.%, and then converted to atoms per formula unit on the basis of 4
anions. * C + 8i= 1apfu. ** OH +F + Cl = 1 apfu. A component is not
considered significant unless its value exceeds the uncertainty (bud.L:
below detection limit).

dominated by a graphic K-feldspar — quartz intergrowth.
as well as being unzoned or only marginally so around
small, local core pods of quartz, tends to indicate rapid
formation from a quickly cooled system. The geochem-
istrv may be an effect of their localized occurrence
within a terrane dominated by felsic metavolcanic rock.
rather than within metasedimentary units (e.g., Smeds
1990). The lack of tetrahedrally coordinated Al, which
usually occurs in significant amounts in tourmaline
from higher-grade lithologies (Henry & Dutrow 1996),
suggests that the rim of Forshammar tourmaline is not
a product of a Jater metamorphic event. However, it is
likely that it grew during a later hydrothermal stage or
stages ol pegmatite evolution. We can assume that the
hvdrothermal Auid, which formed intermediate zone.
was enriched in Fe, Caand trace elements including Ti,
Mn and REE compared to the rim. The content of Ca
and Ti decreases from the contact of the intermediate
zone and rim to the outer part of the rim. which could
suggest a decrease in the temperature (Henry & Dutrow
1996). A similar trend of enrichment in Ca and Ti was
also observed in part of tourmalines in pegmatites from
the Trebi¢ pluton, which suggests an early subsolidus
origin (Novik ef al. 2011). The decrease in Fe, Mn
and REE conient from core to the rim can be most
likely explained by the change of the fluid composi-
tion during the formation of the rim. The increased and
variable content of REE may indicate a contribution of
magmatic—hyvdrothermal fuids (Garda er ¢f. 2010). and
it supports the assumption of subsolidus, most likely
hydrothermal origin for the intermediate zone and rim
of the Forshammar tourmaline. The crystallization of
tourmaline ended with the veinlets of tourmaline, which
have even lower Al and higher Mg contents than the
rim. Even vounger hydroxylbastnasite-(Ce) and musco-
vite are apparently the products of the final stage or a
later hydrothermal process.
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TABLE 9. COMPARISON OF REE CONTENTS IN TOURMALINES FROM PEGMATITE AT SELECTED LOCALITIES

Locality La (ppm) Ce (ppm) Yb (ppm) La,/Yb, EwEuU* Mineral Reference

Alije-Sanfins area, <0.2-3.9 <0.3-09 n.d. n.d. n.d. schorl Neiva (1974)
Portugal

Fregeneda area, 04-1.0 34 0.1-0.7 1.0-71 >1 schorl to dravite Roda ef al. (1995)
Spain

Bab Ingersoll, 0.05-18 002-36 0.001-025 49-58 <0.47 ->1  schorlto elbalte  Jolliff ef al. (1987)
US.A.

Eastern Liaoning, 2.4 4.4 0.12 14 5.9 schorl to dravite  Jiang et al. (1997)
P.R. China

Stoffhiitte, 35 8.3 0.24 10 0.28 olenite Ertl et al. (2006)
Austria

Nuristan, 13 47 0.02 433 0.03 elbaite Ertl et al. (2006)
Afghanistan

Anjanabonoina, 47 71 0.09 359 0.46 elbaite Ertl et al. (2008)
Madagascar

Trebié pluton, 62-51 7.6-63 n.d. n.d. n.d. dravite to schorl  Novak et al. (2011)
Czech Republic

Bergslagenarea, 0.8-35 28-83 0.3-5.0 0.16 -14 <1 schorl to dravite Hellingwerf et al. (1994)
Sweden

Forshammar, 14.0-210 55.0-670 0.06 - 0.38 32.0 -464 0.005 - 0.05 dravite this study
Sweden

n.d.: not determined.

REFERENCES Bruker (2010a): DIFFRACplus EVAL hitp://www.brukeraxs.

Ameros. M. (1983): Beskrivning ull berggrundskartan
1:50 D00 — VIF Lindesherg NO (deseription to the map of
solid rocks Lindesherg NO. Sveriges Geologiska Under-
stikning Af 141,75 pp. + map.

ANDERS. E. & GREVESSE. N. (1989): Abundances of the ele-
ments: meteontic and solar. Geochim. Cosmochim. Acta
53.197-214.

Bea.F. (1990); Residence of REE. Y. Th and U in granites and
crustal protoliths: implications for the chemistry of crustal
melts. .. Perrol. 37.521-352.

BErNARD, J.H. & HyrSL.J. (20006 Minerals and their Locali-
ties (2% ed.). Granit. Prague. Czech Republic.

Broopaxe. E.S.. HuGHes, J.M.. Dyar, M.D.. Grew, ES. &
GumorT, C.V. (1999): Linking structure and chemistry in
the schorl-dravite series. Am. Mineral. 84.922.928.

Bosi, F., BALIG-ZuNi¢, T. & Surour ALA. (2010): Crystal
structure analyses of four tourmaline specimens from the
Cleopatma’s mines (Egvpt) and Jabal Zalm (Saudi Arabia).
and the role of Al in the tourmaline group. Am. Mineral.
95.510-518.

Bost, F. & Luccnest. S, (2004): Crystal chemistry of the
schorl—dravite series. Eur. J. Mineral. 16, 335-344.

Brorzex. O, (1959); Mineral-association in granitic pegna-
tites., A statistical study. Geol. Fiiren. Stockholm Firh.
81.231-296.

com/eva.himl

Bruker (2010b): DIFFRACplus TOPAS. htp:/fwww.bruker-
axs.de/topas.himl

DERsISSA. DI & KoeserL., C. (2002): Geochemistry and
petrography of gold — quartz — tourmaline veins of the
Okote area. southern Ethiopia: implications for gold explo-
ration. Mineral. Petrol. 75, 101-122.

ERrTL, A, HUGHES. J.M.. PROWATKE. 5., LUDWIG. T.. PRASAD.
PS.R.. BRANDSTATTER, F.. KORNER, W.. SCHUSTER. R..
PerTLik. F. & MARscHALL. H. (2006): Tetrahedrally coor-
dinated boron in tourmalines [rom the Liddicoatite—elbaite
series from Madagascar: structure, chemistry, and infrared
spectroscopic studies. Am. Mineral. 91, 1847-1856.

ErTL. A, MaLi, H., SCHUSTER, R., KORNER, W., HUGHES, J.M..
BRANDSTATTER, F. & Tiimanns, E. (2010a): Li-bearing,
disordered Me-rich wurmaline from a pegmatite—marhle
contact in the Austroalpine basement units (Styria. Aus-
i), Mineral. Perrol. 99, 89- 104,

ErTL, A.. MArRscuaLL, H.R., GIESTER, G ., HENRY, D.J.,

SCHERTL. H-P.. NtarLas. T.. Luvizarto, G, NASDALA.

L. & Twimanns. B (2010b): Metamorphic ultra high-
pressure tourmaline: structure. chemistry. and comrelations
to P=T conditions. Am. Mineral. 95. 1-10.

Erti. AL Rossman. G.R., HucHEs J.M.. Ma. CHI & BRAND-
STATTER. F. (2008) V¥ -bearing. Meg-rich. strongly disor-
dered olenite from a graphite deposit near Amstall. Lower
Austria: a structural. chemical and spectroscopic investiga-
tion. Newes Jahrb. Mineral., Abli. 184, 243-253.

96



Article 6

840 THE CANADIAN MINERALOGIST

Fiscuer. R.X. & TiLiManns. E. (1988): The equivalent isotro-
pic displacement factor. Acta Crystellogr. C44, 775-776.

FLng. G. (1917): Bidrag tll Sveriges mineralogi. IV, 112,
Andalusit. Arkiv Kemi, Mineral. Geol. 6.72-74.

GARDA. G.M.. BELIAvsKIS. P, D'AGosTiNG, L.Z. & WIEDEN-
BECK. M. (2010): Tourmaline and rutile as indicators of a
magmatic-hydrothermal origin for tourmalinite layers in
the Sio José do Barreiro area, NE Ribeira Belt. southern
Brazil. Geol. USP Sér. Cient, 10(3), 97-117.

Gramacciont, Co M., DIELLA V. & DEMARTIN. F.(1999): The
wle of Auoride complexes in REE geochemistry and the
importance of 4 electrons: some examples in minerals.
Eur. J. Mineral. 11, 983-992.

HawTHORNE, F.C., MACDONALD, D.J. & Burns, PC. (1993):
Reassignment of cation site occupancies in tourmaline:
Al-Mg disorder in the crystal structure of dravite. Am.
Mineral. 78, 265-270.

HELLINGWERF, R.H., GATEDAL, K., GALLAGHER. V. & BAKER.
JH.(1994): Tourmaline in the central Swedish ore district.
Mineral. Deposita 29, 189-205.

Hengy, DU & Durtrow. B.L. (1996): Metamorphic tourma-
line and its petrologic applications. /n Boron: Minemlogy.,
Petrology and Geochemistry (ES, Grew & LML Anoviiz,
eds.). Rev. Mineral. 33.303-337.

HENRY. D)., NovAk, M.. HawTHOrRNE, F.C.. ErTL, A..
Durrow. B.L., Uner. P. & Pezzorta. Fo(2011): Nomen-
clature of the tourmaline supergroup-nminerls. An. Min-
eral. 96.895-913.

Ivarsson. C. & Jonansson, A. (1993): U=Pb zircon dating
of Stockholm granite at Frescan. Geol, Friren, Stockholm
Firh. 117, 67-68.

JIANG SHAO-YONG., HAN FA. SHEN JIAN-ZHONG & PALMER
MLR. (1999): Chemical and Rb=Sr, Sm=Nd isolopic sys-
tematics of ourmaline from the Dachang Sn-polymetallic
ore deposit. Guangxi Provinee, PR, China. Chem. Geol.
157.49-67.

NANG SHAO-Y ONG. PALMER. M.R.. PENG QFMING & YANG
JNG-Hong (1997): Chemical and stable isotopic com-
positions of Proterozoic metamorphosed evaporites and
associated tourmalines from the Houxianyu borate deposit.
eastern Liaoning. China. Chem. Geol. 135, 189-211.

JANG SHAo-YonG. YU JI-MIN & Lu Bian-lus (20045 Trce
and rare-carth element geochemistry in tourmaline and
cassiterite from the Yunlong tin deposit. Yunnan. China:
implication for migmatitic-hydrothermal fuid evolution
and ore genesis. Chem. Geol. 209, 193-213.

Jovuirr, B.L.. PApIKE, ). & Lauw, ).C. (1987): Mineral
recorders of pegmatite internal evolution: REE contents
ol tourmaline from the Bob Ingersoll pegmatite, South
Dakota. Geachim. Cosmochim. Acta 51, 2223-2232.

KELLER. P.. RoDA ROBLES. E.. PESQUERA PEREZ. A. & FONTAN.
F. (1999): Chemistry. paragenesis and significance ol
tourmaline in pegmatites of the Southern Tin Belt, central
Namibia. Chem. Geol. 158, 203-225,

KinGg. RW.. KerricH. RW. & DApDDAR. R. (1988): REE
distributions in tourmaline: an INAA technique involving
pretreatment by B volatilization Am. Mineral. 73.424-431.

KiemME. S.. MarscHALL, H.R.. JAcos, D.E.. PRowaTkE, 8, &
Luowig, T. (2011): Trace-element partitioning and horon
isotope fractionation between white mica and tourmaline.
Can. Mineral. 49, 165-176.

Lovpon, D, (2008): Pegmatites. The Canadian Mineralogist.
Speeial Publication 10.

LUNDEGARDH, PH. (1971): Nvtiosien i Sverige. Almgvist &
Wiksell. Stockholm. Sweden.

LUNDSTROM. l.. ALLEN. R.L.. PERSSON. P.-O. & Rira. M.
(1998): Stratigmphies and depositional ages of Svecofen-
nian. Palacoproterozoic metavoleanic rocks in E. Svealand
and Bergslagen. south central Sweden. Geol, Faren. Stack-
holm Féirh. 120,315-320.

MepARIS. L.G.. JrR.. FOURNELLE, J.H. & Hengy. 1D, (2003):
Tourmaline-bearing quartz veins in the Baraboo Quartzite.
Wisconsin: oceurrence and significance of Toitite and “oxy-
foitite™. Can. Mineral, 41, 749-758.

MOLLER, P& Mukcke. GUK. (1984 Significance of europium
anomalies in silicate mels and erysmal—melt equilibria: a
re-evaluation. Contrib. Mineral. Pefrol, 87.242-250.,

NEvA. A MR, (1974): Geochemistry of tourmaline (schorlite)
from granites. aplites and pegmatites from noithern Portu-
aal. Geochim, Cosmochim, Acta 38. 1307-1317.

NovAxk. M..Povonpra. F. & SEtway. LB, (2004): Schorl-oxy-
schorl to dravite—oxy-dravite tourmaline {rom granitic
pegmatites: examples from the Moldanubicum, Czech
Republic. Eur. J. Mineral. 16.323-333.

NovAk, M.. Skopa. R.. Fiue. ). Macek. 1. & VacuLovie. T.
(2011 Compositional trends in tourmaline [rom intragra-
nitic NY F pegmatites of the Trebi¢ Pluton. Czech Repub-
lic: an electron microprobe . Misshaver and LA-1CP-MS
study. Can. Mineral. 49. 339-380.

PESQUERA. A.. TORRES-RUIZ: J.. GIL-CRESFO. P.P. & JANG.
S-Y. (2005): Petrographic, chemical and B-isotopie
insights into the origin of tourmaline-rich rocks and boron
recyeling in the Martinamor Antiform (Central Iberian
Zone, Salamanca. Spain). J. Perrol, 46, 101 3- 1044,

PREEK. .. ONDREIKA. M., BACIK. P.. Bupzyn, B. & UHER, P.
(2010): Metamorplic=hydrothermal REE minerals in the
Baciich magnetite deposit. Western Carpathians. Slovakia:
(Sr.S)-nich monazite-(Ce) and Nd-dominant hingganite.
Can. Mineral. 48, R1-94.

ROBERTS, §.. PALMER, M.R. & WALLER. L. (2006): Sm—Nd
and REE characteristics of tourmaline and scheelite from

97



Article 6

REE-ENRICHED DRAVITE. GRANITIC PEGMATITE. FORSHAMMAR., SWEDEN 841

the Bjorkdal gold deposit, northern Sweden: evidence
of an intrusion-related gold deposit? Econ, Geol. 101,
[415-14235.

Ropa. E.. PEsQUERA. AL & VELASCO. F. (1995): Tourmaline
in granitic pegmatites and their country rocks, Fregeneda
area. Salamanca. Spain. Can. Mineral. 33, 835-848.

Ropa-RosLes. E.. PESQUERA. A.. Gi. P.P. Torres-Ruiz. ).
& Fowtaw. F (2004 Tourmaline (rom the rare-element
Pinilla pegmatite. (Central [hertan Zone. Zamora. Spain ):
chemical variation and implications for pegmatitic evolu-
tion. Mineral. Perrol. 81, 249-263.

Romer, R.L. & SMmeDps, S-A. (1997): U=Ph columbite chro-
nology of post-Kinematic Palagoproterozoic pegmatites in
Sweden. Precamb. Res. 82, 85-99,

SHANNON, R.D. (1976): Revised effective ionie radii and
systematic studies ol interatomic distances in halides and
chaleogenides. Acta Crystallogr, A32.751-767.

SHELDRICK, G.M. (1997): SHELX1.-97. a program lor crystal
structure refinement. University of Giottingen. Gottingen.
Crermany.

SMEDS. S-AL (1990): Regional trends in mineral assemblages
of Swedish Proterozoic granitic pegmatites and their
geological significance. Geol. Fiiren. Stockholm Firk.
112,227-242.

Sunpius, N. (1952): Kvarts. [dltspat och glimmer samt
forekomster diirav 1 Sverige. Sver. Geol. Undersikning
C 520.

Torres-Ruz. 1., PESQUERA. A.. GiL-Crespo, PP, & VELILLA,
N. (2003 % Origin and petrogenetic implications of tour-
maline-rich rocks in the Sierra Nevada (Betic Cordillera.
southeastern Spain). Chem. Geol, 197, 33-86.

Yavuz., F.. ISKENDEROGLU. A. & JIANG SHAC-Y ONG (1999):
Tourmaline compositions [rom the Salikvan porphyry
Cu=Mo deposit and vicinity. northeastern Turkey. Can.
Mineral. 37. 1007-1023.

Received July 22, 2011, revised manuscript accepted July 8,

201 2.

98



Article 7

6.7 ARTICLE 7

Breiter, K.; Gardenova, N.; Vaculovic, T.; Kanicky, V. Mineralogical Magazine 2013,
77,403-417 (IF=2.21)

99



Article 7

Mineralogical Magazine, June 2013, Vol. 77(3), pp. 403417

Topaz as an important host for Ge in granites and
greisens

K. Brerrer"#, N, Garoenova™, T. VacuLovic™" anp V. Kanicky™

1

W

Institute of Geology. v.v.i.. Academy of Sciences of the Czech Republic. Rozvojova 269, CZ-165 00 Prague 6.

Czech Republic

Faculty of Science, Masaryk University. Kotlarska 2, CZ-611 37, Bmo, Czech Republic
CEITEC, Masaryk University, Kamenice 5, CZ-602 00, Bmo, Czech Republic

|Received 21 January 2013; Accepted 18 March 2013; Associate Editor: E. Grew)

ABSTRACT

The composition of topaz from different granites and greisen in the Krusne Hory/Erzgebirge area was
investigated using electron microprobe analysis (EMPA) and Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICP-MS). All topaz grains are rich in F (17.9-19.8 wt.%,
1.73—1.90 a.p.fiu.) and the most important minor/trace elements are P. Ge and Ga. Contents of P
up to I wt.% P20 (0.025 a.p.fiu.) were found in topaz from the strongly peraluminous P-rich
magmatic systems at Podlesi. Regardless of genetic type. topaz from granites typically contains
50100 ppm Ge. The greatest amounts (up to 204 ppm Ge) were found in topaz from quartz-topaz-
apatite greisen in Krasno. In fractionated granites and greisens, topaz is calculated to contain 23—87%
of the bulk Ge content in the rock. In contrast. topaz does not concentrate Ga. The Ga content of topaz
(typically 5—35 ppm in S-type granites. <10 ppm Ga in A-type granites) is usually smaller than the
bulk Ga content of the rock. In addition, up to 16 ppm Sc, 23 ppm Sn and >400 ppm Fe may be present,

Keyworbs: topaz, germaniun. gallium. LA-ICP-MS. Kruine Hory Mis.. Erzgebirge.

Introduction

Toraz, AlaSiOy(F,OH),. is a common component
of complex pegmatites (beryl-topaz and lepidolite
types of the LCT-family. topaz-beryl type of the

NYF-family, according to the classification of

Cerny and Ercit. 2005). fractionated fluorine-
enriched granites and greisens created by their
hydrothermal transformation.

Because of its simple composition, topaz is
seldom analysed. Only the contents of F (F/OH
ratio. Deer ef al.. 1997 and references therein)
have been studied systematically using EMPA.
Data for the trace-element contents of topaz are
few, but the compilation made by Bernstein
(1985) suggests. that topaz could be an important

* E-mail: breiterfwgli.cas.cz
DOL: 10.1180/minmag.2013.077.4.01

(@

1 2013 The Mineralogical Society

host for Ge. During a detailed investigation of
phosphorus in topaz from different types of
granites in the Krusné Hory/Erzgebirge area
(Breiter and Kronz, 2004), interesting enrich-
ments in Ge (up to 210 ppm) and Ga (up to 140
ppm) were found. Nevertheless. the contents of
both elements were near the detection limits of
EMPA. Thus, we decided to study the content of
Ge and Ga in topaz {rom the Krusne Hory/
Erzgebirge by a more sensitive method.
Moreover, the co-occurrence of fractionated F-
enriched granites of S- and A-types (Breiter,
2012) permits comparison of the composition of
topaz {rom these contrasting granite types.

The objectives of our study were as follows:
(1) to determine accurately the contents of Ge and
Ga in topaz in situ using LA-ICP-MS; (2) to
evaluate the behaviour of Ge and Ga during the
fractionation and subsequent greisenization of
F-rich granites.
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Previous work

Papish (1928, 1929) examined the emission
spectra of 31 topaz samples from 23 localities
and found all to contain germanium; although
these data could not be quantified. Using chemical
extraction, ~0.1 wt.% GeO: was found in topaz
from the Silver Leaf Mine, Manitoba, (Papish,
1929). Seim and Schweder (1962) found
2400 ppm Ge in topaz from the Erzgebirge.
Oftedal (1963) analysed topaz in 11 Norwegian
Precambrian pegmatites and found a surprising
enrichment of Ge in the range 100—700 ppm.
Shcherba et al. (1966) reported 63-320 ppm Ge
in topaz from a Sn-W greisen deposit Aktschatau.
Kazakhstan. El-Hinnawi and Hofiann (1966)
found 95—280 ppm Ge and smaller amounts of
Cr, Mn, Co and Ni in 11 topaz samples from the
Erzgebirge. Subsequently, Seim and Schweder
(1969) conducted a detailed study of the Ge
content of topaz. They found 50—86 ppm Ge in
topaz from Schneckenstein (37 individual
samples), and 11-67 ppm Ge in pycnite
(traditional local name for columnar to acicular
topaz in some tin deposits in the eastern
Erzgebirge) from Zinnwald, Sadisdorl and
Altenberg (9 individual samples). Another 25
topaz samples from worldwide occurrences
contained 5—440 ppm Ge. The relationship
between the genetic type of deposit and Ge
content could not be demonstrated. All of the
above data were obtained using optical emission
spectroscopy. Northrup and Reeder (1994) found
22-24 ppm Ge together with 6—8 ppm Ga,
5-40 ppm As, 153-256 ppm Ti and
172224 ppm Fe in volcanogenic topaz from
San Luis Potosi, Mexico using synchrotron X-ray
fluorescence methods. Duck (1986) and Duck and
Cohen (1986) analysed Ge and Ga using spectro-
photometry in 11 dissolved samples of pegmatitic
and hydrothermal topaz and associated quartz.
They found 13—238 ppm Ge and 2.5-9.3 ppm Ga
in topaz, 0.1-5.6 ppm Ge and 0.01-1.2 ppm Ga
in quartz, and concluded that Ge and Ga
partitioning into topaz is positively correlated
with the fluorine content of topaz and related to
induced strain in the crystal structure.

Breiter and Kronz (2004) found 50—100 ppm
Ge and ~50 ppm Ga in topaz from peraluminous
granites in Erzgebirge using an electron micro-
probe. Trace-element analyses of three topaz
crystals from northern Pakistan using INAA
were conducted by Wasim e al. (2011). who
found 4—10 ppm Ga and 99—138 ppm Ge,
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together with 5-977 ppm Ce, which might
indicate impurities in the analysed samples.
Aigbe et al, (2013) recorded 18.7 ppm Sc in
topaz from Nigeria using INAA. These two
studies examined topaz crystals from the
commercial market without any knowledge of
their paragenesis.

Although some are only semiquantitative, these
published data show that Ge is concentrated in
topaz more than Ga. On the basis of ionic size
considerations, Ge'™ is expected to replace Si'” in
tetrahedral sites whereas Ga' is expected to
replace A" in octahedral sites (Goldschmidt,
1954; Northrup and Reeder, 1994), although Ga
substitution for tetrahedral Si is also possible
(Duck, 1986). Coupled substitution of (GeOY* " for
(AIF)*" was proposed by Oftedahl (1963).
Effective ionic radii for six-fold coordination in
topaz are 53.5 pm (AI*") and 62 pm (Ga’"), for
tetrahedral coordination, 26 pm (Si*") and 39 pm
(Ge*) (Shannon, 1976).

Germanium prefers the least-linked tetrahedral
structures (Harris. 1954). Burton ¢/ al. (1959) and
Johan er al. (1983) found that the extent of Ge
substitution for Si decreases in the order
nesosilicates, inosilicates, phyllosilicates and
tectosilicates. In contrast, Ga is concentrated in
feldspars and micas, and particularly in pegma-
tites (Bell, 1955). Germanium, but not Ga, tends
to be enriched in post-magmatic hydrothermal
fluids up to such concentrations that Ge minerals
can be formed., e.g. argyrodite [AgyGeSq]. in
which Winkler (1886) first found the element Ge
(Weisbach, 1886; Goldschmidt and Peters, 1933;
Schron, 1969; Bernstein, 1985; Holl er al.. 2007).

The crystallochemical similarity between Ge
and Si in the structures of topaz-type was
confirmed by the discovery of krieselite
Al.GeO,(F.OH),, which is the Ge-analogue of
topaz (Schliiter ef al., 2010). Krieselite from the
Tsumeb copper mine. Namibia, contains up to
0.102 a.p.fu. Ga substituting for Al A Ge
analogue of hydroxy-topaz Al.GeO,(OH); has
been synthesized (Wunder and Marler, 1997).
This mineral can also be considered the OH
analogue of krieselite.

Material investigated

The material investigated (Table I, Fig. 1)
represents the principal types of fractionated tin-
bearing granites from the Kru$né Hory/Erzgebirge
Mountains and the products of their hydrothermal
alteration (Breiter ef al., 1999; Chab ef al . 2010).
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TagLe 1. Analysed samples.

Sample  Granite type Locality and rock description Topaz description

Po-1 b Podlesi. coarse-grained albite-biotite granite of Euhedral grains 0.1-0.8 mm
the younger intrusive complex. main facies of
the Nejdek pluton,

Po-2 5 Podlesi stock, medium-grained albite- Euhedral grains 0.1-0.5 mm
protolithionite-topaz granite

Po-3 5 Podlesi stock. medium-grained albite-zinnwaldite-  Subhedral grains 0.1-0.5 mm
topaz granite

Po-4 s Podlesi stock. quartz-topaz-zinnwaldite greisen Anhedral grains 0.1-0.3 mm

Kr s Krasno (Schlagenwald in German literature), Imperfect crystals 2—4 mm
quartz-topaz-apatite greisen with cassiterite,
wolframite and sulphides

Ci A Cinovec (Zinwald in German literature), fine- Subhedral grains 0.1-0.3 mm
grained albite-zinnwaldite granite

Alt A Altenberg, coarse-grained quartz-topaz-zinnwaldite  Aggregates of columnar crystals,
rock at the upper contact of the granite stock individual crystals are ~1 cm

long and 1 mm in diameter
Sch A Schneckenstein, cavities in the explosive breccia Imperfect wine-yellow crystals

up to | cm in size

Strongly peraluminous P-enriched (S-type)
granites are represented by samples of typical
facies from the Nejdek-Eibenstock (also
Eibenstock-Nejdek or Eibenstock-Neudeck
according to some German authors) pluton.
including the highly fractionated Podlesi stock.
The intensity of fractionation and the enrichment
of the parent rock in P, F. Li and other lithophile
elements increases from the albite-biotite granite
with trace amounts of topaz through the albite-
protolithionite granite with more abundant topaz
to albite-zinnwaldite-topaz granite with up to
3 vol% of topaz. The associated quartz-topaz
greisen originated from the latter type of granite
during early post-magmatic rock—fluid interaction
(Breiter ef al., 2005).

In the Krasno tin deposit. large topaz grains and
imperfect crystals (up to 3 mm in diameter) from
cm-scale vugs in the greisen cupola of the Hub-
stock crystallized during the post-magmatic
hydrothermal stage of the S-type “Cista” granite
in the Krudum pluton (Jarchovsky, 2006).

Sub-aluminous A-type granites from the
eastern Erzgebirge are represented by albite-
zinnwaldite granite with topaz from the upper
part of the Cinovec/Zinnwald granite cupola
(Breiter, 2012). Yellow columnar topaz (pycnite)
is a typical constituent of the marginal pegmatite
(stockscheider) of the granite cupola in Altenberg
(Ossenkopf and Helbig, 1975; Seim and Leipe,

405

1987). Aggregates of pycnite with zinnwaldite,
quartz and subordinate wolframite are also
common in flat ore veins in the Cinovec/
Zinnwald tin-tungsten deposit. The final category
of topaz investigated is from Schneckenstein,
located at the western edge of the Erzgebirge in
Saxony. Here, an explosive phyllite breccia above
the stock of A-type granite cemented with a
hydrothermal quartz with many cavities, yields
extraordinary crystals of gem quality wine-yellow
topaz several cm in size (Gottesmann ef al.. 1994;
Forster et al.. 2007; Leithner, 2008). In addition,
small topaz crystals are quite common.

Analytical methods

Topaz was separated using standard techniques
(crushing, sieving. panning, concentration in
heavy liquids, hand picking) from eight repre-
sentative samples (Table 1), Topaz grains
(0.2—0.5 mm diameter) were embedded in
epoxy resin and polished.

Element abundances of Si. AL, F and P in topaz
from Podlesi were determined using a JEOL 8900
RL electron microprobe at the Geowissenschaft-
liches Zentrum, University of Gottingen (analyst
Andreas Kronz: for details, see Breiter and Kronz,
2004). Other samples were analysed using a
CAMECA SX100 electron microprobe at the
Institute of Geology, Academy of Science of the
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Fic. 1. Geological sketch of the Krusné Hory/Erzgebirge area with localities investigated (in ifalics). Modified from

Breiter (2012),

Czech Republic. Prague. with an accelerating
voltage and beam current of 15 kV and 10 nA,
respectively, and a beam diameter 2 pm (analyst
Mrs Zuzana Korbelova). The following standards
were used: Al, Si. F — topaz, and P — apatite.
The amounts of Ga, Ge, Fe, Sc, In. Tl and Sn in
topaz were determined in polished mineral grains
using LA-ICP-MS. This mstrumentation consists
of the laser ablation system UP213 (NewWave
Research, USA) and the ICP-MS Agilent 7500CE
(Agilent, Japan). The facility is located at the
Laboratory of Atomic Spectrochemistry of the
Department of Chemistry, Masaryk University,
Brno, Czech Republic. Sample aerosols generated
by ablation at the laser beam wavelength of
213 nm are transported by He carrier gas
(1.0 1 min~") into the ICP source of the quadru-
pole mass spectrometer. which is equipped with a
reaction-collision cell to suppress isobaric inter-

406

ferences. Ablation was performed at the laser
beam flux of 21 J em ™7, a laser spot diameter of
65 um and a repetition rate of 10 Hz The
following isotopes were measured: ~ Al %S,
¥8c, *°Fe, ®Ga, "'Ga, Ge, "*Ge, '"In, "*Sn
and 29T Two isotopes for both Ga and Ge were
measured to detect possible isobaric interferences.
Measured isotopic ratios of “’Ga/"'Ga and
Ge/™Ge were compared with natural abundance
ratios to ensure that neither of the two isotopic
pairs exhibited interferences. For quantification
"Ga and "'Ge were employed due to their lower
limits of detection (LOD). Calibration with
normalization to the ideal formula of topaz with
silicon content of 1541 wt.% was performed
using certified reference material NISTo12.

The major elements in bulk-rock samples of
granites from Podlesi and Cinovec/Zinnwald and
fine-grained homogeneous greisen from Podlesi
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were determined using standard wet chemistry
methods at the laboratory of the Czech Geological
Survey, Prague, Czech Republic. Other samples
(breccia, border pegmatite, coarse-grained
greisen) were too heterogeneous to be analysed
using whole-rock methods. The analyses of the
international reference of whole-rock standard
(JG-3 granodiorite; Geological Survey of Japan)
yielded an average emor (lo) of £ | % with
respect to recommended values (Govindaraju.
1994). Rubidium in bulk-rock samples was
determined using X-ray fluorescence (LOD 2
ppm) at the laboratory of the Czech Geological
Survey, Prague. Gallium and Ge were determined
using [CP-MS (Agilent, 7500CE, Japan) after
chemical decomposition. Whole-rock samples
were decomposed using fusion with LiBO,
(Spectromelt A20, Merck), (0.2 g of a sample
with 1.0 g of LiBO,). The resulting borosilicate
glass bead was dissolved under stirring with 20 ml
of 0.7 mol/l HNOs, the solution was transferred
into a volumetric flask and, after addition of
internal reference element (Se), was filled up to
250 ml with deionized water. Blank solutions
were prepared in the same way as the samples.
The ICP spectrometer is equipped with a
collision-reaction cell for suppressing possible
isobaric interferences. The generator power input
was 1500 W, outer plasma gas flow rate (Ar)
15.0 | min~', intermediate plasma gas flow rate
(Ar) 025 | min~', carrier gas (Ar) flow-rate
0.85 1 min~', sample flow rate 200 ul min~',
nebulizer temperature 2°C and the He flow-rate in
the collision cell was 3 ml min~'. The following
isotopes were recorded during analysis: 1AL si,
“Ga, "'Ga. “Ge and "Ge. Due to strong isobaric
interferences ’Si*"Ar and '°0°‘Fe. which were
suppressed insufficiently by the collision-reaction
cell, the isotopes "'Ga and ™*Ge were used for
interpretation. For quality control the CRM
GBW7406 was analysed in each set of dissolved
samples (Table 2).

TasLe 2. Results of analysis of certified reference

material GBW7406,

Ga Ge
Measured content (ppm) 3242 34203
Certified value (ppm) 30£3 32403
LOD (ppm) 0.02 0.08

407

Results

The bulk composition of granites and greisens
from Podlesi and Cinovec has been published and
discussed previously (Breiter ef al.. 1999, 2005).
Regardless. we decided to perform new bulk-rock
analyses from some of the samples investigated
(Table 3), to facilitate an accurate correlation
between the trace-element contents in topaz and
the bulk-rock composition.

Topaz grains were analysed with the electron
microprobe and LA-ICP-MS. Si. AL F and P were
determined by EMPA, whereas trace elements
(Ga, Ge, Sn. In, Tl, Sc) were determined by means
of LA-ICP-MS. Representative EMPA data are
summarized in Table 4 and shown in Fig. 2. The
Ga. Ge. Fe. S¢ and Sn contents. analysed using
LA-ICP-MS, are summarized in Table 5 and
illustrated in Fig. 3. The In and Tl contents are
lower than LOD for these elements (0.1 ppm) in
most cases.

The F content is relatively large in all analysed
topaz grains, at 17.9-19.8 wt.%
(1.73—1.90 a.p.fu. F). The smallest contents
were found in topaz from the Schneckenstein
breccia (17.9—18.5 wt.% F, ~1.75 a.p.f'u. F), and
in topaz from vugs in the greisen from Krasno
(18.6—18.9 wt.% F, ~1.8 a.p.fu. F). The largest
contents were found in late magmatic topaz from
the albite-topaz-zinnwaldite granites from Podlesi
and Cinovec/Zinnwald (19.5—19.8 wt.% F.
~1.90 a.p.fu. F). Topaz from other samples
ranged between 19.0 and 19.5 wt.% F
(1.8=1.9ap.fu F).

The P contents of topaz correlates well with the
P content of the parent rocks. The largest amounts
were found in the P-rich (=1 wt% P,0s in the
bulk rock) albite-topaz-zinnwaldite granite and
the associated high-temperature greisen in Podlesi
(0.1-1.0 wt% P05, 0.003—0.025 a.p.fu. P).
Topaz from other peraluminous rock only rarely
exceeds 0.01 wt.% P-0s. Among topaz from
A-type environments, pycnite from Altenberg
containsg 0.1 wt.% P,05 (0.003 a.p.fu. P), while
other samples are generally free of P.

The greatest contents of Ge were found in topaz
from greisen in Krasno (62—204 ppm). in topaz
from the Cinovec granite (45—132 ppm) and in
the topaz from the albite-zinnwaldite granite from
Podlesi (47—102 ppm). Topaz from other samples
typically contains 40—70 ppm Ge.

The Ga content of topaz is lower than that of
Ge. Topaz from the albite-zinnwaldite granite in
Podlesi contains the most Ga, typically 9—29 ppm
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TaeLe 3. Bulk-rock composition of selected granites (major elements in wt.%. trace elements in ppm).

Locality Podlesi Podlesi Podlesi Podlesi Cinovec
Sample Po-1 Po-2 Po-3 Po-4 Ci
Rock type Ab-Bt granite  Ab-Protol granite Ab-Zinw granite Qtz-Zinw greisen Ab-Zinw granite
5104 72,52 73.17 70.10 83.52 75.85
TiO- 0.06 0.06 0.02 0.05 0.03
ALO, 14.95 14.67 T 11.63 13.04
FeaO5 024 0.28 0.11 0.26 044
FeO 1.05 0.69 0.67 026 0.39
MgO 0.08 0.03 0.04 0.01 0.04
MnO 0.03 0.04 0.02 0.02 0.05
Ca0O 0.39 0.45 0.43 0.28 0.38
Li-O 0.12 0.16 0.33 0.07 0.06
NaxO 3.76 3.89 4.10 0.04 3.99
K-0 462 4.17 4.25 0.30 4.53
P20 0.44 047 1.03 033 0.01
¥ 0.80 1.22 1.31 346 0.40
H,0' 0.85 0.87 1.34 111 048
H-0" 0.04 0.10 0.21 0.06 0.07
F=0 —0.34 —0.51 —0.55 -1.46 —0.17
Total 90.61 99.76 99.18 99.94 99.59
ASI 126 1.25 1.30 - 1.07
Rb 978 1257 2021 87 1391
Ga 350 348 67.0 7.8 319
Ge 237 3.75 4.20 7.58 4.10

ASI: aluminium saturation index is defined as the molecular ratio [Al/(Ca+Na+K)]. Calculation of ASI for feldspar-
free greisens makes no sense.

Ga. from the greisen from Podlesi 6—22 ppm Ga, The largest relatively homogeneous Fe contents
from Altenberg §—10 ppm Ga. from Krasno were found in topaz from Altenberg
2—11 ppm Ga and from Cinovec/Zinnwald and (155—196 ppm). The Fe content in topaz from
Schneckenstein only 2—4 ppm Ga. the Cinovee. Nejdek-Eibenstock and Podlesi

TagLe 4. Selected microprobe analyses of topaz (wt.%) and empirical formulae (atoms per formula unit based
on Si+AI+P = 3), Data from the Podlesi samples were already published by Breiter and Kronz (2004).

Locality Sample  Si0, ALO; P30s F O=F Total Si Al P F

Cinovec Ci 3175 56,86  0.00 1959 K25 9995 0964 2.036 0.000 1.882
3191 5646 005 1949 821 997 0972 2027 0.001 1.877
32,00 56.67  0.00 1980 -834 100.13 0972 2.028 0.000 1.901
Krasno Kr 32.47  56.00 002 1891 796 9944 0089 2010 0.001 1.821
3L75 5679 0.09 1874 -7.89 9948 0965 2.033 0.002 1R800
3227 5634 0.00 1865 -7.85 9941 0981 2.019 0.000 1.793
Altenberg Alt 32.20 5650 0.13 19.37  —8.16 100.04 0977 2.020 0.003 1.858
32.09 5653 004 1932 814 9994 0974 2.022 0.004 1.855
3231 5635 042 1932 8.4 9996 0981 2.016 0.003 1.855
Schneckenstein Sch 3246 5596 0.01 1801 —7.58 98.86 0589 2.010 0.000 L736
32,55 5589 000 1792 -7.55 9881 05992 2.008 0.000 1.727
3285 5640 000 1854 781 9998 0992 2.008 0.000 1.77]
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Fia. 2. Phosphorus content of topaz. Phosporus is incorporated by the berlinite substitution (Si+Si — P+Al) in topaz
from peraluminous granites and greisens in Podlesi. Topaz from greisen in Krasno and from all A-type rocks is free

of P.

granites is very variable; usually 40—60 ppm Fe,
but unique values up to 1296 ppm Fe were also
found. The lowest contents were found in topaz
from Schneckenstein (11—55 ppm Fe) and
Krasno (<135 ppm Fe). The greatest amounts of
Fe (=300 ppm) might result from inadvertent
analysis of Fe-bearing mineral inclusions.

The highest Sc concentrations in topaz were
encountered in Stockscheider from Altenberg

(‘pyenite’, 12—16 ppm) and in greisen from
Podlesi (2—7 ppm). whereas other samples
generally contain <3 ppm Se. Individual larger
Sc contents in topaz from granites from Podlesi
coincided with very high Fe and/or high Sn
contents. which indicate contamination with an
Fe-, Sn-. Se-bearing phase.

Surprisingly. there was a relatively large Sn
content in many topaz grains from several samples.

40
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Fig. 3. Topaz Ge and Ga contents (ppm).
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TapLe 5. Selected LA-ICP-MS analyses of topaz (ppm).

Locality. Ga Ge Se Fe Sn Ga Ge Se Fe Sn
sample
LOD 0.1 04 0.4 2.0 1.0 Podlesi 1.8 45.8 7.9 8924 232
Po-1 6.1 355 <LOD 61.9 14.3
Krasno 4.0 159.4 2.0 9.9 8.9 8.4 482 <=LOD 516.7 7.0
Kr F=T 71.9 1.9 11.5 4.3 19.9 612 106 2442 8.6
10.2 80.9 2.0 14.6 5.3 6.6 58.5 <LOD 1497 54
11.2 72.5 2.0 14.0 4.0 8.0 63.0 <LOD 69.1 308
8.7 62.4 1.7 10.7 3.1 6.9 4].1 <LOD 542 188
34 80.0 1.8 5.1 2.7 49 763 <LOD 44.2 8.7
1.6 2042 1.6 2.8 <LOD 26,1 744 6.3 157.9 1.5
3.9 132.1 1.7 6.0 <LOD 6.9 46.0 <LOD 41.9 3.1
2.0 196.7 L& 3.5 <LOD
6.5 73.3 1.9 7.4 24 Podlesi 6.5 642 <LOD 54.1 7.1
Po-2 5.7 50.1 <LOD 314 7.6
Cinovec 4.4 44.6 35 343 <LOD 74 557 <LOD 67.5 3.1
Ci 39 1014 25 46,9 <LOD 53 442 <LOD 47.2 <LOD
4.1 104.1 23 443 <LOD 1.7 25.6 <LOD 56.7 <LOD
4.1 63.2 24 84.0 <LOD 13.3 74.0 <LOD 57.0 2.1
6.0 327 <LOD 42.6 <LOD
Altenberg 8.4 4.8 132 174.7 5.9 6.9 322 <LOD 47.5 <LOD
Al 8.4 45.9 13.7 167.5 5.5 1.5 5334 <LOD 63.4 <LOD
8.4 492 123 174.4 5: 8.0 574 <LOD 50.5 <LOD
9.4 49.2 13.5 195.7 6.6
9.2 46,6 134 186.0 5.2 Podlesi 29.2 69.8 11.8 12963 17.7
8.3 422 118 155.1 4.4 Po-3 18.1 102.5 <LOD 49.0 9.3
1.5 42.0 121 160.0 4.0 11.3 750 <LOD 41.1 6.0
9.4 46.1 15.2 175.6 5.0 249 65.0 <LOD 137.2 7.0
8.9 sL2 185 175.0 §.5 16.4 709 <LOD 814 3.9
9.9 50.8 163 182.4 6.1 239 859 <LOD 1272 24
18.6 729 <LOD 99.3 5.0
Schneckenstein 3.5 60.2 23 12.0 <LOD 26.5 955 <LOD 40.3 3.3
Sch 3.4 48.8 23 18.7 <LOD 22.7 473 <LOD 2438 5.1
1.9 83.5 2.3 1.4 <LOD 9.0 524 <LOD 69.6 10.5
4.0 49.4 2.6 20.8 2.5
37 46.2 2.7 149 <LOD Podlesi 13.9 538 6.2 107.1 <LOD
2.8 49.0 1.8 11.2 <LOD Po-4 22.2 64.0 3.0 2394 <LOD
2.0 44.1 2.4 13.1 <LOD 12.9 539 2.0 67.6 <LOD
34 69.9 2.7 20.8& <LOD 153 343 74 771.9 <LOD
1.9 42.3 1.7 30.8 <LOD 6.2 15.6 5.0 103.8 <LOD
2.7 116.1 25 55.0 2.2 13.1 309 2.6 2180 <LOD
12.9 34.1 2.1 119.3 10.6
224 60.1 2.5 176.0 <LOD

The largest amounts (2—31 ppm) were found in the
biotite and zinnwaldite granite from Podlesi
(samples Po-1 and Po-3). whereas topaz from
associated protolithionite granite (sample Po-2)
contains only 3—8 ppm Sn. Similar amounts of Sn
were found also in topaz from Altenberg (4—6
ppm) and Krasno (2—9 ppm). The smallest Sn
contents were in topaz from Cinovec/Zinnwald.
Schneckenstein and the Podlesi greisen.
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Discussion

Comparison between LA-ICP-MS and other
methods used for Ge and Ga determination

Most published data for the Ge and Ga contents of
topaz were obtained by emission spectroscopy
(Papish 1928, 1929; Seim and Schweder, 1962;
Oftedal, 1963; etc.) and wet chemistry (Papish,
1929; Duck. 1986). These methods provided
reliable results for the bulk composition of topaz
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grains, but were not able to document internal
inhomogeneities. Trace element concentrations at
the tens of ppm level are at the limits of detection
(LOD) for EMPA. Breiter and Kronz (2004)
attempted to determine the contents of Ga and Ge
in topaz from Podlesi and found 40 to 60 ppm
(locally up to 140 ppm) of Ga and 50—100 ppm
(locally up to 210 ppm) of Ge with LOD of ~40
and 50 ppm, respectivelv. The comparison
between EMPA and LA-ICP-MS measurements
of Ga and Ge show some disagreement. The
difference is due to the fact that the Ga and Ge
contents in topaz are near the LOD of EMPA
whereas the LOD of LA-ICP-MS are significantly
lower (0.1 and 0.3 ppm Ga and Ge, respectively).
Hence, the ICP data are the more reliable.

Ga and Ge in magmatic and hydrothermal topaz

The Ga vs. Ge plot (Fig. 3) illustrates the different
geochemical behaviour of Ge and Ga during
evolution of S- and A-type granitic melt and
subsequent fluid processes. Topaz from sub-
aluminous A-type granites is poor in Ga
(1—10 ppm), but enriched in Ge (mostly
40—100 ppm). Topaz from the peraluminous
magmatic environment at Podlesi is relatively
rich in Ga (5-35 ppm); Ge contents (mostly
25—100 ppm) are similar to the A-type granites.

Relationships between the Ge and Ga contents
and the OH/(OH+F) ratio in topaz are shown in
Figs 4 and 5. Our data are compared here with
those published by Duck (1986). Topaz crystals
from cavities in hydrothermal veins analysed by
Duck (1986) are characterized by relatively large
contents of (OH) ™ (OH=04 ap.fu. F<l.6 ap.fu)
and smaller contents of both Ge and Ga (<38.7 ppm
and <6.8 ppm, respectively). The only exception is
the OH-poor topaz from Adun-Chilon (currently
the Sherlovaya Gora tin deposit), E Transbaikalia,
Russia (Leithner. 1981; Lyckberg. 2001; Baksheev
et al., 2012), although this locality is linked directly
to a tin-bearing granite. Topaz from pegmatites
(Duck, 1986) is comparable with those from the
granites and greisens investigated in this work. It is
poor in (OH) ™ (OH<0.4 a.pfu., F=1.6 a.p.fu.) and
can be considerably enriched in Ge: typically
50-100 ppm. and up to [32 ppm in granite,
204 ppm in greisen and 238 ppm in pegmatite.
Enrichment in Ga is limited to topaz from
peraluminous S-type granites (mostly 3—25 ppm),
whereas topaz from A-type granites and pegmatites
contains <10 ppm Ga. Duck (1986) concluded that
the contents of Ge and Ga are negatively correlated
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with the content of (OH) . and that pegmatitic and
hydrothermal topaz form two separate lines of
correlation. Our results support Duck's conclusions
regarding the principal differences between hydro-
thermal and magmatic (including high-temperature
greisen) topaz, although the relation between the
(OH) and Ge and Ga contents is more complicated.
Relationships between Ge and Ga contents in topaz
and in the bulk granites are shown in Figs 6 and 7.
There is a poor correlation between the bulk-rock
and topaz contents of both elements.

The evolution of the Ge and Ga contents during
fractionation of the granitic melt in Podlesi,
expressed by the increasing amount of Rb, is
shown in Figs 8 and 9. The amounts of both
elements increase during the final stage of
fractionation, though the range in measured
values in a given rock is large. The elevated Ge
content in greisen from Podlesi results from the
high modal content of topaz in the greisen, although
hydrothermal topaz from this greisen contains less
Ge than the primary magmatic topaz from the
parent granite. In contrast, topaz from the greisen in
Krasno is the most Ge-enriched (up to 200 ppm)
among all the samples. This demonstrates extensive
redistribution of Ge during greisenization.

There is no correlation between the Ga contents
of topaz and the whole rock, whereas the major
host of Ga, feldspars and mica, usually crystallize
before topaz. The large range of Ga contents in
topaz from the Ga- and F-enriched albite-
zinnwaldite granite from Podlesi is probably
related to the order of crystallization of individual
erains: early topaz grains crystallized from Ga-
rich melt before feldspars, while the later-formed
grains crystallized afier feldspar from a melt
already impoverished in Ga. Similarly, crystal-
lization of dark mica (annite—zinnwaldite group)
decreases the Ge content in the melt and late
interstitial topaz might be relatively Ge poor.

The inhomogeneity of trace-element distribution
within a single grain of topaz has been investigated
by Northrup and Reeder (1994). They concluded
that no single value of the distribution coefficient
of a trace element can be applied for all areas of
the crystal surface, and the distribution coefficients
depend on the crystal planes.

Estimation of Ge and Ga budget in granites and
greisens

Topaz. although quantitatively an unimportant
rock-forming mineral. plays an important role in
the overall balance of Ge in the rock. To estimate
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the contribution of topaz to the Ge and Ga budgets
of rock such as granite and greisen., we analysed
the Ge and Ga contents in all the associated rock-
forming minerals. For these data we used the
median of 10—30 analytical points for Ge and Ga
in each mineral in selected rocks (Table 6). The
quantitative proportions of each mineral in these
samples were calculated from bulk-rock analyses
and electron microprobe analyses of appropriate
minerals. As the analysed minerals and rocks are

not homogeneous., our calculation must be
regarded as only semi-quantitative.

The A-type albite-zinnwaldite granite from
Cinovec/Zinnwald is composed of ~31 wt%
quartz (0.5 ppm Ge in quartz), 62 wt.% feldspars
(3 ppm Ge in feldspar), 5 wt% zinnwaldite
(19 ppm Ge in zinnwaldite), and | wt.% topaz
{ 101 ppm Ge in topaz). Thus. topaz is calculated

to contain ~23% of the calculated content of

3.9 ppm Ge in this granite (analysed bulk-rock
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the Ga contents in each sample are shown. Data from Duck (1986) are shown for comparison.
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content of Ge in this sample was 4.1 ppm, see
Table 2).

The S-type albite-zinnwaldite granite from
Podlesi is composed of ~30 wit.% quartz
(1.3 ppm Ge). 60 wt.% feldspars (2.3 ppm Ge),
7 wt.% zinnwaldite (4.5 ppm Ge) and 3 wt.%
topaz (90 ppm Ge). In this case, topaz is
calculated to contain ~51% of the calculated
content, i.e. 4.8 ppm Ge. The analysed bulk-rock
content of this rock was 4.2 ppm Ge.

The quartz-topaz greisen from Podlesi is
composed of 79 wt% quartz (1.0 ppm Ge),
2 wt.% of zinnwaldite (5 ppm Ge) and 19 wt.%
topaz (43 ppm Ge). In this example, topaz is
calculated to contain ~87% of the calculated
content, L.e. 8.9 ppm Ge. The analysed bulk-rock
content was 7.6 ppm Ge.

Using Ge data given by Schron (1969) and
mineral proportions calculated by Thomas and
Davidson (R. Thomas, pers. comm.) for the topaz-

40
OPodlesi Ab-Bt granite
35 4| oPodlesl Ab-Protol granite :
g @ FPodles| Ab-Zinw granite
A 30 1| arodiesi greisen °
2 25 H Cinovec granite lo) !
£ A 0
®
@ 197 ; Y i
O 4.
10 % ®
A
A )
O
0 T .
0 20 40 80 80

Ga ppm WR

FiG. 7. Relations between Ga contents in lopaz and in the bulk rocks (ppm).
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Fig. 8. Evolution of the Ge content in topaz during magma fractionation (expressed by the increase in bulk Rb
content) in Podlesi S-type granite. Topaz from the A-type granite from Cinovec/Zinnwald is relatively Ge enriched.
Small arrows show the medians of the Ge contents in a particular sample.

rich variety of stockscheider (‘pycnite rock’) from
Altenberg, topaz contains ~84% of the calculated
content of 12.5 ppm Ge (compare Table 6). In this
case. the bulk rock was not analysed.

In contrast, Ga is hosted mainly by feldspar and
mica. Topaz contained generally <1% of the bulk

Gia contents in granites. The only exception is the
quartz-topaz (mica poor) greisen from Podlesi.
This is composed of 79 wi% quartz (0.3 ppm
Ga). 2 wt% zinnwaldite (142 ppm Ga) and
19 wt.% topaz (13.5 ppm Ga). Topaz is calculated
to contain ~33% of the calculated content of

40
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Fig. 9. Evolution of the Ga content in topaz during magma fractionation (expressed by the increase in bulk Rb
content) in Podlesi S-type granite. Topaz from the A-type granite from Cinovec/Zinnwald is relatively Ga depleted.
Small arrows show the medians of the Ge contents in a particular sample.
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TaBLE 6. Ge and Ga contents in minerals in granites Ci and Po-3, greisen Po-4 (medians in ppm) and in the

pyenite rock from Altenberg (in ppm).

Locality. sample Mineral Content (wt.%n) Ge (ppm) Ga (ppm)
Cinovee, granite Ci Quartz 31 0.5 0.5
Feldspars 62 3.0 37
Zinnwaldite 5 19 62
Topaz 1 101 4.1
Kaolinite 1 —~ =
Podlesi. granite Po-3 Quartz 30 1.3 0.5
Feldspars 60 23 69
Zinnwaldite 7 45 142
Topaz 3 90 20
Podlesi. greisen Po-4 Quartz 79 1.0 03
Zinnwaldite 2 5.0 142
Topaz I 43 13.5
Altenberg. pycnite rock Quartz 24" 267
Li-Fe mica 26 52.% -
Topaz 50" 2™ -
*1 acc. to Thomas, pers. comun., *2 acc. to Schron (1969)
Conclusions

8.1 ppm Ga. The analysed bulk-rock content was
7.8 ppm Ga.

Differences between analysed and calculated
bulk-rock Ge and Ga contents are in the range
from —3.8 to + to 14.3% of the analysed values,
which we consider to be acceptable. The principal
source of these discrepancies is related to the
relatively large dispersion of the laser-ablation
analyses within each mineral sample. The median
of these measured data is the best possible. but
still not an ideal expression of trace-element
content of the mineral.

Phosphorus enrichment in topaz

Enrichment of P up to I wt.% P05 in topaz from
peraluminous granites at Podlesi, was reported by
Breiter and Kronz (2004) and up to 1.1 wt.% P05
from the pegmatite in the Ehrenfriedersdor! tin
mine (R. Thomas. pers. comm.). Veksler and
Thomas (2002) showed experimentally that in
topaz the P,Os concentration can increase up to
6.4 wt% at 600°C and | kbar. Our new data
confirm that P enrichment in topaz is restricted to
magmatic topaz from peraluminous granites and
their phosphate-free greisens. Topaz from phos-
phate (apatite}-bearing greisen in Krasno and
from all A-type granite environments is P-poor or
P-free.

415

The most common minor/trace elements in fopaz
are P, Ge and Ga. The enrichment of P is limited
to topaz from strongly peraluminous P-rich
magmatic systems such as Podlesi.

Topaz from both A- and S-type granites usually
contains 50— 100 ppm Ge. locally up to 204 ppm
Ge from S-type greisen, which makes topaz the
largest concentrator of Ge among all associated
silica-bearing minerals. In fractionated granites
and greisens. topaz may host 23—87% of the bulk
Ge content of the rock. Topaz usually contains
less Ga than the host rock: <35 ppm in the S-type
eranites and <10 ppm in A-type granites, Topaz
does not concentrate Ga. except for topaz in the
mica-poor/mica-free greisens, in which topaz is
the sole Al-bearing mineral.
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Quantification procedures based on the external calibration with total sum content standardization ( ECTSCS ) and
the external calibration with internal standardization { ECIS ) were compared in the analysis of glass materials by
laser ablation inductively coupled plasma spectrometry (LA-ICP-MS) with a2 13 nm Nd:YAG laser ablation device
and a quadrupole mass spectrometer. Silicon was used as the internal reference element for ECIS. Applicability of
these approacheswas statistically tested using both homogeneous and inhomogeneous samples. The former type
was represented by the standard reference matenial NIST 612 and an ancient glass bead ( Early Bronze Age), while
the latter was a mediaeval glass artefact (8th - 9th century), Homogeneity of samples was examined by EMP
analysis. Identical results were obtained by both calibration methods for homogeneous samples, while
underestimated contents resulted from quantification with ECIS method in comparison to EMP analyses of the
same target area of inhomogeneous glass, Finally, elemental maps of zonal muscovite grain were recorded and
quantified using ECTSCS method and verified by EMP analysis.

© 2017 Hsevier BV, All rights reserved.

1. Introduction

Laser ablation (LA ) represents method suitable for sampling of any
kind of material (metals [1,2], non-conductive solids [3,4], thin layers
[5] liguids and gases [6-8), biological tissues [9,10], archaeological sam-
ples[11-13] ete.) and in combination with inductively coupled plasma
mass spectrometry (ICP-MS) allows determination of elements in a
wide range of contents from major to trace levels. The main difficulties
at quantification with LA-based methods follow from both the fluctua-
tions of laser beam energy and dependence of mass of removed target
material per laser pulse, the ablation rate, on physical and chemical
properties of target matrix. Lack of calibration standards suitable for
particular analytical tasks is often the cause of inevitable difference be-
tween matrices of available standard and analyzed samples, thus intro-
ducing a systematic error into quantification. Summarized, laser energy
fluctuations {short-term and drift) and sample vs standard matrix dif-
ferences result in random and systematic errors due to pulse-to-pulse
variability of ablation rate and differences in ablation rate between sam-
ples and standards, Therefore in order to ensure conditions for guantifi-
cation these effects have to be compensated.

* Carresponding author at: Department of Chemistry, Faculty of Sclence, Masaryk
University, Kotlafska 2, Bmo 61135, Czech Republic.
E-mafl address; vacalPmail. municz (T, Vaculovig),

hittpy/dx.doiorg 10,1016/ microc201 7.03.040
0026-265X/5 2017 Elsevier BV. All ights reserved.

Several ways of quantification procedures are used for guantitative
LA-ICP-MS analysis. All below mentioned quantifications utilize some
normalization procedure which compensates for variations in the 1CP-
MS signals caused by laser ablation processes [ 14,15], transport efficien-
cy of ablated material [16,17] and ionization processes in ICP [18,19].
The most widely used method is external calibration with internal stan-
dardization (ECIS) first published by Crain and Gallimore [20] in 1992,
Since that time this quantification is mainly utilized in analysis of geo-
logical samples in spite of a requirement of complementary method
for determination of internal standard content, e.g. by electron micro-
probe (EMP) or X-ray fluorescence (XRF). The EMP represents the
most used analytical technique for determination of elemental content
in geological samples, It is based on the analysis of the X-ray spectrum
emitted after irradiation of the sample by an electron beam [21]. In
case of analysis of a sample with a simple matrix and known complete
gualitative composition the requirement of the EMP analysis can be
avoided by using external calibration with total sum content standard-
ization [22,23] (ECTSCS). This standardization process is based on LA-
ICP-MS signal measurement for all elements constituting the sample
and yielding measureable signal. In case of oxidic materials (silicate
rocks), elemental contents calculated using extermnal calibration are
expressed as mass percentages (%mym) of their oxides. Thus obtained
contents of all oxides are normalized to 100%;, 4y, An important feature
of the ECTSC method is the fact that no preliminary analysis by
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independent method is necessary. The accuracy of this quantification
procedure was verified by analysis ol homogeneous glass standards, ref-
erence materials [22-25] and real relatively homogeneous samples as
obsidians as well [26,27]. Liu et al. [28]| demonstrated utilization of
this procedure by analysis of real anhydrous silicates as are
clinopyroxene, arthopyroxene, olivine and gamet, Phase change mate-
rials based on AglnSbTe with different stoichiometry were analyzed
and quantified by ECISC approach [29]. In some cases neither of
above-mentioned quantification procedures can be used. As an exam-
ple, analysis of corroded parts of components made of steel or other al-
loys can be mentioned [30-32]. In this case the laser ablation rate varies
depending on whether the corroded or intact part is ablated. For this
purpose the total sum of ion intensities normalization [33] (TSIN)
was used.

LA-ICP-MS trace analysis capability (mg kg™ ') of small spots (from
tens to units of pm in diameter) makes this method a powerful tool
for elemental mapping. This feature is widely exploited in the study of
elemental distribution in biological tissues such as thin sections of tu-
mors [34,35], brain [26,37] or liver [38]. Elemental mapping of tissues
relies mostly on intemal standardization with carbon, which allows to
correct for differences in ablation rate and water cantent [39] in spite
of observation that this matrix element can occurin the form of gaseous
species which leads to fractionation [40,41]. However, a necessary pre-
requisite is a constant content of carbon over examined area, which may
not be fulfilled in some cases. Elemental mapping of geological materials
is hampered by inhomogeneous distribution of elementswhich are usu-
ally considered as internal standards (Si, Ca). Consequently, acquisition
of elemental map is sometimes achieved only on qualitative level [42].
For acquisition of quantitative map of trace elements in iron meteorite
authors utilized negative correlation between Ni and Fe content and
normalized the results on the sum of Fe and Ni content to 100% ., [43].

The aim of this study consists in comparison of two quantification
procedures based on ECTSCS and ECIS using homogeneous standard ref-
erence material and archaeological samples with both homogeneous
and heterogeneous distribution of elements. Finally, ECTSCS is proved
as suitable quantification procedure for acquisition of guantitative ele-
mental maps of muscovite grain with markedly zonal characterization.

2. Experimental
2.1. Samples

The comparison of ECIS and ECTSCS was performed using 3 different
glassy samples, The first one, standard reference material (SRM) NIST
612, represents homogeneous sample with the same matrix as NIST
610, which was used as the calibration standard for analysis of NIST
612. The second one, which is the glass bead originating from the Late
Bronze Age burial ground ( 12th-11th century BC) at Holubice, Bohemia,
represents homogeneous real sample. This blue-green translucent spec-
imen belongs to rather exceptional mixed alkali glass with Cu0 as the
main colorant. The third one is glass bead from the early mediaeval
cemetery (a period of the 8th-9th century) at Iffelsdorf, Bavaria. This
specimen represents inhomogeneous material made of soda-lime na-
tron glass with the inclusion of opacifiers.

As an example of mineralogical sample the Li-muscovite grain orig-
inating from Argemela Mine in Portugal was subjected to elemental
mapping. This grain is composed of two distinctive zones. The core is
rich in Al,O; and FeO while the rim is enriched in Li,0, Rb;0, and
MnO in comparison with the core,

2.2 Insrumentation

LA-ICP-MS experiments were performed using the setup consisting
of Nd: YAG laser-based ablation system UP213 ( New Wave Research,
Inc.) operating at the wavelength of 213 nm with pulse width of
4.2 ns, and quadrupole ICP-MS Agilent 7500ce {Agilent Technologies).

The ablated material was transported from ablation cell (Fig. S1) into
the ICP by He (1.0 Imin ') and Ar (0.6 1 min '), which was admixed
into He flow prior to entering the torch. The optimization of LA-ICP-
M5 parameters was performed using NIST610. The sensitivity of the
ICP-MS was optimized based on monitoring of 7Li (low mass), *"Mn
{middle mass), *®Y ( middle mass), **Th {high mass) in respect to max-
imum of S/N ratio, the level of oxide formation was kept below 0.2%
(ThO/Th). Laser ablation was performed in two modes: single spot anal-
ysis, which was used for comparison of the ECTSCS and ESIC methods,
and line scan mode employed for elemental mapping. Single spot anal-
yses were performed with a fluence of 10 | a2, spot diameter of 65
wum, repetition rate of 10 Hz, 30 s pre-ablation time for recording of back-
ground intensities of measured isotopes, and 60 s ablation time, Each
sample was ablated in 10 positions. Isotope 2¥Si was used as the internal
standard, The following isotopes were measured at single spot analyses:
TLII. 1 13» ENB., 24Mg. ZTAL ZSSL lll;ur ?JK, ﬂca‘ 'E‘SC, -ﬂ-n' Slv' SZCI'. ESMH,
pe, M0, BN, 53Cy, 8%2n, B9Ga, 72Ge, B°Rb, ¥sr, 8y, 907y, 197ag 7R,
208pp, 23 1) 28, prior elemental mapping of the given mica grain we
performed bulk analysis of near another mica grain. We analyzed
broad range of elements to obtain information about matrix and
major elements which have to be imaged. Mareover, where possible
we monitored more than one isotope for all imaged elements to reveal
possible interferences. Based on these experiments we selected isotopes
suitable for imaging to cover all matrix and minor elements whase sum
of oxides gives more than 90%;,, (the restis OH group and fluorine
which are non-determinable). Besides laser spot diameter and scan
speed the sampling time is critical for lateral resolution of mapping. In
order to keep the sampling time of the quadrupole mass spectrometer
as short as possible, number of measured isotopes/elements was limit-
ed, while all elements contributing substantially to the total content
were included.

Elemental mapping was performed with a fluence of 10 ] cm ™2, spot
diameter of 65 pm, re petition rate of 10 Hz, scan speed of 65 ums ™" and
the spacing between lines of 70 pm. The size of analyzed ar=a was 2400
% 3132 um. Resulting elemental maps consist of 1617 (33 x 49) pixels.

EMP measurements were performed using CAMECA $X100 electron
microprobe (Institute of Geology, The Czech Academy of Sciences). The
instrument was operated at an accelerating voltage of 15 kV, a beam
current of 10 nA, and with a beam diameter of 2 pm. The following cal-
ibration standards were used: apatite { P}, diopside (Si, Mg, Ca), rutile
(Ti), jadeite (Al, Na), magnetite ( Fe), MnCra0,4 (Mn), BaSO4 ( Ba), leucite
(K), RbCl (Rb), and Auorite (F).

Colour SEM—CL images were obtained using a scanning microscope
TESCAN Vega3 (Institute of Geology, The Czech Academy of Sciences),
The microscope is equipped with a TESCAN (L detector allowing collec-
tion of live colour luminescence in a spectral range of ca. 400-800 nm.

23. Testing of normalization methods

Contents obtained by ECTSCS method were plotted against ECIS
values and compared using linear regression. The estimated parameters
of linear regression a (slope) and b (intercept ) were statistically tested
against a = 1 and b = 0 using so called single confidence interval: For
test of the intercept the expression reads:

bj—t1-a(n—m)3,/Cisbj<hj + to(n—m)a,/T;

where ¢ is the jth diagonal element of inverse matrix and ty{n-mj is
quantile of Student distribution, & is the estimate of residual standard
deviation [44].

Analogical form is used for slope where b is replaced by a. Confi-
dence intervals were calculated with o = 0.05. If confidence interval
of slope includes 1 then the slope of regression straight line is consid-
ered to be equal 1. If confidence interval of intercept includes 0 then
the intercept of regression straight line is considered to be equal to 0.
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If both regression parameters are revealed as statistically non-different
from

1 and 0, respectively, the systematic constant and proportional er-
rors are not present (44, Trueness of the ECTSC values was tested in
the same manner against reference values for the SRM. Results were
also compared with contents obtained by EMP as an independent meth-
od. The error bars for LA-ICP-MS data in plots represent twofold stan-
dard deviation calculated from 10 replicates while the error bars for
EMP data denote twofold standard deviation calculated from 3 repli-
cates. It is to be noted that the ordinate of Si0, point (intemal standard )
in ECIS vs ECTSCS plots is value obtained by EMP analysis (Si as internal
standard is not determined by LA-ICP-MS).

3. Results and discussion

We would like to show the applicability of ECTSCS, ECIS and TSIIN
quantification methods. We proceeded from the easiest case ( homoge-
neous sample with similar matrix to calibration standard) which is rep-
resent by CRM NIST 612 through more complex case ( homogeneous
real sample with slightly different matrix from calibration standard
CRM NIST610 - high content of K;0) represented by ancient glass to
the most complicated case (heterogeneous mediaeval sample with
one part similar to CRM NIST 610 the second one with completely differ-
ent matrix - lead glass).

As follows from above mentioned description the samples differ in
matrix which affects mainly ablation rate. This fact is observable when
we monitor the sum of oxide content without previous standardization
methods (no matter if ECIS or ECTSCS). If the sum is larger than 100%m
it means that the analyzed sample has higher ablation rate in compari-
son with calibration standard. In case of NIST612 the sum of content was
about 98.5%mm which means that the ablation rate of both NISTs (610
and 612) is very similar. When the ancient glass was analyzed the
sum of content was about 85%,, ,,, which indicates lower ablation rate
in respect to NIST612 ( calibration standard), When the heterogeneous
mediaeval sample was analyzed, the sum of contents ranges from
80%ym 0 140%,,,,,, depending on the location of the analysis.

3.1. Comparison of TSIN, EAS, ECTSCS in analysis of glass SRM

The glass SRM NIST 610 and 612 being widely used as calibration
standards for LA-ICP-MS analysis of geclogical and even metallic mate-
rials [45] represent homogeneous materials with similar matrices, For
comparison of TSIIN, ECTSCS, and ECIS methods the NIST 610 was
used as a calibration standard for analysis of NIST 612. The LA-1CP-M5
data were collected for 10 spots distributed over the target surface,

First, we have tried to use the total sumof ion intensities normaliza-
tion (TSIN) for CRM NIST 612, however we have found out that the
obtained results strongly differ from certified values (e.g. 5i0s: found
36%ym, certified 72%,,,; NasO: found 42% ., certified 14%,,,;
Ca0; found 21%m, certified 12%,m, Al:Os: found 1.2%m, certified
21% mmy -.. ). These extremely large bias follow from combination of
several phenomena. First reason consists in differences between ioniza-
tion energy (Ei.,) values of particular elements. TSIIN is applicable only
when Eim is close for all elements and hence the degree of ionization is
virtually the same for all analytes, In our case its value ranges from
5.1 eV for Na to 8.1 eV for Si. Second, the space-charge effect causes
the dependence of ion response on the mass of the ions in ion optic.
Third, in quadrupole analyzer the lighter ions are transmitted with
lower efficiency than heavier, Fourth, the mass discrimination oceurs
in detection system as well; as the lighter ions produce more secondary
electrons when hit the first electrode of the electron multiplier. Combi-
nation of all these phenomena causes that the results obtained by TSIIN
are not true, When the ECIS or ECTSCS are used these phenomena are
suppressed by external calibration. When the TSIIN failed to easiest
case (homogenous sample with similar matrix to calibration standard)
it was not applied in more complicated cases.

Regression analysis shown in Fig. 1 demonstrates a close match be-
tween content values obtained with both quantification methods. The
linearity of the dependence was proved by the F-test {lack of fit test).
The R? says how much of variation in y is described by the linear depen-
dence described by regression equation. It means that if R2 is equal to
0.999 then 99.9% of variation of y is described by regression straight
line and 0.1% is expressed by the residual sum of sguares. The test
using confidence intervals (confidence intervals of the slope and inter-
ceptwere 0.976-1.015 and —0.778-0558) proved statistically insignif-
icant difference of the intercept and the slope from “0" and “1",
respectively. It can be concluded that the tests of regression parameters
give evidence of the absence of systematic errors. Trueness of the results
obtained by the ECTSCS method was tested against reference values of
NIST 612 (Fig. 2), which confirmed absence of systematic errors by
confidence intervals of slope and intercept which were 0.986-1.056
and —2.578-1.412, respectively. The close match between results ob-
tained with ECIS and ECTSCS methods follows from similarity of matri-
ces of both NIST SRMs, complete information on contents of all
constituents { oxygen content is considered based on typical stoichiom-
etry) and homogeneous distribution of internal reference element (5i).
Hence, both ECTSCS and ECIS are applicable to analysis of homogeneous
glass materials with similar matrix.

3.2. Comparison of ECIS and ECTSCS in analysis of homogeneous ancient
glass

Both ECIS and ECTSCS quantification methods were employed for
analysis of ancient glass bead from Holubice archaeological site, The an-
cient glass matrix slightly differs from that of the calibration standard
MNISTE10, while elemental distribution is fairly homogeneous, as follows
from RSD of EMP replicates, which does not exceed 3%. The results ob-
tained by both quantification methods are plotted in Fig. 3 and tested
as already stated with conclusion that no statistically significant differ-
ence exists between the two normalization methods ( confidence inter-
vals of slope and intercept were 0.989-1.046 and —0.256-0.206,
respectively). Similarly, a close match of contents obtained using
ECTSCS with those found with EMP analysis follows from Fig. 4. With
absence of systematic (constant and proportional) error | confidence in-
tervals of slope and intercept were 0.931-1.077 and — 0.290-0359, re-
spectively) the EMP analysis confirms reliability of results obtained
using ECTSC. For better illustration the content of Si0 in Fig. 4 is divided
by factor 10. In a detail view the points for Al,05 and K0 do not lie on
the regression line, however, the t-test of difference between EMP and
ECTSCS values (for level of significance o« = 0.05 and degree of freedom
V= (Nyyepps + Neyp — 2) = 11) proved its statistical insignificance.
Hence these two values were compared by {-test to find whether EMP
and ECTSCS values are same. In case of AlbOs and Kz0 the T'= 0.8and
2.2, respectively. Both T-values are smaller than T {11) = 2343
which means that the results are not affected by systematic error, It
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Fig. 1. Comparison of elemental content of SRM NIST 612 obtained by ECTSCS and ECIS.

118



Article 8

T. Vaculovie et al | Microchemical fournal 133 (2017) 200-207 203
120 ¢ N 10 ¢
1 01E: y=0.999x
y=1.01&x T
e R*=0336 51 2 R*=0.995 Mz,
Udg = SO KiO
F w Ik Rl X U o conf, int. of slope
= F canf. Int. of slope ¥ = 0,965 - 1,058
§ 0.994 - 1,038 FegaL 36
E B0 F _‘;_‘
] Guzn:Tf‘mH_-G?m =3
= [l P * 4 .
g 0 Az PO g O g -
g ] AMz03_
-3 2 "‘1"
ﬁ 0 r Na20 [25]
. FFeand
AlIp3 Can wMgD
g L . L L " " ) a |
o 20 a0 60 80 100 120 o 2 4 6 8 10
ECTCS [ma/ke: %] ECTCS (%] wisSioz)/10

Fig. 2. Elemental contents in SRM NIST 612 obtained by ECTSCS compared to reference
values,

follows that both ECTSCS and ECIS yield equal results for homogeneous
ancient glass bead. Internal standardization is easily applicable due to
homogeneous distribution of silicon, which is characterized by RSD =
0.9% of its content determined by EMP.

3.3. Comparison of ECIS and ECTSCS in analysis of heterogeneous mediaeval
glass

As follows from 10 EMP analyses performed at various positionsdis-
tributed over the whole surface of mediaeval glass bead (Iffelsdorf), the
$i0; content varies ca from 60 to 30%y,m. In such a case, when the aver-
age content is calculated based on a limited number of local analyses
(sample mean); it may significantly differ from the true mean value,
Consequently, a variability of internal standard content over the sample
surface together with its biased sample mean are expected to bring
about over- and underestimation of analyte content in particular spots
when using ECIS.

Nevertheless, ECIS was tested using the “average” (sample mean)
content of internal standard, which corresponds to 43.6%5m 510,
being calculated based on 10 EMP local analyses. Then the artefact
was analyzed by LA-ICP-MS at 10 positions, which were intentionally
different from those analyzed by EMP but close to each other in order
to minimize possiblelocal variability of elemental contents, The absence
of constant systematic error between ECTSCS and ECIS results was
confirmed by confidence interval of the intercept {—0301-0.125). In
contrast to the variability of EMP analyses of the whole sample surface,
this high correlation indicates locally relatively homogeneous area.
However, proportional systematic error of ECIS method against ECTSCS
occurs, showing underestimation of the results obtained using ECIS
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Fig. 3. Comparison of elemental contents in the homogeneous real sample obtained by
ECTSCand EQS.

Fig. 4. Elemental contents in the hor
to EMP values.

real sample ol d by ECTSCS compared

compared with ECTSCS, since the slope (confidence interval 0.720-
0.738) is significantly lower than one (Fig.5). This is due to the use of
possibly biased sample mean of i content considered for ECTSCS. This
assumption was further confirmed by the EMP analysis of the same
area which was subjected to LA-1CP-MS measurement, as substantially
higher sample mean of 58.2% i $i0; was found there.

A close match of contents determined using ECTSCS with those
found with EMP analysis in the area characterized with 58.2%mm SiO2
follows from Fig. 6. Confidence interval of the slope (0.963-1.102) and
intercept { —0.334-0.302) indicate absence of systematic constant and
proportional error and confirms reliability of ECTSCS. For better illustra-
tion the content of $i0; in Fig. 6 was divided by factor 10. It can be con-
cluded that ECTSC yields results which are consistent with those
obtained with EMP.

34. Elemental mapping of inhomogeneous silicate sample

As an example of inhomogeneous sample mapping, a muscovite
arain analysis using ECTSCS method is presented. The studied musco-
vite sample contains two phases which are clearly distinguished
(Fig. 7a) by cathodoluminescence (CL), whereas backscattered electron
(BSE) image does not provide differentiation of these areas (Fig. 7b).
Grains consist of outer (bright) and inner (dark) zones (Fig, 7a) which
differ in composition. According to EMP analysis, the bright zone (the
rim of the grain) is enriched with Fe, Mn, Rb and F as compared with
the dark core, As follows from the study of inhomogeneous glass, only
ECTSCS is applicable for guantification. However, the muscovite sample
contains significant amount of fluorine, hydroxy group and hydrogen
which cannot be determined by 1CP-MS. Knowing their content in the
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Fig. 5. Comparison of elemental contents in heterogeneous real sample obtained by
ECTSCS and ECLS.

119



Article 8

204 T. Vaculovitt et al. / Microchemical Journal 133 (2017) 200-207

Na20
—md

¥y=1.011x

R*=0.999

conf. Int. of slaps
0.978 - 1.044
a0,

EPMA [%]; wisiDz2)/10
o
-

Mgo
g

ECTCS[%); w(sioz)/10

Fig. 6. Elemental contents inthe heterogeneous real sample obtained by ECTSCS compared
to EMP results,

rim (6.5%,,,,) and the core {1.7%,,,,,) based on EMP* analysis, we has to
normalize to 93.5%,,, ., and 98.7% .., respectively.

For gquanttative elemental mapping of muscovite it is necessary to
identify areas where normalization to either 93.5% ., 0F 98.7%m/m is
to be performed. [n the first approximation, the elemental maps were
created by ECTSCS considering the sum of 1008 mm. It was found that
Li, Mn, Rb are depleted whereas and Al and Fe are enriched in core
part of the muscovite grain. The maost obvious difference between core
and rim part was observed in Mn content. Hence Mn was used as a
marker of the core part: if the MnO content is lower than 0.2%,,
then the ECTSCS calculates with the sum of 98.7%,,,, if it is higher
than 0.2%mm then the ECTSCS calculation is performed with the sum
of 93.5%/m. Moreover, iron and manganese has two oxidation states
(1) and (I} and (1) and (IV), respectively, which can complicate quan-
tification processes. As mica crystallizes from magma it is supposed that
Mn is present in the form of Mn {II) due to strongly anaerobic environ-
ment. Presence of Mn (V) is expected at processes occurring in atme-
sphere which is not the case of our samples. Concerning Fe, the
mixture of Fe (1) and Fe (I} is present in micas. Their content in Li-
rich micas was determined by wet analysis mentioned in previous
wark [46]: Five mica samples were analyzed and it was found out that
two micas were free of Fe (111}, content of Fe {111} in two other mica sam-
ples was about 2%, of total Fe content and the last sample contained
less than 8%, of trivalent iron related to the total Fe content. The re-
calculation considering the higher oxidation states (Fes0s and MnOa)
yields negligible increase of the content. (Example: when we consider
the case with highest portion of trivalent iron {8%,,,) of the total Fe
content (3%,ym) in the sample, the calculated content of oxides is
3.558m/m Fe0 and 034%,,m Fea0s, hence the sum of both oxides is
3.89% . m) When we consider that iron is present only in divalent
state, we get 3.86%,,, FeO. It is obvious that the difference 0.03%,,,,,,

is insignificant with respect to the sum used for normalization, Hence,
calculation of FeO content is sufficient.

We are aware that this approach is possible in the specific case
where we know the average content of both iron oxides in the sample
determined by bulk analysis after sample decomposition. Quantitative
elemental maps shown in Fig. 8 were made with respect to the zones
that have been identified and processed according to the above rules,

Elemental mapping confirmed correlation between intensity of red
CL (Fig. 7a) and enrichment in Li, Rb, 5i, and Mn. Moreover, it sensitively
documents evolution of the composition of crystallized silicate melt and
enrichment of non-compatible elements in late crystallized mineral
grains (zones), Sharp border between coresand rims of muscovite crys-
tals proved crystallization in two independent episodes, Based on LA-
ICP-MS images (Fig. 8) we can assume that the crystal nuclei (no CL,
low contents of Li, Rb etc.) grown at the initial stage of crystallization
of the rock, that is from the primary melt in deep magmatic reservoir.
Something later crystallized other minerals, especially guartz and feld-
spar, and the mixture of crystals with a residual F, Li, Rb-enriched melt
was then transported in the vicinity of the ancient surface of the
Earth. For a steep temperature gradient and thus a rapid loss of heat,
the residual melt crystallized, from geological point of view “very quick-
ly": the old mica grains were embedded with rims with a composition
corresponding to the current melt {red CL high contents of Li, Rb, and
Mn),

To verify elemental contents in the maps yielded by LA-ICP-MS
method, the EMP analysis by linear scan consisting of 60 individual
spots with constant distance of 15 wm was performed through the mus-
covite grain surface (Fig. 9a,b). The line scan intersects both core and
rim part. The distribution of Si0, and Al Oy in core part is fairly uniform.
Contents determined with EMP* are about 47%mm S10p and 35%mm
Als05 (Fig. 9a), which matches well with average contents obtained
by LA-ICP-MS (47.8%,,,m, S10; and 35.7%,, ,,, Al:O5). Mare complex situ-
ation occurs in the rim part where the distribution of all determined el-
ements is less uniform in comparison with core. The average content of
S$i0, and AL, in rim is about 51%,,,, and 28% ., respectively. This is
in good agreement with average content calculated from LA-ICP-MS
maps, which is 52.4%m and 27 5%y, respectively. In case of minor
constituents such as FeO and Rb,0 (Fig. 9b), their distribution is not as
uniform as that of major constituents. Content of FeQ in core and rim
varies about 2.7%m/m and 1.9%,m whereas average content calculated
from LA-1CP-MS maps is 25%qm and 1.6%mm, respectively. Conse-
quently, the EMP line scan analyses confirm quantification of LA-|CP-
MS maps.

4. Conclusion
LA-ICP-MS was demonstrated as a powerful tool for guantitative el-

emental mapping of zonal geological samples in spite of inhomoge-
neous distribution of all elements and impossibility to use the ECIS

500 um

Fig. 7. CL (a) and BSE (b) images of muscovite grain where circle and ellipse mark the core and the rim, respectively,
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Fig. 8 Elemental maps of muscovite sample created by normalization to the sum of 9353, and 98.7%,, 4, for rim and core, respectively.

method. ECIS and ECTSCS provide identical results when homogenecus to heterogeneous glassy material analysis. On the other hand, when
glassy samples are analyzed, and they give true results if compared to the ECTSTCS is employed the obtained results are in a good agreement
standard reference materials. However, the ECIS yields under- or with those yielded by some independent method, e.g. EMP analysis. In
overestimated results in comparison with true contents when applied case of local analysis (not imaging) of zonal sample we can perform
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Fig. 9. EMP linear scan across rim and core part of the muscovite grain with spot analyses of (a) Si0; and ALO; and (b) FeO and Rb,0,.
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LA-ICP-MS analysis in place which is close to the previous EPMA analy-
sis and we know content of IS in this zone, Then we can use ECIS even
for zonal samples However, ECIS is not suitable for quantfied imaging
of zonal grains due to fact that content of internal standard is in range
from 44%m/m 5102 to 55%m/m SIO2. Its content varies point-by-point
hence we do not know the value of IS content which has to be used
for normalization. Advantage of the ECTSCS when applied to a sample
matrix with known full qualitative composition (e.g, glass) consists in
the fact that no additional independent analytical method is required
because the content can be normalized to the sumof 100%m/m. Howev-
er, when the sample contains some elements or groups non-defermin-
able by ICP-MS (e.g. fluorine, hydrogen, hydroxy group ...), the
normalization has to be performed to the sum obtained by submracting
the content of this element from 100%m/m and additional analytical
method is required. If these rules are applicable the elemental maps of
zonal geological samples can be made and the results are in good agree-
ment with EMP analyses.

Supplementary data to this article can be found online at http://dx.
dol.org/10.1016/].microc201 7.03.040.
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ABSTRACT

Monazite is a common mineral in metapelitic rocks including those that underwent ultrahigh-
pressure (UHP) metamorphism. During metamorphic evolution monazite adapts its composition to
the changing mineral assemblage, especially in its heavy rare earth element contents. We studied
this process in diamond-bearing gneiss containing monazite, from Saxnas in the Seve Nappe
Complex of the Scandinavian Caledonides. Although the rock has been re-equilibrated under
granulite-facies and partial melting conditions, it still preserves minerals from the UHP stage: gar-
net, kyanite, rutile, and especially diamond. Microdiamonds occur in situ as inclusions in garnet,
kyanite and zircon, either as single crystals or as polyphase inclusions with Fe—-Mg carbonates, ru-
tile and CO,. Both monazite and diamond occur in the rims of garnet showing the highest pyrope
content and a secondary peak of yttrium. Such a position indicates thermally activated diffusion
under high temperature at the end of prograde metamorphism. Monazite compositions show
negative Eu anomalies, which we interpret to be inherited from the source rock, not reflecting the
coexistence with plagioclase and/or K-feldspar, which are unstable at UHP conditions. Qur results
suggest that the effect of whole-rock composition may be more important than that of coexisting
phases. The UHP monazite was most probably formed from allanite during subduction and pro-
grade metamaorphism. The monazites included in garnet and kyanite are mostly unaltered, whereas
those in the matrix show breakdown coronas consisting of apatite, REE-epidote/allanite and REE-
carbonate, probably formed as a result of pressure decrease and cooling. U-Th-Pb chemical age
dating of monazites yields an isochron centroid age of 472 + 3 Ma. We interpret this age as mona-
zite growth under UHP conditions related to subduction of the Baltica continental margin in Early
Ordovician time.

Key words: monazite; diamond; subduction; UHP metamorphism; Scandinavian Caledonides
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INTRODUCTION

Monazite is one of the most informative minerals in
felsic crustal rocks, providing information not only on
the age of metamorphic events but also through its
chemistry [light rare earth elements (LREE), Th, U, ¥] on
equilibria with metamorphic phases such as garnet and
feldspars (e.g. Zhu & O'Nions, 1999; Catlos et al., 2002;
Spear & Pyle, 2002; Hermann & Rubatto, 2003; Foster
et al., 2004; Kohn et al., 2005; Kelsey et al., 2008; Krenn
et al., 2009; Gieré et al, 2011; Dumond et al, 2015;
Hacker et al., 2019). Only few studies (e.g. Terry et al.,
2000; Krenn et al, 2009; Hacker et al, 2015; Holder
et al., 2015; Petrik et al., 2016; Klonowska et al., 2017a)
have discussed the response of monazite to ultrahigh-
pressure (UHP) metamorphism, especially when UHP
metamorphism is demonstrated by the presence of dia-
mond, a stable mineral at wery high pressure
(Dobrzhinetskaya, 2012). Microdiamonds of meta-
maorphic origin can be formed when Earths crust is sub-
ducted beyond the crust-mantle boundary; such
diamonds were first identified in crustal rocks from the
Kokchetay Massif in northern Kazakhstan (Sobolev &
Shatsky, 1990) and subsequently at several localities
worldwide (e.g. Gilotti, 2013; Liou et al,, 2014).

In UHP gneisses monazite is mostly found as inclu-
sions in garnet (Krenn et al, 2009; Petrik et al., 2016;
Klonowska et af., 2017 b). The HP-UHP monazites show
relatively low Y and Th contents, steep REE patterns
with high La/Nd, and relatively weak Eu anomalies,
sometimes with elevated Sr (Krenn et al., 2004; Holder
et al,, 2015). Garnet sequesters Y during prograde meta-
morphism (e.g. Spear & Pyle, 2002; Hermann &
Rubatto, 2003; Foster et al, 2004; Kohn et al, 2005;
Kelsey et al., 2008), and a high volume of garnet present
in UHP rocks incorporates most of the ¥ and heavy REE
(HREE). If, on decompression from UHP to medium-
pressure conditions, the garnet amount decreases, it
may liberate Y and REE and cause corresponding
changes in the composition of coexisting monazite (Zhu
& O'Nions, 1999). It is also known that monazite is
strongly soluble in hydrous granitic melts produced
during decompression (Rapp & Watson, 1986; Montel,
1993; Skora & Blundy, 2012) and, upon cooling near the
solidus, the dissolved monazite can recrystallize. The
pre-existing UHP monazite can thus be replaced or
overgrown by new monazite.

UHP metamorphism within the Seve Nappe
Complex (SNC) of the Scandinavian Caledonides, repre-
senting the outermost Baltican margin, has been recog-
nized during recent years in different lithologies,
including eclogites, peridotites, pyroxenites and
gneisses (e.g. Brueckner et al,, 2004; Janak et al., 2013;
Majka et al., 20144&; Gilio et al., 2015; Klonowska et al.,
2016, 2017a). Microdiamond has been found in
gneisses from three localities in the SNC: (1) Mt
Tvaraklumparna (Majka et al, 2014b) and (2) Mt
Areskutan (Klonowska et al., 2017 a), both in west-cen-
tral Jamtland, and (3} near Saxnas (Klonowska, 2017;

Klonowska et al., 2017 b) in southwestern Vasterbotten.
Chemical Th-U-Pb dating of monazite in diamond-
bearing gneisses from Tvaraklumparna and Areskutan
vielded ages between 445 and 435 Ma, which have been
interpreted to record post-UHP exhumation of
diamond-bearing gneiss with monazite only rarely pre-
serving high-pressure domains, being largely dissolved
and re-precipitated from melt at low pressures
(Klonowska et al., 2017 a). The obtained results corrobo-
rated previous Middle to Late Ordovician ages of meta-
morphism and partial melting known from the SNC in
Jamtland (e.g. Williams & Claesson, 1987; Brueckner &
van Roermund, 2007; Majka et al., 2012; Root & Corfu,
2012; Ladenberger et al., 2014).

In this study, we have investigated the response of
monazite composition to changing mineral assemblage
during transition from UHP to granulite-facies meta-
morphism in the diamond-bearing gneiss from Saxnés.
In addition to previous reports (Klonowska, 2017;
Klonowska et al., 2017 b) here we provide more details
on diamond and other micro-inclusions identified by
Raman spectroscopy. Several textural types of mona-
zite have been recognized, including monazite associ-
ated with diamond as inclusions in garnet and kyanite,
matrix monazite with REE-epidote/allanite + apatite cor-
onas, and former monazite altered to REE-carbonate.
The method of electron microprobe U-Th-total Pb dat-
ing allowed us to date in situ small domains of monazite
from the diamond-bearing thin sections. Laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-
MS) was used to analyse trace elements in garnet and
monazite and map the Y distribution in garnet. The
results are discussed with respect to the tectono-
metamorphic evolution.

GEOLOGICAL BACKGROUND

The Middle Allochthon of the Scandinavian
Caledonides (Fig. 1a) comprises lithological units repre-
senting the outermost Baltican continental margin.
These lithological units currently reside in a structural
setting that demonstrates tectonic top-to-the-east em-
placement onto Baltica during the final evolutionary
stages of the Caledonian orogeny [ses, e.g. Gee et al.
(2013) for comprehensive description]. Recently, a num-
ber of papers have provided evidence for Middle and
Late Ordovician ultra-deep subduction of some of the
uppermost units of the Middle Allochthon, namely the
Lower and Middle Seve nappes (e.g. Brueckner et al.,
2004; Majka et al., 2012; Klonowska et al., 2016; 20173,
2017 b; Fassmer et al., 2017). These lithological units in-
clude sub-UHP and proper UHP eclogites (e.g. Janak
et al., 2013; Majka et al., 2014a; Klonowska et al., 2016),
garnet-bearing peridotites and pyroxenites (Gilio et al.,
2015; Klonowska et al, 2016), and diamond-bearing
gneisses (Majka et al, 2014a; Klonowska, 2017;
Klonowska et al., 2017a, 2017b). Most of these discov-
eries have been made in Jamtland, in an area extending
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¢. 200 km in length from the Tvardklumparna Mts in the
SW, where the first metamorphic diamond within
the SNC was described by Majka et al. (2014b), to the
Ertsekey and Tjeliken lenses in the NE, which host nu-
merous eclogites and ultramafic rocks (e.g. Zwart, 1974;
van Roermund & Bakker, 1983; van Roermund, 1985,
1988). In Vasterbotten (Fig. 1b), the SNC is similarly
developed as in the aforementioned UHP areas.
Eclogites sensu stricto are lacking, but garnet-clinopyr-
oxene-plagioclase gneisses, indicating possible HP
metamorphic conditions, are common; for example, in
the vicinity of the Kittelfjall spinel peridotite body occur-
ring at the bottom of the Middle Seve Nappe, which it-
self records a subduction-related evolutionary path
(Clos et al,, 2014). Also abundant in the Middle Seve
Nappe in this region are metasedimentary kyanite-
bearing gneisses, locally referred to as the Marsfjallet
gneiss (Trouw, 1973), which record at least HP condi-
tions (~14.5-17-5 kbar) but probably experienced higher
conditions of metamorphism (Grimmer et al., 2015). In
the latter study the researchers investigated several
samples of the Marsfjallet gneiss collected in the vicin-
ity of Saxnas and hypothesized that the Marsfjallet
gneiss may record UHP conditions. Our samples were
collected from a thin strip of the Marsfjallet gneiss, c.
6km NW of Saxnias along Vildmarksvagen (the
Wilderness Road).

Only few data exist on the timing of metamorphism
in the SNC of the Saxnas region. Grimmer et al. (2015)
constrained prograde growth of garnet at 462 + 3.6 Ma,
in schists of the Upper Seve Nappe, based on an
Sm-Nd garnet-apatite-feldspar-whole-rock isochron.
Subsequent exhumation of both Upper and Middle
Seve at c. 438-426 Ma, reaching mid-crustal levels at c.
434Ma, was dated using a Rb-Sr multi-mineral iso-
chron method on several samples, including mylonites
and pegmatites (Grimmer et al, 2015). In contrast,
Gademan et al. (2011; published in an abstract) dated
monazite from the Marsfjallet gneiss using an electron
microprobe and obtained an age of 507 + 20 Ma based
on a multi-spot (n=2393) pseudo-isochron. This age was
interpreted to be a record of the controversial
‘Finnmarkian orogeny’ described for regions of the SNC
farther north, which resulted from collision of the
Baltican outermost margin with an island arc (e.g.
Stephens, 1988). In the absence of a detailed documen-
tation of analytical results, this age is difficult to
interpret.

SAMPLE PREPARATION AND ANALYTICAL
TECHNIQUES

For petrographic observations, electron microprobe
analysis, micro-Raman spectroscopy, and LA-ICP-MS
analysis, a series of standard thin sections of ¢ 30-
40 um thickness was prepared from several samples
taken from the outcrop. In detail, we studied diamond-
bearing thin sections ML-6-12 A, C and LA. The first set
of thin sections was polished with a Struers
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Fig. 1. (a) Simplified tectonic map of the Scandinavian
Caledonides. The rectangle indicates the area of the map
shown in (b). {b} Simplified tectono-stratigraphic map of north-
ern Jamtland and southern Vésterbotten. Sample location of
the studied gneiss is marked by a diamond; other HP-UHP
rocks in the area are marked by stars. Both maps are modified
after Gee et al, (2013).

polycrystalline-type diamond spray of 1um particle
size. To exclude the possibility of diamand being the re-
sult of contamination owing to polishing, a second set
of duplicate thin sections was polished using Al,O4 as a
carbon-free medium, and an ultrasonic bath was used
to remove any remaining polishing material from the
samples. A sample rock was analysed for bulk major
and trace elements by inductively coupled plasma
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emission spectrometry (ICP-ES) or ICP-MS (Bureau
Veritas Minerals).

Electron microprobe WDS analysis of mineral chem-
istry was performed with a CAMECA 5X-100 electron
microprobe housed in the Dionyz Stur State Geological
Institute in Bratislava. The analytical conditions were as
follows: 165kV accelerating voltage and 20 nA beam cur-
rent, peak counting time 20s, and beam diameter of 2—
10um. Raw counts were corrected using the on-line
PAP routine. Mineral standards (Si, Ca: wollastonite;,
Na: albite; K: orthoclase; Fe: fayalite; Mn: rhodonite),
pure element oxides (TiO,, Al;0s; Cr,0;, MgO), and
metals (Ni) were used for calibration.

Monazites were dated by the MARC (monazite age
reference correction) method developed in the Dionyz
Star State Geological Institute, Bratislava (Koneény
et al, 2018), using microprobe analyses from a
CAMECA SX-100. Spot monazite analyses were
acguired with conditions of 16kV accelerating voltage,
180 nA beam current, and 3um beam diameter, with the
aim of increasing both counting efficiency and spatial
resolution. Long counting times were used to increase
analytical precision: for Pb, 300s peak and 2 x 150s
background; for Th, 35s peak and 2 <1755 back-
ground; for U, 80s peak and 80s background; forY, 40s
peak and 2 x 20s background. Calibration reference
materials for REE and Y were phosphates synthesized
by Daniel Harlov at the GFZ German Research Centre,
Potsdam, Germany; and PbCO; for Pb, ThO; for Th,
UO, for U, barite for S, wollastonite for Ca and Si,
SrTiO; for Sr, Al.O4 for Al and fayalite for Fe. Irradiation
by the electron beam causes gradual degradation of the
surface known as beam damage. With increasing ana-
Iytical time the counting intensity rises non-linearly.
Sequential measurement on the spectrometer in the
order Pb, Th, U, Y (large PET) was corrected for the ac-
guisition time of these elements. The naturally curved
background at Pb-M= was estimated by a novel method
(Konecny et al,, 2018) based on the positive trend of lin-
ear minus exponential background to monazite com-
position represented by average atomic number,
Mutual interferences were resolved by an empirical cor-
rection, which included matrix effects on both reference
material and on an unknown sample. The Pb-Mx line
overlaps La-Ly, Th-MZ1, Th-MCZ2 and Y-Ly2, 3; weak La-
Lx overlap was neglected. Weak self-interference Pb-
M4-02 overlapping the background point at relative
position —3255 sin (0) » 10° was corrected, although its
highest values transposed to an error in Pb of only up
to 2 ppm. The overlap by tails from more distant U-MZ1
and U-MZ2 lines at this background point was cor-
rected. 'Background holes’ near this background point
found by Kato & Suzuki (2014) were not present in our
detailed spectrometer scans. The effect of the U-MB
overiap by multiple Th-MZ. Th-M3-N4 and Th-M5-F3
lines was corrected. The U-Mf background was meas-
ured at the relative position 1372 sin (0) x 10°. The
background slope was sstimated by regression
through variable Th content down to the zero

concentration. Age estimates were tested on mona-
zites dated by methods involving isotopic ratios of Pb
and U, called age reference materials (ARMs). A set of
10 ARMs was utilized for assessment of minor system-
atic errors that cannot be suppressed in the currently
used measuring procedure, but are accumulated re-
gardless of the number of analyses. ARM parameters
such as Pb isotopic minus Pb microprobe versus Th
and Y improve compositional independence of the age
estimation and, thus, the age accuracy and confidence.
It is recommended to re-measure ARMs within a dat-
ing session of monazites of interest. Principles and
details of MARC dating technigue have been published
by Koneény et al. (2018).

Micro-Raman spectroscopy was used to identify dia-
mond and other micro-inclusions with two confocal
instruments: (1) the Thermo-Scientific DXR Raman
Microscope at the Institute of Chemistry, Slovak
Academy of Sciences, Bratislava; (2) the NRS-3100
(JASCO) microspectrometer at the Department of
Geology and Mineralogy, Kyoto University, Japan.
Raman spectra in Bratislava were excited using the
532nm line of a Nd:YAG laser, with power emission
conditions of 10 mW. An objective lens of 100~ and a
slit or pinhole aperture of 25 um were used; peak pos-
ition was calibrated with a polystyrene standard. Each
spectrum was collected in two accumulations of 3-30s
to eliminate cosmic ray signals. In Kyoto, Raman analy-
ses were performed with the 532nm line of a diode-
pumped solid-state laser with power emission of 3 mW
on the sample surface. An objective lens of 100x or
250x and a pinhole aperture of 50 um were used. Peak
position was calibrated with 520.7cm™' of a Si wafer. All
measurements were performed at room temperature
and Fityk version 0.9.8 (Wojdyr, 2010) was used for
spectra analysis and peak fitting.

A field-emission scanning electron microscope (F-
SEM), a JEOL JSM 7600F equipped with an EDAX
microanalytical system (EDS), was used for observa-
tions of microdiamond morphology at the Institute of
Materials and Machine Mechanics, Slovak Academy of
Sciences, Bratislava. The images were acquired in
secondary-electron (SE} mode at 10kV voltage.

Laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) analysis for determination of
trace elements and elemental imaging was performed
in CEITEC, Masaryk University, Brno, Czech Republic,
using instrumentation consisting of a laser ablation sys-
tem UP213 (NewWaveResearch) and a quadrupole ICP-
MS Agilent 7500 ce. The ablated material was trans-
ported from the ablation cell into the ICP system by He
(1.0 min™") and Ar (0-61min~"), which were admixed
into a He flow priorto entering the torch. The optimiza-
tion of LA-/CP-MS parameters was performed using the
NISTB10 standard with respect to the sensitivity to max-
imum of S/N ratio of “Li, Y, 2**Th. LA was performed
in two modes: (1) single-spot analysis, which was used
for analysis of individual points on the sample; (2) line-
scan mode employed for elemental mapping. Single-
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spot analyses were performed with a fluence of
4 Jem 2, a spot diameter of 40um, a repetition rate of
10Hz, 30s pre-ablation time for recording of back-
ground intensities of measured isotopes, and 60s abla-
tion time. The isotope *Si was used as the internal
standard. Elemental mapping was performed with a flu-
ence of 4Jem™2, a spot diameter of 40pum, a repetition
rate of 10Hz, a scan speed of 40ums', and a spacing
between lines of 40 ym. The size of the analysed area
was 2560 ym = 2360 um. Resulting elemental maps con-
sist of 3900 (65 = 60) pixels. Twenty-five isotopes with
total integration time of 1.000s were determined and
285 was used as the internal standard.

Zirconium concentrations in rutile obtained by LA-
ICP-MS were used for Zr-in-rutile thermometry cali-
brated by Tomkins et al. (2007). To calculate a tempera-
ture, equation {9) of Tomkins et al. (2007) was used for
P < 29kbar, and equation (10} for P> 39 kbar.

RESULTS

Petrography and mineral chemistry

The diamond-bearing gneiss (Fig. 2a) is a medium- to
coarse-grained rock showing an inhomogeneous, partly
migmatitic texture owing to partial melting, which is
strongly deformed and foliated. The deformed matrix
consists mostly of dynamically recrystallized quartz,
fine-grained biotite, white mica, rutile, and abundant
flaky graphite. Porphyroblasts of pink garnet, blue kyan-
ite and dark brown biaotite occur within the melanocratic
domains, whereas K-feldspar, plagioclase and undulose
quartz form leucocratic layers and veins. Representative
modal, mineral and whole-rock analyses are shown in
Tables 1-4; mineral abbreviations are according to
Whitney & Whitney (2010).

Among major rock-forming minerals, garnet forms
sub- to euhedral porphyroblasts (Fig. 2b-f) up to 5mm
in diameter (Fig. 2e} with abundant inclusions. These
are mostly of quartz, plagioclase, K-feldspar, biotite,
white mica, rutile, zircon, apatite, monazite, and micro-
diamond or graphite. (For the distribution of diamond
see Fig. 2¢, d and f). Some of the quartz inclusions in
garnet are surrounded by radial cracks indicating break-
down of coesite (Fig. 2f inset). Several inclusions in gar-
net are multiphase, commonly quartz plagioclase,
quartz + white mica + K-feldspar, quartz + plagioclase
+ biotite, quartz + plagioclase + K-feldspar (Fig. Ze).
Kyanite forms prismatic porphyroblasts (Ky I} up to
5mm in length in the matrix, commonly deformed and
fractured (Fig. 2b), with inclusions of zircon, rutile,
monazite, quartz and rarely graphitic carbon and dia-
mond. In contrast, a very minor, fine-grained kyanite
(Ky 11} identified by Raman spectroscopy occurs in the
quartzo-feldspathic matrix around some garnet grains.
Biotite forms red-brownish porphyroblasts growing
along the rims and fractures inside garnet and kyanite
(Fig. 2b). It has similar Fe and Mg concentrations (Mg#

051) and low TiO, contents (2-3 wt %). Biotite included
in garnet is more Al- and Ti-rich (17-6 wt % Al,O5, 3-9wt
% Ti0,). White mica occurs as inclusions in garnet and
in the matrix as medium- to coarse-grained flakes. The
white mica composition is muscovite to phengite; Si
varies from 3:12 to 3-23 atoms per 11 oxygens regard-
less of the textural context. Abundant K-feldspar and
plagioclase are found in the matrix and as inclusions in
garnet, commonly together with quartz. The compos-
ition of plagioclase in both the matrix and inclusions in
garnet is mostly Ansg_ss, with Ca0 = 6-7 wt % and SrO
= 0-06-0-07 wt %. Rarely, Ca-rich plagioclase with up to
13wt % Ca0 (Angg 5-) was found within the inclusions
in garnet (Fig 3a—d). Rutile occurs as subhedral, red-
brown grains in the matrix and inclusions in garnet; ru-
tile also forms oriented needles in garnet and is further
associated with microdiamonds in polyphase inclu-
sions. A large rutile enclosed by garnet (Fig. 2f) was
analysed for Zr by LA-ICP-MS. All OH-bearing minerals
(micas, allanite) are of chlorine type without detectable
fluorine. Further details on monazite, diamond and
associated accessory minerals are given below.

Garnet major and trace element chemistry

Compositional maps and profiles of garnet porphyro-
blasts show the distribution of major and trace ele-
ments (Figs 3-6). From core to the rim there is a
decrease in Ca and Mn and increase in Mg and Fe
expressed by grossular (Xgr.), spessartine (Xgp.), pyr-
ope (Xp,) and almandine (X4, contents; diameond and
maonazite occur in the rim of garnet (Fig. 3). In contrast,
increase in Ca and decrease in Mg is observed at the
rims of some garnets penetrated by plagioclase and
biotite from the matrix (Fig. 4a-d). Enrichment in Ca
within garnet rims has been observed in UHP rocks that
underwent partial melting during decompression (e.g.
Terry et al, 2000; Stockhert et al, 2001} and in experi-
ments on dehydration-melting (Auzanneau et al., 2006).
Compositional zoning of observed garnets thus sug-
gests occurrence of two generations of garnet, inter-
preted as a consequence of (1) prograde growth
forming UHP garnet (Grt I} with inclusions of diamond
and monazite, and (2) partial melting reaction forming a
minar, Ca-rich garnet (Grt Il) at post-UHP stage.

Trace elements (REE Y, Ti, Cr) were analysed by LA-
ICP-MS in garnets of various size (Figs 3f, 4f, 5e and 6).
Six garnets of both types were analysed in nine profiles
from several thin sections representing two different
portions of the rock (see modes in Table 4). Yttrium and
REE are significantly higher in garnet | from thin section
ML-6-12 LA, with a much lower monazite content: Y in
garnet varies from 100 to 1300 ppm, Yb from 50 to 400,
and Lu from 5 to 60 ppm. Garnet | in ML-8-12 A, al-
though rich in monazite is poorer in trace elements, Y
varying between 50 and 400 ppm, Yb between 5 and
120ppm, and Lu between 1 and 20ppm. Garnet Il
Ca-rich overgrowths (6-5-7 wt % CaO) were analysed in
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Fig. 2. {a) Photograph of the kyanite—garnet gneiss (sample ML-6-12) with leucocratic, quartzo-feldspathic layers of partial melting.
{b} Photomicrograph of the typical texture showing garnet (Grt), kyanite (Ky) and biotite (Bt) porphyroblasts within the quartzo-feld-
spathic matrix (Kfs). (¢} Diamoend-bearing inclusions in garnet. {d) Close-up of diamond-bearing inclusions showing the same orien-
tation marked by a rectangle in (c). (e} Diamond inclusions (Dia) in garnet, sample ML-6-12 LA, and (f) sample ML-6-12 A marked by
circles. Inset shows the detail of diamond and guartz with radial cracks. Red rectangle marks the area of the X-ray maps shown in
Fig. 3. For all microphotographs, {b)—-{f}, transmitted, plane-polarized light was used.

thin sections ML-6-12 LA and C, typically showing
strong depletion in HREE and Y (Fig. 4f), and slight en-
richment in LREE, Cr and Ti. Yitrium and HREE profiles
in garnet | have generally similar patterns, with a central
peak and rim shoulders varying according to the pos-
ition of the section with respect to the garnet centre.
The central peak is usually moderate or weak, except
for the large garnet in ML-6-12 LA (Fig. 5e), which
shows a prominent central peak. Variable rim enrich-
ment in Y and HREE is observed in all garnets. The
same is also shown by the Y distribution (Fig. 6a).
The shoulders steeply decrease towards the garnet
rims. In some profiles a rimward shift in the position of
shoulders is observed from HREE to LREE. The correl-
ation of the normalized HREE patterns with position in
the profile shows a moderate decrease from the central
peak position to a minimum, then a pronounced
increase at rim shoulders, followed by a marked drop of
the heaviest REE at very rim (Fig. 6b).

Diamond
Diamond, identified by Raman spectroscopy, occurs as
inclusions in garnet, zircon and kyanite |. Diamond-
bearing inclusions in host garnet commonly occur as
clusters, distributed mostly in the outer part of garnet,
except for the outermost, narrow rim (Fig. 2c-f). As
shown in Figs 3-5, diamond occurs in garnet |, in some
cases together with monazite, whereas diamond and
monazite are absent in garnet Il

Diamond-bearing inclusions of cubeid, negative
crystal shape in many cases share the same orientation
(Figs 2¢, d and 7a, b). The size of inclusions is variable
from ¢. 1to 7um in diameter, and the colour is translu-
cent, light brown to yellow or deep brown to opaque in
transmitted light (Fig. 7). Diamond itself occurs as a
single-crystal inclusion (Fig. 7a) or it is present in poly-
phase inclusions (Fig. 7b and d). The Raman peaks of
the investigated diamonds are centred between 1333
and 1332cm™’ and their full width at half maximum
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Table 1: Gamet major and trace element compositions along the profile {Fig. 5b, black line)
Point: an1 an 2 an3 an 4 anb anB an’ an 8 an 9 an 10 an 11 an 12 an 13

Si02 37.90 37-88 38:19 3768 3770 3763
TiD2 002 0-08 0-09 001 004 0-05
Alz04 2132 21.57 21.54 21-29 2127 21-04
FeO 3162 3145 3087 3118 3073 29-26

MnO 122 1.15 119 1-33 159 171
MgO 498 513 490 487 441 403
Ca0 328 361 405 346 451 559
Total 10034 10093 10083 9981 10026 9932
Xerr 024 025 023 023 021 0-20
B 00s 010 01N 010 0393 015
bl 068 068 06 0868 067 085
Xsps 003 003 003 003 004 004
Sc 1020 819 643 1278 1183 1296
Ti 639 4686 1251 866 2231 6529
Cr 410 272 409 422 84 202
¥ 3073 1044 2120 4026 4573 8217
Zr 121 146 083 263 195 110
La bdl bdl bdl bdl bdl bdl
Ce bdl  bdl  bdl 021  bdl bl
Pr bdl bdl  bdl bdl  bdl 013
Nd b.d.l. 096 b.dl 146 bdl bl
Sm 40 2.9 2.2 36 21 2.0
Eu 029 044 037 016 032 033
Gd 95 118 9.3 39 125 89
Th 35 39 3.6 5.2 38 33
Dy 396 247 3789 579 523 680
Ho 117 36 101 148 166 273
Er 427 7.8 326 475 777 1047
Tm 7-6 10 5.0 6.6 13.6 176
Yb 627 52 374 497 988 1085
Lu 88 11 5.0 6.1 13.7 13
Hf 028 bl 020 013 022 013
Th  bdl 015 bdl 014  bdl bdl
u bdl bl 028 b.dl 021 016

3761 3760 37562 37.83 37.58 37.43 3770
0-03 0-03 003 008 0-06 0-05 o-m
2110 21-08 2121 2116 21-40 21-30 21.32
29-39 29.80 2888 2930 30-08 30.05 3167
177 1-77 228 1-44 1-08 1-10 1-09
4.1 377 319 4.15 379 4.30 4.70
5-23 5-73 680 5-38 617 515 3-43
99-23 99.78 10001 99.06 10013 99.38  99.92
0:19 017 0-18 014 07 0-20 0-23
0.15 016 017 019 017 0-15 0-10
0-65 0-65 064 0-64 0-66 0-66 0.70
0-04 0-04 004 0-05 0-02 0-02 0-02
1361 117-6 1257 97-6 439 B9.8 857
1636-5 2188 1764 4376 1516 231-2 496-5
36-3 349 282 280 305 40-2 333
740-6 810-8 4452 879 470 1975 599
2:14 0-58 136 2:73 307 1-41 18:92

b.d.l b.d.l. b.cl.l. 0:24  b.dl b.d.l. b.d.l.
b.d.l b.d.l. 0-49 0:43 bl bud.L 0-26
b.d.l. b.d.l. b.d.l. 018 b.dl b.d.l. b.d.l.
07 b.d.l. 118 2.06 0-73 107 127
3-0 2:4 1-2 31 2.6 4-2 4.4
0-36 0.32 0.60 0-40 0.923 0.38 0.76
9-4 91 63 71 89 10-0 10-9
3-4 3-4 34 22 16 36 26
774 69.2 450 170 95 302 14.7
26-3 27-4 13:2 4.0 2:5 6-4 2-2
974 108.7 556 131 6-6 15.0 67
17:3 16:3 80 1.9 1-2 1-9 1-0
1174 1178 617 132 86 107 10-4
116 12-86 85 22 13 13 1-0
b.d.l 0-19 028 0-45 013 0-27 071
bl b.d.l. b.cl.l. 0-46 018 bud.l 0-16
0-28 0-12 025 b.d.l 019  bud.l 0-27

b.d.L, below detection limit. Major elements by electron microprobe (wt %); trace elements by LA-ICP-MS (ppm).

(FWHM) varies between 3.6 and 6:9cm ™' (Fig. 8). Some
Raman spectra show bands near 1580 and 1350cm™
(Fig. 8) characteristic of the sp*-bonded graphitic carbon
(G and D1 bands). Carbonates in the polyphase inclu-
sions with diamond show Raman bands between 1097
and 1087 cm™' corresponding to Mg—Fe (magnesite, sid-
erite} and Ca-Mg (dolomite, Mg-calcite) carbonates.
High-resolution SE images of such polyphase inclu-
sions in garnet (Fig. 7c) show cohesive contacts be-
tween host garnet, diamond and carbonate. Raman
analysis also revealed the rare presence of CO, with
diamond and carbonate (Fig. 8c). The Raman band of
the diamond associated with CO, is shifted to 1329¢cm™’
and wider (FWHM = 20.1em™'; Fig. 8b) than other dia-
mond peaks. The Raman bands at 1386, 1282 and
1092 cm™' (Fig. 8b) indicate CO, and Mg-Fe carbonate
(magnesite-siderite). Diamond and graphitic carbon
inclusions in zircon are of 0-5- 2um size located in the
inner parts of the host zircon (Fig. 7e). Microdiamond of
5 um size (Fig. 7f) and several inclusions of graphitic car-
bon have been found in kyanite |. Monazite shows only
inclusions of graphitic or amorphous carbon (Fig. 7g
and h). The Raman peaks of diamond and graphitic car-
bon inclusions in zircon are shown in Fig. 8e, those of
graphitic and amaerphous carbon in monazite in Fig. 8f,
and those of diamond in kyanite | in Fig. 8g. Carbonate

inclusions in zircon and monatzite, identified by Raman
analysis, are Ca-Mg carbonates {dolomite, Mg-calcite).

Monazite occurrence and composition

Monazite of 50-200um size occurs as inclusions in gar-
net and kyanite | (Figs 7g, 9a, b and 10a, c) but mostly in
the matrix composed of feldspars, biotite, white mica,
and quartz (Figs 9e, f and 10e). The sample portion rep-
resented by thin section ML-6-12 LA is markedly poorer
in monazite (Table 4), which corresponds to higher Y
and HREE contents in coexisting garnets. Monazite is
found partly or completely enclosed in the outer zones
of garnet | close to the diamond and graphitic carbon
inclusions (Fig. 7g). Monazite inclusions in kyanite are
in many cases associated with zircon (Fig. 10a). The
matrix-located monazite is partially broken down to
apatite and REE-rich epidote, which form reaction cor-
onas around it (Figs 9e, f and 10e), whereas the mona-
zite crystals enclosed by gamet and kyanite are intact.
The extent of this replacement is variable, partly de-
pending on the section position, from thin rims up to
major parts of the volume converted to apatite and al-
lanite. The corona is distinctly zoned with apatite form-
ing an inner zone, REE-epidote/allanite an outer zone,
and a discontinuous ring of secondary Th-, U- and Y-
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Table 2: Representative electron microprobe analyses of biotite, muscovite, plagiociase and K-feldspar

LA A A A A LA A A A c
Mineral: Bt Bt Bt Ms Ms Pl Pl Pl Kfs Kfs
Point: an 21 an 14 an7 an 16 an 10 an 23 an13 an 11 an 8 an 12
Si0, 36-45 36-39 36-87 4857 46-32 Si0, 59.27 51-55 5993 64-02 64-64
TiD, 4.00 3.92 2.31 135 0.24 Al 0y 24.98 29.26 25.24 18-92 20.05
AlaOg 17-94 17-36 18-88 3348 35-156 FeD 0-14 0-16 001 0-19 0:06
FeO 16-30 16-59 16:48 128 1-45 CaO 676 12.73 723 0-02 0-04
MnO 0-00 0-03 0-02 0-00 0-03 Na,0 8-02 4.29 724 0-85 1-12
MgO 10-08 99 10-80 1-49 0-56 K20 024 a-07 0-24 15-60 14.92
CaO 018 0-01 0-03 003 0-12 BaO 0-00 0-00 0-00 0-22 0-19
Na,0 010 0-05 0-07 0-20 0-34 SrD 0-00 0-03 0-06 0-00 0-00
K.,0 9.24 975 9-69 9-18 10-84 Total 99-42 98-09 9895 98-80 101-02
Cra05 0-02 0-06 0-00 0-00 0-02
Cl 0:-14 017 0-15 001 0-00 Si 2664 2-386 3078 2969 2:947
H.0c 3-89 397 399 4.56 4.50 Al 1-323 1596 0-008 1.034 1-077
Total 98-43 98-20 99-30 10024 99.58 Fe™™ 0-008 0008 1083 0.007 0-002
0=Cl -0.03 -0-04 -0.03 000 0-00 X 3992 3989 4.165 4.010 4-026
Total 98-40 98-17 99-26 10024 99.58 Ba 0000 0-000 0-000 0.004 0-003
Ca 0326 0631 0375 0-001 0-002
Si 5513 5545 5.527 6-367 6-191 Na 0699 0.385 0-747 0-076 0-099
AV 2:487 2:455 2:473 1633 1-809 K 0-014 0-004 o000 0-923 0-867
X 8-000 8-000 8000 8-000 8.000 Sr 0-000 0-002 0-004 0-000 0-000
AM 0711 0-663 0-862 3540 3.728 & 1029 1022 1137 1-004 0972
Ti 0-455 0-449 0-260 0132 0-024 Cat. 5031 501 5:302 5.014 4.998
Fe** 2.061 2:114 2-066 0-151 0-162
Mn 0-000 0-003 0-003 0-000 0-003 Cs 0-000 0-000 0-000 0-004 0-004
Mg 2.267 2251 2414 0291 0-111 Ab 0673 0-377 0-659 0-078 0102
Cr 0-003 0-007 0-000 0-000 0-002 Or 0013 0-004 0-009 0918 0-893
Y: 5-497 5487 5-604 4116 4030 An 0314 0-619 0-331 0-001 0-002
Ca 0-029 0-001 0-005 0-004 0017 Total 1-000 1-000 1-000 1-000 1-000
Na 0-020 0-015 0-019 0-050 0-089
K 1783 1.895 1-854 1-837 1-849
Z 1-841 1912 1-878 1-590 1-955
Total 16338 15.308 15-482 12-706 13.985
Ci 0-037 0-043 0-039 0-002 0-001
OH 3.963 3957 3981 3998 3-999
Ani. 4.000 4000 4000 4.000 4-000
Cat. 15-338 15398 15-482 13-706 13-985

Formulae based on 22 oxygens (micas) and 8 oxygens (feldspars),

rich phases between them (Fig. 10f). The REE-rich epi-
dote/allanite (compositions lie around the 50% dividing
line) erystals are usually cemented by REE-rich carbon-
ate {Fig. 9e).

The monazite composition according to major ele-
ments corresponds to 84-86 mal % monazite, 7-11 mol
% of cheralite, 1-2mol % of huttonite, and 1.7-2-6 mol
% of xenotime. Thorium content is moderate between 3
and 6wt % ThOgz, with a maximum of 8wt %. Uranium
varies more, from 0:2 to 12wt % UO,. Compositional
maps of ¥, Th and U concentrations in the selected
monazite crystals are shown in Fig. 10b, d and f. The
maonazites enclosed in garnet have slightly lower Y and,
and owing to similar small ionic radii, show also low
U0, (0-2-0-6wt %). All REE were analysed by electron
microprobe, but only those from La to Dy were eval-
uated because the heavier REE have scattered values at
or below the microprobe detection limit. Yttrium can be
used as a proxy for Ho, which is possible because of the
same charge and similar ionic radii (Shannon, 1976).
For comparison, three complete monazite analyses
obtained by LA-ICP-MS are shown together with aver-
age (n=115) microprobe analyses indicating twofold
underestimation of Ho by microprobe (Fig. 11). The REE

in monazites show typical enrichment in LREE, distinct
negative Eu anomalies, and variable Y concentrations
(Fig. 10b, d and f). Whereas monazites found in the ma-
trix and enclosed in kyanite form a homogeneous group
with increased Y (2500-7500 times chondrite), those
found enclosed in garnet have lower Y, typically be-
tween 1000 and 2000 times chondrite (Fig. 12).
Europium anomalies are similar with Eu/Eu* varying
from 0-24 down to 0-07. The monazites only partly
enclosed by garnet have the same compositions as
those found in the matrix.

The REE-epidote from coronas shows a positive Eu
anomaly (Eu/Eu* 1.7-2-8), and low ThO; (0-6-1wt %),
HREE, and Y (Fig. 13a and b). By contrast, the REE-car-
bonates have REE patterns similar to that of monazite,
except for the strongly depleted HREE and Y (300~
600Y), moderate ThO, {1-0-3-3wt %) and detectable F
(Fig. 13c).

Th-U-Pb dating of monazite

Th-U-Pb chemical age dating was used to date 31
monazite crystals by 107 point analyses (samples ML-6-
12 A, C and LA; see Supplementary Data Electronic
Appendix 1} in several domains of monazite crystals
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Table 3: Selected electron microprobe analyses of monazite, REE-epidote/allanite and REE-carbonate
In: G G G Ky Ky Ky M/C M/C M/C mMiC M/C G/m&  mi10/C
m1/1 mif2 mi3 mIn ma/2 m%2 m10/1 m102 m131 mi4/1 mi42 REan1 RCan3
Age: 480 454 490 461 475 470 430 476 470 4 467 n.a. n.a.
2ot 23 24 26 17 28 25 29 25 21 24 17 na. n.a.
50, 0-03 0-01 002 001 0-01 0-02 003 003 0-02 001 002 000 o1
P05 29-43 2896 2890 29:20 2896 30.97 2939 29-44 28.97 2876 2850 na. n.a.
5i02 0-40 0-38 036 0-37 0-32 0-30 033 0-34 0-61 0-38 091 3638 1703
TiO, n.a. n.a. n.a. na. n.a. na. n.a. n.a n.a. n.a. n.a. 016 0.87
ThO2 581 5-39 495 523 4.33 4.07 327 393 601 555 7-98 0-69 0-96
U0, 0-37 0-41 0-36 170 0.36 0-65 0686 072 0-63 037 0-88 003 0.06
AlzOg n.a. n.a. n.a. n.a. n.a. na. n.a. n.a. n.a. n.a. n.a. 2282 874
Y.0y 0256 0-44 0.48 1.36 0.73 0.656 088 076 0-56 0:25 0.69 015 015
Laz05 1385 1391 1407 1320 1385 1459 1446 1381 1401 1392 1317 299 1166
Cey0y 27.97 27.82 2809 26-23 27.78 28.57 28869 27.93 27.34 2800 26.20 636 2118
Prz04 323 334 339 326 3.35 343 337 332 3.z 335 317 0483 2.566
Nd,0g 12.02 12.25 12.07 11.58 12.26 11-98 12156 12.28 12.05 12.33 11.78 2.37 9.92
S5m0z 1.79 1-87 181 1-93 2.04 213 183 1.99 178 1-89 1.85 0:44 1-36
EusOgy 0.07 0.09 0.04 012 0.08 0.16 012 012 0.08 0.09 0.08 020 0.14
Gd,04 1-08 1.26 128 1-49 1-39 1-23 125 137 113 112 1-30 0:24 0:51
ThyOg 0-03 0:10 006 016 014 011 010 010 0-07 006 0-09 001 0-10
Dy204 012 0-20 0-26 0-53 036 0-21 039 038 0-29 o 0:31 0:15 0-10
Ho,0, 0-00 0-00 000 0-06 0-00 0-00 003 001 0-00 001 0-00 000 0-02
Er:05 0-28 0.28 0-28 0-39 0-30 0-34 026 0-32 0-33 032 o027 024 03
Tmaz0s on 0-09 0-08 010 0-07 0-08 012 011 0-10 01 004 002 0-01
¥ ba03 o009 0-09 007 0186 011 017 013 015 0-08 007 011 004 0-09
Lu,0y 0-09 010 0-06 0-08 0-09 0-19 008 011 0-08 008 0-06 D14 0-13
FeO 0-26 07 0-42 0-00 0-00 0-00 0:04 0-08 0-00 000 001 642 309
Ca0 114 1-06 101 1-35 0-86 0-93 076 0-97 1-01 108 1-26 1296 551
SrO 0-02 0-m 000 00 0-02 0-02 003 0-02 003 0-02 0-00 0.37 0-14
PbO 014 013 012 021 011 012 011 012 0-16 013 021 0-05
MnO n.a. n.a. n.a. n.a. n.a na. n.a. n.a n.a n.a. mn.a. 0-34 021
MgO n.a. n.a. n.a. n.a. n.a na. n.a. n.a n.a n.a. n.a. 031 0-36
K0 n.a. n.a. n.a., n.a. n.a. na. n.a. n.a, n.a n.a. n.a. 002 0-05
F n.a. n.a n.a. n.a. n.a. na. n.a. n.a. n.a. n.a. n.a. 0-00 1-07
o] n.a. n.a. n.a, n.a. n.a. na. n.a. n.a. na. n.a. n.a. 0-00 0-04
Total 9857 9838 9819 9873 975010090 9846 9842 9861 9800 9892 9641 B654
O=F 000 0-45
0=Cl 000 001
Total 9641  B6-08

m, monazite; G, garnet; Ky, kyanite; C, corona; M/C, matrix monazite with corona; RE, REE-epidote/allanite; RC, REE-carbonate
{bastnasite} in corona. Age and 2 o errors are given in Ma; n.a., not analysed.

(Fig. 10). The weighted average of all single-point dates
yields an age of 4724+ 2.6Ma [26, mean squared
weighted deviation (MSWD) = 0.80]. A relatively wide
range in U concentrations (0-2-1-5 wt %) makes the ana-
lysed set appropriate for calculation of a U/Pb versus
Th/Pb isochron (Cocherie & Albaréde, 2001}). From the
dataset seven points with ages >500Ma were excluded,
either owing to their too low or too high totals (<98,
>102wt %) or because of contamination by surround-
ing minerals (points close to monazite rim). The result-
ing isochron constructed from the same set of 107
individual measurements yields the centroid age of
472.4 + 2.8 Ma, identical to the weighted average, and
with a slightly higher MSWD of 1-07 (Fig. 14). The calcu-
|ated centroid isochron lies just at the border of the tight
error envelope close to the regression line, indicating
insignificant U/Th mobility. The concordant centroid
age is considered the best estimate of the real monazite
age. In one case, we found an old age of 519 + 32 Ma in
a Y.,0s5rich (1-803wt %) monazite domain (Fig. 10f),
which could represent an inherited core.

Table 4: Whole-rock {WR) major and trace elements in sample
ML-6-12 by ICP ES/MS, and modat composition of two portions
(LA, A) of ML-6-12 sample

wt % ppm ppm LA vol. %) Atvol %)

Si0, 511 Ba 1058 Zr 3041 Grt 1857 14.57
TiOx 103 Ni 30 Y 6811  Kfs 27.42 1799
AlaOz 1948 Sc 20 La 806 Ky 183 5.08
Feld 7341 Ga 245 Ce 1828 Pl 10-27 1700
MnrO 016 Hf 84 Pr 2172 Oz 1721 153.23
Mg2 241 Nb 2633 Nd 843 Bt 1721 20-51
Cal 285 Rb 1918 Sm 1667 Ms 4.84 9.54
Na©0 181 &n 3 Eu 22 Rt 0-46 0.45
K20 497 Sr 3286 Gd 1587 Gr 072 0-45
P:0s 068 Ta 17 Tb 228 Ap 0065 008
LOI 13 Th 255 Dy 1329 Py 033 094
c 019 U 49 Ho 25 Zmn 0 065 004
S 02 v 121 Er 761 Mnz 0 008
Total 99:22. W G4 Tm 121 Total 99.93 95.93

Yh 836

Lu 128

Thermodynamic modelling
Phase diagrams (P-T pseudo-sections) were calculated
using the Perple_X software, version 6.7.2 (Connolly,
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Fig. 3. (a~d) Garnet | X-ray maps of Ca, Mg, Fe and Mn; (e} composition profile of Xam, Xprp: Xgre Xsps analysed by electron micro-
probe. {f) Yitrium concentrations analysed by LA-ICP-MS along the profile marked by an arrow. Position of diamend and monazite

inclusions is also shown. Sample ML-6-12 A.

19980, 2005) with the internally consistent thermo-
dynamic dataset of Holland & Powell (1998, updated in
2002: hp02ver.dat) to assess mineral assemblages that
may have been present during UHP metamaorphism.
The bulk-rock composition (Table 4) was obtained by
|CP-ES analysis and further modified for calculations.
Minor elements, Cr,0; = 001wt % and P,0g = 059wt
% have not been taken into account for the madelling.

Crz03 was neglected because it does not influence the
stability of any mineral of the peak-pressure assemblage.
The LREE budget shows that more than 95% of the P is
bound in apatite and 5% in monazite, and therefore Ca0
was reduced according to the amount of phosphorus
(corrected analysis in wt %: Si0, 5858, TiO, 1-06, AlLO4
19-98, FeO 763, MnO 0-15, MgO 2.16, CaO 2-23, Na,0
1-86, K0 51). P-T phase equilibrium diagrams (Fig. 15)
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Fig. 4. {a-d} Garnet X-ray maps of Ca, Mg, Fe and Mn; (e, f} composition profile of Xam, Xeepe Xors: Xsps and Y. Garnet (Grt I} with
Ca-rich (Grt I} rim penetrated by plagioclase and biotite. (e} Mole fractions of Alm, Grs, Prp and Sps. (f} Yttrium concentrations
along the profile; ¥ was analysed by electron microprobe. Sample ML-6-12 C.

were calculated in the Na;0-Ca0-K.0-FeO-MgO-MnO- the amount of melt. This allowed for modelling of
Al03-8i0 ~H,0-TiO, (NCKFMMnASHT) system with partial melting in the investigated rocks, approximating
2-1wt % of H,0. This content was chosen to prevent for- experiments on melting in subducted sedimentary rocks
mation of K-feldspar at UHP conditions and to minimize (e.g. Auzanneau et al,, 2006; Hermann & Spandler, 2008).
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Fig. 5. {a) Garnet | porphyroblast photomicrograph; optical microscope, using transmitted, plane-polarized light. {b-d) X-ray maps
of Ca, Mg and Mn analysed by electron microprobe. (e} Mole fractions of Alm, Grs, Prp and Sps. (f} Y concentrations analysed by
LA-ICP-MS along two profiles (points 1-13 and 1-22). Position of diamond and monazite inclusions is also shown. Sample ML-6-12
LA.
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Fig. 6. {a} Yttrium distribution map of garnet (sample ML-6-12 C) analysed by LA-ICP-MS. Enrichment in Y observed in garnet rim
corresponds to secondary peaks of Y in the profiles, (b) REE distribution patterns along the profile across the garnetin Fig. 3; num-
bers referto the points inFig. 3f. The elevated LREE values in point 4 are due to contamination by monazite.

Solution models of garnet (Ganguly et al, 1996), phen-
gitic white mica (Holland & Powell, 1998), omphacite
{Green &t al., 2007), sanidine (Thompson & Hovis, 1979),
plagioclase (Newton et al, 1980), biotite (Tajcmanova
et al., 2009) and melt (Holland & Powell, 2001) were used
as available from the Perple_X datafile (solution_model.-
dat). The metamorphic evolution of the diamond-bearing
gneiss modelled in pressure-temperature (P-T) pseudo-
section is shown in Fig. 15.

DISCUSSION

Monazite behaviour during metamorphic
evolution

A prograde metamorphic A-T path (marked by point 1
in Fig. 15a) is based on a subduction geotherm from
Penniston-Dorland et al. (2015). Peak metamorphic con-
ditions are inferred in the stability field of kyanite + gar-
net + omphacite + phengite + coesite + rutile with the
presence of diamond as inclusions in kyanite and gar-
net. The shape-preferred orientation of diamond-
bearing inclusions indicates their primary origin
(Frezzotti & Ferrando, 2015), and coexistence of dia-
mond with CO; indicates crystallization of diamond
from a supercritical C-O-H fluid or melt (e.g. Akaishi &
Yamaoka, 2000; Stockhert et al., 2001; Hermann &t al.,
2006; Frezzotti & Peccerillo, 2007; Janak et al, 2015)
trapped by the host mineral (garnet, kyanite, zircon) at
UHP conditions. To constrain T, we used Zr-in-rutile
geothermometry (Tomkins et al., 2007). Zirconium con-
centrations in rutile obtained by LA-ICP-MS are between

862 and 1102 ppm, with an average 1017 ppm, vielding
an average T=851"C at P=29kbar and 891°C at
45kbar. The intersection of the Zr-in-rutile univariant
line with the diamond-graphite boundary (Day, 2012)
{point 2 in Fig. 15a) gives minimal P-T constraints for
the peak metamorphic stage.

All diamonds were found in garnet | near the rims
and close to monazite if both occur together. The only
exception is a single diamond found near the centre of
a large garnet (Fig. 5). With regard to the HREE and Y
profiles, the position of diamond coincides with the sec-
ondary Y peak. The mentioned diamond found near the
centre of the large garnet is close to the central peak in
the Y profile (Fig. 5e). Complex profiles of the HREE and
Y are not compatible with single Rayleigh fractionation
(e.g. Otamendi et al., 2002), which cannot explain the
rise of the concentration in secondary peaks. Moreover,
the absence of other Y, REE phases (allanite, xenotime)
and the constant garnet volume above 20 kbar (Fig. 15b)
do not allow an explanation by interaction with these
phases (see Giera et al., 2011). Skora et al. (2006} suc-
cessfully modelled the behaviour of HREE and Y assum-
ing an increase of diffusion rates owing to the rise of
temperature in the prograde stage of garnet growth.
The rise is responsible for the formation of secondary
peaks and the following steep decrease owing to ex-
haustion of these elements within a limited diffusion
volume. Qur profiles (Figs 3f and 5e) appear compatible
with this process. The position of most diamonds and
monazites, therefore, indicates their incorporation dur-
ing the final stage of temperature rise when the second-
ary peak starts to cease.
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Fig. 7. Photomicrographs of diamond and graphitic carbon inclusions in garnet, zircon, kyanite and monazite using an optical
microscope (transmitted, plane-polarized light) and scanning electron microscope. (a) Single crystals of diamond in garnet. (b)
Diamond + carbonate + rutile inclusions in garnet. (c) SE image of diamond + carbonate inclusion in garmet. (d) Polyphase dia-
mond + CO; + carbonate inclusion in garnet. (e) Diamond and graphitic carbon inclusions in zircon. (f} Diamond inclusion in kyan-
ite. {g) Monazite and garnet with diamond and graphitic carbon inclusions, and laser ablation pits. (h) Detail of graphitic/

amorphous inclusion in monazite.

The presence of graphitic carbon with diamond may
reflect disordering of the diamond structure from sp® to
sp? bonded (e.g. Smith et al., 2011; Smith & Godard,
2013). Occurrence of diamond and graphitic carbon
with CO, may indicate transformation of diamond to
graphitic carbon in the presence of fluid via a dissol-
ution-precipitation process rather than a solid-state
transformation (Korsakov et al, 2015). We argue that
the presence of graphitic or amorphous carbon in

monazite, similar to inclusions in associated garnet
(Fig. 7g and h), may indicate that former diamond
trapped by monazite at UHP conditions was trans-
formed to graphite.

We infer that UHP monazite formed from allanite.
Allanite is known to be stable at UHP conditions
(Hermann, 2002; Hermann & Spandler, 2008; Engi,
2017). Taking into account the only known UHP allan-
ite-maonazite stability boundary of Hermann & Rubatto
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Fig. 8. Representative Raman spectra. (a} Diamond (Dia} together with carbonate (Cb). {b) Polyphase inclusion of diamond, carbon-
ate and CO; in garnet (Grt). {c) Graphite G and D1 bands in polyphase inciusion with COz and carbonate in garnet. (d) Diamond in
zircon. (e} Graphite carbon in zircon (Zrn}. (f) Graphiticlamorphous carbon (Gr) in monazite (Mnz). (g} Diamond in kyanite. (h)
Graphitic carbon and carbonate in kyanite. Biack curves, raw spectra; red curves, after peak fitting with Fityk software version 0.9.3

{Wojdyr, 2010).

(2009), monazite formed from allanite above 35kbar
and c. 750°C when the rock encountered the monazite
stability field.

Yttrium and HREE contents in monazite are com-
monly used to infer its equilibration with garnet and/or
plagioclase (Zhu & O'Nions, 1999; Krenn et al, 2009;
Holder et al., 2015; Petrik et al., 2016). Low Y + HREE

and a missing Eu anomaly are related to a high garnet
content and absence of plagioclase, which are charac-
teristic of UHP conditions. Vice versa, a distinct negative
Eu anomaly and increased Y + HREE should attest to
the equilibration with plagioclase and a lower garnet
content in granulite-facies metamorphism. As argued
above, monazite enclosed in garnet and kyanite is
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Fig. 9. BSE images of monazite, allanite and associated phases. (a) Mnz 1 enclosed in garnet. (b) Mnz9 in kyanite. (c, d) REE-epidote/
allanite included in garmet along with REE-carbonate and plagioclase. (e, fl Coronas around matrix monazites (Mnz10, 13, 14) com-
posed of apatite, secondary allanite and late REE-carbonate. Numbers in monazites refer to the analysed points in Table 3 and

Supplementary Data Electronic Appendix 1.

considered to be stable at UHP conditions in the ab-
sence of plagioclase or K-feldspar. However, monazite
chemistry shows a distinct negative Eu anomaly and
moderate Y content. Relevant for explaining this dis-
crepancy seems to be the whole-rock REE pattern,
which also shows a distinct negative Eu anomaly
(Fig. 11). Calculation of the whole-rock budget showed
that the whole-rock REE are controlled by three phases:
garnet, monazite and apatite. The size of the whole-rack
negative Eu anomaly is only slightly moderated by
abundant K-feldspar and plagioclase. All three phases
(garnet, monazite and apatite; Fig. 11, Supplementary
Data Electronic Appendix 2) thus show negative Eu
anomalies, which means that this feature was inherited
from the source rock. It is concluded that, in the case
where the source rock has a negative Eu anomaly,
monazite equilibrated at UHP conditions does not ne-
cessarily lack a negative Eu anomaly regardless of the
presence of feldspars. On the other hand, the uniform
garnet content (16vol. %) predicted by pseudo-section

modeling (Fig. 15b) over a wide P-T window explains
well the lack of distinct difference in Y concentrations in
monazites (Fig. 12) commonly attributed to the de-
crease of garnet content with decreasing P.

The lack of difference in chemistry and age of mona-
zite inclusions in garnet and kyanite as well as the ma-
trix ~monazites suggests that all crystallized
simultaneously. We therefore conclude that the bulk of
monazite dates the UHP metamorphism at 472 +3 Ma
(Fig. 14).

The exhumation path crosses the dehydration melt-
ing reaction curve of Auzanneau et al. (2008) (point 3 in
Fig. 15a), approximating the phengite and omphacite
breakdown, which produces Ca-rich garnet Il, calcic
plagioclase and biotite according to reaction Ph + Omp
+Qz = Bt + Pl + Grt + L. The AT path becomes isabaric
at 10kbar (point 4 in Fig. 15a) to avoid the sillimanite
field as this mineral was not found. At these conditions,
the pseudo-section model predicts a maximum of
30vol. % melt (Fig. 15c). Using the equation of
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50 pm

Fig. 10. Monazite photomicrograph, BSE images and X-ray maps of yttrium concentrations with ages of the anaiysed points. (a, b)
Monazite in kyanite; (c, d) in the rim of garnet (sample MLE-12 A); (e, f) matrix monazite with corona.

Stepanov et al. (2012) we calculated a maximum 25%
dissolution of total monazite (point 4) at pertinent melt
H20 content and melt amount. The model shows that,
on cooling to the solidus, the dissolved monazite crys-
tallized again (Fig. 15¢) as new overgrowths. However,
such rims were not clearly identified in the X-ray maps
(Fig. 10d and f). It is possible that the new rims (if they
existed} were obliterated by the extensive development
of late coronas. If not, it is possible that the complex
models averestimate the extent of monazite melting.
The monazite breakdown coronas are a common fea-
ture found in several metasedimentary and meta-
igneous rocks worldwide (Broska & Siman 1998; Finger
et al., 1998; Majka & Budzyn, 2006; Gasser et al., 2012;
Ondrejka et al., 2012; Lo Po et al., 2016). These coronas
are interpreted as an effect of Ca-rich fluid facilitating
monazite breakdown. The Ca activity plays an import-
ant role in the stability of monazite, as demonstrated by

thermodynamic modelling for simplified average pelitic
compositions with varying Ca content (Janots et al.,
2007; Spear, 2010) and experimental results (e.g.
Budzyn et al, 2017). The above-cited researchers
showed that increased Ca activity generally moves the
allanite stability field to higher T (i.e. upper amphibolite-
to granulite-facies conditions). In our rocks, we interpret
the formation of the apatite-allanite—epidote corona
around monazite to be due to exhumation and cooling
after the peak-pressure stage rather than a subsequent
prograde metamorphic overprint. The boundary be-
tween allanite and monazite (red dotted line, Fig. 15a) is
for a bulk compaosition with slightly lower CaO (2-17 wt
%) compared with 2.23wt % used in the model. As the
allanite thermal stability is strongly dependent on bulk
Ca0, the supposed upper boundary is shifted to higher
T, following the upper stability limit of zoisite (point 5,
red dashed line, Fig. 15a).
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When the P-T path crosses the monazite-allanite
boundary (point 5 in Fig. 15a) the matrix monazite
breaks down to apatite + BEE-epidote/allanite + Th, U,
Y-rich phases (Fig. 9e and f). An incomplete breakdown
assemblage (without monazite and apatite) is also
found as inclusions in garnet (Fig. 9c and d), suggesting

1000000¢
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Mineral/chondrite
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la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 11. Comparison of the REE in the minerals analysed by LA-
ICP-MS (green lines, Mnz; dashed lines, Ap; field is for all gar-
nets) with whole-rock analysis by ICP-MS (WR). An average of
monazite (La-Ho) microprobe analyses is also shown. It should
be noted that all analysed phases show negative Eu anomalies.

that not all monazites trapped by garnet have been pro-
tected. The REE-epidote/allanite, which partly replaced
and partly overgrew monazite crystals, shows REE pat-
terns similar to parental monazite but downshifted to
five times lower concentrations. The REE seem to be
inherited from monazite with the exception of distinct
positive Eu anomalies (Fig. 13a and b). In the reducing
regime indicated by abundant hydrothermal graphite in
the matrix, Eu occurs as Eu®", which is mobile.
Preference for Eu of allanite was shown in high-P
experiments (Hermann, 2002) by allanite/melt partition-
ing coefficients. At the last cooling stage, low-T, CO,-
rich fluids altered the corona REE-epidotes to REE-
carbonate (bastnasite-OH). Normalization of the carbon-
ate REE (thick corona around monazites 10, 13, 14 in
Fig. 13c) by the maonazite composition shows a strong
depletion of HREE + Y, and small to moderate positive
Eu anomalies (Fig. 13f). The depletion is explained by
preferential complexing of HREE with F~ in metamorph-
ic fluids, which {(supposing divalent Eu®*) results in a
positive slope and negative Eu anomaly of the fluid
(Bau, 1991). The only F detected in the analysed gneiss
minerals is from the BEE-carbonate. Assuming high
water/rock ratio at a low temperature, the carbonate
crystallizing (in a Ca-rich site among REE-epidote crys-
tals) after the escape of the fluid would have a recipro-
cal, negative (HREE-depleted) REE pattern and positive
(less negative) Eu anomaly, which is observed. The
source of this fluid is unknown but the character of REE-
carbonate may indicate a late low-T event (see Berger
et al., 2008), possibly associated with strong deform-
ation observed in the gneiss.

Tectonic implications
The age of 472Ma for UHP metamorphism of the
diamond-bearing gneiss from Saxnas in the Middle
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g. 12. Comparison of the REE and Y in monazites enclosed in garnet, kyanite and matrix.
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Fig. 13. The REE in allanite/REE epidote (dashed lines) identified as inclusion corona (&, d), garnet, and in REEcarbonate from cor-
ona (¢, f} normalized by chondrite (a—c) and by parental monazite (d-f}.

Seve Nappe is older than the 462 + 3.5Ma Sm-Nd gar-
net-apatite-feldspar-whole-rock isochron age deter-
mined by Grimmer et al. (2015) from the Upper Seve
Nappe in the same area. The sample dated by Grimmer
et al. (2015) is a mylonitic mica schist consisting of
quartz, white mica, garnet, plagioclase, K-feldspar,
minor biotite and accessories, recording P-T conditions
of ~15kbar and 690 + 50°C; that is, much lower in pres-
sure than our samples. Grimmer et al. (2015) inter-
preted this age as related to ‘prograde garnet growth
and possible incipient subduction’. Assuming that our
~473Ma age is indeed the timing of UHP metamorph-
ism in the Middle Seve Nappe and ~462 Ma is the age
of incipient eclogite-facies metamorphism in the Upper
Seve Nappe, it would follow that the subduction of dif-
ferent parts of the Seve Nappe lying in one profile did
not evolve in the usual sequence of thrusting; that is,
from more internal and structurally higher units to

_ThiPb age = 47919 Ma n=107
R fe MSWD = 1.07
Th-U-Pb age 472+3 Ma

regression line
|

100
centroid [sochron =N
i W/Pb age = 460+16 Ma~
0 2 4 B 10 12 14

8
U/Pb

Fig. 14. U/Pb vs Th/Pb isochron {Cocherie & Albarede, 2001) of
n=107 dated monazite points showing concordant centroid
age of 472 = 3Ma. The weighted fit of the data was calculated
using Isoplot v, 3,7 (Ludwig, 2001).
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Fig. 15. Phase diagrams (P-T pseudo-sections} showing {a) P-T path of diamond-bearing gneiss in yellow; Aln-Mnz stability boun-
daries are shown as red dotted line (Spear, 2010, Fig. 7b) and red continuous line (Hermann & Rubatto, 2009). Red dashed line fol-
lows the upper stability limit of zoisite. Green lines (Zr-in-Rt) show calculated temperature according to zirconium-in-rutile
thermometry (Tomkins et al,, 2007). Diamond-graphite (Dia-Gr) transition according to Day {2012} is shown as a blue line and melt-
ing reaction (M) according to Auzanneau et al. {2006} as a narrow green rectangle. Equilibrium assemblages of major fields are also
shown. (b) Gamet modal abundances (vol. % isopleths) with kyanite (Ky | and Ky I} stability fields. (c) Dissolution model of mona-
zite in melt calculated according to Stepanaov et al. (2012}, with amount of monazite in wt % (red isopleths) and modal abundance of
meltin vol. % {dashed isopleths). Further details are given in the text.

more external and structurally lower units. It would
imply that the kinematic evolution of subduction was
more complicated. The 5607 + 20 Ma monazite age of
Gademan et al. (2011) comes from the same tectonic
unit as our sample, the Marsfjillet gneiss of the Middle
Seve Nappe. The reasons for this age difference remain

unclear, as this age was reported only in an abstract.
The ~472Ma age of UHP metamorphism (according to
our study) in the Saxnas area confirms the existence of
a north-to-south age gradient for HP-UHP metamorph-
ism in the Seve Nappe Complex. In the Vaimok lens of
the Seve MNappe in Norrbotten, ~190km NE of our
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sample locality near Saxnas, UHP metamorphism of
eclogites (Bukata et al., 2018) most probably occurred
between ~480 and 490 Ma based on recent zircon U/Pb
and monazite U-Th-Pb data (Root & Corfu, 2012;
Barnes et al, 2019). At Tjeliken in northern Jamtland
(Fig. 1b), ~60 km SW of Saxnds, Lu—Hf garnet dating of
a near-UHP eclogite and U-Pb zircon dating of its host
rock, gamet-phengite gneiss, yielded identical ages of
~458-459 Ma (Fassmer at al, 2017). Qur age results
from monazite dating (472 Ma) lie between these, both
in terms of locality and time, suggesting that the age
difference between Jamtland and Norrbotten reflects
southward migration of one tectonic process that
caused HP-UHP metamorphism, rather than two inde-
pendent tectonic processes. If UHP metamorphism of
the distal Baltican continental margin represented by
the Seve Nappe was caused by the collision of this mar-
gin with an intra-oceanic volcanic arc in the lapetus
ocean (e.g: Brueckner & wvan Roermund, 2004;
Brueckner et al., 2004; Majka et al., 2014b), such a high
age gradient (=20 Myr over a distance of ~250 km) may
have been produced by strong curvature of the arc and/
or by irregularities of the continental margin (e.g. prom-
ontories and re-entrants). The tectonic map of the
Scandinavian Caledonides (Fig. 1) indeed shows
changes of the structure along-strike of the orogen,
which may reflect such pre-existing irregularities of the
continental margin. From Jamtland to Norrbotten, the
width of the Lower Allochthon (sedimentary nappes
derived from the inner margin of Baltica) decreases sig-
nificantly so that in Norrbotten, the Middle Allochthon
including the Seve Nappe occurs almost at the front of
the Caledonide nappe stack. North of Kiruna, the width
of the Lower Allochthon increases again northeastward
(Fig. 1). This geometry may reflect the existence of a
relatively high zone and associated promotory of the
continental margin centred in Norrbotten, leading on
one hand to a smaller volume of Lower Allochthon sedi-
ments and on the other hand to an earlier arc-continent
collision. In this case, a northward decrease of HP-UHP
ages in the Seve Nappe and related units would be
expected from Norrbotten further northward.
Determining ages of HP-UHP metamorphism in the
Seve Nappe and related units north of Norrbotten
would allow for testing of this hypothesis.

CONCLUSIONS

UHP maonazite in diamond-bearing gneiss from the SNC
shows negative Eu anomalies, in contrast to the general
interpretation that the absence of a Eu anomaly is char-
acteristic for UHP monazite reflecting high content of
coexisting garnet and the absence of plagioclase. We
interpret the negative Eu anomaly to be inherited from
the whole-rock chemical composition when the REE
source had a negative Eu anomaly. Hence, this feature
does not reflect the coexistence with plagioclase and/or
K-feldspar, which are unstable at UHP conditions. The
UHP stage is evidenced by inclusions of diamond found

together with monazite in the garnet. Both diamond
and monazite occur near garnet rims within or close to
the secondary peak of Y. Supposing that these Y peaks
originated as a result of thermally elevated diffusion
rates, such a position indicates a high temperature at
the end of the prograde metamorphic stage.

We infer that UHP monazite formed from allanite
and the bulk of monazite dates the UHP metamorph-
ism at 472 +3 Ma. Monazite inclusions in garnet and
kyanite are mostly unaltered, whereas monazite in
the matrix shows breakdown coronas of apatite + REE-
epidote/allanite + Th, U, Y-rich phases. We interpret
this monazite breakdown to be due to cooling after the
pressure decrease during exhumation from the UHP
stage rather than a subsequent, prograde metamorph-
ic overprint.
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Influence of laser ablation conditions on limit of detection, spatial resolution and time of analysis was
studied for laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) applied to ele-
mental mapping. Laser repetition rate and laser fluence were investigated in tapeworm thin section to
attain optimum abladon rate, yielding appropriately low detection limit which complies with elemental
centents in the tissue. Effect of combinartions of laser spot size and scan speed on relative broadening
(Awe ) of image of the ablated pattern(line) was investigated with the aim to quantify the trueness of

E;":O;;im“ imaging. Inklines printed on paper were employed for the study of influence of spot size and scan speed
[CP-MS on limit of detection, relative broadening of elemental image and duration of elemental mapping An
Imaging uneven distribution of copper in a printed line (coffee stain effect) was observed, The Awyy is strongly
Tapeworm reduced (down ta 2%) at low scan speed (10 wms=!) and laser spat diameter of 10 pm but resulting

in unacceptably tong time of mapping (up to 3000 min). Finally, tapeworm thin-section elemental maps
{4 mm = 5 mm) were obtained at the laser spot diameter of 65 jum and the scan speed of 65 jum s~ within
100 min. A dissimilar lateral distribution of Pb was observed in comparison with that of Cu or Zn due to

different pathways of element uptake.

@ 2015 Elsevier BV, All rights reserved.

1. Introduction

Inthe pastfew years, there hasbeen a growinginterest inspatial
distribution imaging of elements in biclogical materials by phys-
ical methods of chemical analysis. The most used techniques are
nuclear magnetic resonance imaging (MRI) [1], proton-induced X-
ray emission (PIXE) [2 ], quantitative positronemission tomography
(PET) | 2], scanning electron microscopy (SEM) [4.5], secondary ion
mass spectrometry (SIMS) [6], energy-filtering transmission elec-
tron microscopy (EFTEM) [ 7], and matrix-assisted laser desorption
ionization mass spectrometry (MALDI) [8,9], Unfortunately, some
of these rechniques do not provide sufficiently low detection limits
for trace analysis, although they offer excellent spatial resolution.

Sincethe inception oflaser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) in 1985 [ 10], this method has been
progressively developed and nowadays ranks among the most
widely used mass spectrometry techniques for trace element deter-
mination in soft and hard biological tissues [11-13]. LA-ICP-MS

#* Corresponding author at: Department of Chemistry, Faculty of Science, Masaryk
University, Kotldrska 2, Brno 61137, Czech Republic. Tel.: +420 549494774
E-mail gadress; viltork@chemimunicz (V. Kanicky).

http:{fdx doiorg/10. 1016/j.apsusc2015.05.136
0169-4332/2 2015 Elsevier B.V. All rights reserved.

offers in principle satisfactory values of both limits of detection and
spatial resolution and therefore can be used as a tool for elemental
bio-imaging, e.g. in tree leaves | 14], tissues of animals [ 15,16], and
humans [ 17,18} Zoriy and Becker [19] studied the feasibility of
determinarion of platinum-based drugs in tissues by LA-ICP-MS as
an alternarive to auroradiographic imaging, which is more costly
and time-consuming. All the above-mentioned techniques require
careful optimization ofworking parameters and properly prepared
samples [20].

One of the challenging tasks of LA-ICP-MS imaging is quan-
tification of elemental maps. Three key parameters are of utmost
impartance for this objective, namely: (i) sensitivity of LA-ICP-MS
signal compensated for matrix effects and corrected for spec-
tral interferences: (ii) spatial (lateral) resolution; and (iii) limit of
detection. A prerequisite for the implementationofa robust LA-ICP-
MS quantification protocol comprises understanding of ablation
processes, plasma spectrochemistry and elemental fractionation
[21.22].

Signal sensitivity as the first mentioned key parameter of quan-
titative imaging is matrix-dependent and therefore may differ in
calibration and analyzed samples, respectively. Moreover, variabil-
ity in sensitivity between individual analyzed samples and even
between different zones within a sample may occur [23], Ablation,
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aerosol transport, and processes influencing ionization efficiency
in an ICP source are responsible for variation in sensitivity and for
elemental fractionation [24]. Ablation rate, i.e. the amount of tar-
get marerial released per laser shot, represents the onsert of these
influenrtial processes. In the first approximarion, laser ablation rate
in calibration and analyzed sample should be ideally the same, but
this is not usuvally fulfilled. What is more, the ablation rate may
vary over the mapped surface depending on properties of particular
regions.

Variation in aerosol amount, size distribution, and compo-
sition of aerosol particles occurs not only during ablation, bur
also in the course of aerosol transport. Finally, particle size- and
compesition-dependent vaporization in an ICP source together
with water/matrix load of the 1CP source determines the sensitiv-
ity [25-27]. One must also not forget the spectral interferences.
Lack of appropriate calibration materials that at best exactly match
the sample composition makes quantitative elemental imaging
in biological samples harder. Besides, certified reference materi-
als, which may be used as calibration samples or for a methoed
validation, do not match all sample types. Due © frequent het-
erogeneity of biological tissue matrices, a section thickness and
watercontent in various tissue regions may affect the analytical sig-
nal. The approaches employed for LA-ICP-MS quantificationinclude
the following procedures: development of martrix-matched labo-
ratory standards [ 17,18 28,29], solution-based calibration [30.31],
or calibration based on internal standardization with 13C [11,32].
If the elemental composition of sample is known, the normaliza-
tion method based on the total sum of signals of isotopes can
be applied [33,34] Briefly, sensitivity compensated for matrix
effects represents one of the key parameters of LA-ICP-MS imag-
ing.

A particular attention should be paid to another key parame-
ter, namely sparial resolution. The majority of LA-ICP-MS imaging
applications usually operate with a resolution of 30-50 pm per
pixel and above [1135]. Thickness of tissue slices varies from 3 to
100 m, but typically is in the range 10-20 m [36,37]. Very thin
slices allow a clean ablation without tissue cracking and more tissue
aerosol may be efficiently transported to the ICP, which resultsin
higher sensitivity. The slight reduction in spot size and scan speed
may not lead always to significant improvement in resolution [ 37,

The limit of detection (LOD) as the third key parameter dimin-
ishes with increasing laser spot size, which in turn worsens the
sparial reselution. Consequently, compromise operating conditions
have to be found.

The goal of the present work consists in the study of influence of
scan speed and laser spot diameter on lateral reselution, LOD, and
time consumption of analysis. Several works deal with the study of
influence of repetition rate, scan speed, and laser spot diameter on
ICP-MS signals and particle size distribution using glass refererice
materials [36—40] even brass sample [41] but not with regard
spatial resolution. It was found that at ns-laser ablation of silicate
martrix, the laser-induced fractionation increases with decreasing
laser spot size [3940], The laser-induced fractionation was con-
firmed at femtosecond laser ablation by Diwakar et al. [41], who
performed fs laser ablation with high repetition rate (up to 1 kHz)
in combination with small laser spot size (10 pm) and high scan
speed (200 wm s~—! Jwhich led to successful bulk analysis with very
good spatial resolution. The improvement of spatial reselution was
achieved by construction of new ablation cells [42 43 ]. Wang et al.
[43] describes improvement of imaging capabilities in new tube
cell. Van Malderen et al. [42] use combination of new low-velume
ablation cell and deconvolution of overlapping ablation position for
better resolution. Optimized operating conditions were employed
tor acquisition of Cu, Zn, and Pb lateral distributions in tapeworm
thin sections. The final step, quantification, will be aim of further
study.

2. Experimental

2.1. Instrumentation, operating conditions, and strategy of
aptimization

Ablation system (model UP 213, New Wave Research, Inc,, Fre-
meont, CA, USA) consisting of a Q-switched Nd:YAG laser operating
ar 213 nm with a pulse width of 4.2 ns, a movable ablarion cell
(SuperCel™  washout time 1.04s) and a built-in microscope/CCD
camera for inspection of an ablated target was coupled to a
quadrupole mass spectrometer with ICP source (ICP-MS model
7500 CE, Agilent Technologies, Inc., Santa Clara, CA, USA). The ICP-
MS was operated with a collision cell in He-mode (2.5ml min—")
for minimization of possible polyatomic interferences. Helium
was introduced into the ablation cell as the carrier gas with
a flow rate of 1lmin=' and argon was admixed (0.6]min=")
prior to entering the ICP torch. Monitored elernents were cho-
sen with respect to the analysis of organic marrix (biological
tissue, matrix element carbon) deposited on a glass slide (matrix
element silicon), and contents of studied trace elements (cop-
per, zinc, and lead) in thin sections. The following isotopes were
measured with integration (dwell) times indicated in parenthe-
ses: 12C (0.01s), 2851 (0.1s), ®5Cu (0.15), 55Zn (0.15), 2%8Ph (0.3 5).
The settling fime of the mass spectrometer was 200 ps. The toral
sampling time (one measuring cycle comprising all isotopes) was
0.384s,

Operating conditions of the laser ablation system, namely
laser beam fluence, laser repetition rate, laser spot diameter, and
scan speed were searched for to obtain optimum values of these
response functions: (i) minimum limits of detection; (ii) maxi-
mum lateral resolution (minimum relative broadening): and (iii)
minimum time of analysis for acquisition of elemental maps. Opti-
mization was performed in two steps.

Laser fluence and repetition rate were studied using the tape-
worm tissue toobtain maximum amountof ablated material, which
is decisive for minimum limitof detection, and at the same time, to
penetrate through the thin section just to the surface of the glass
slide.

Laser spot diameter and scan speed were searched for obtain-
ing minimum relative broadening of signal corresponding to a
structure of defined dimensions, minimum limit of detection (i.e.
maximum isotope sensitivity), and minimum time of analysis. This
was accomplished by ablation of white bond paper with ink lines
printed by an inkjet printer (Color Lasetfet Pro M176n, Hewlett
Packard). Printed paper was used due to the possibility to design
pattern of lines with known dimensions, spacing, and with a sharp
interface, which isnot fulfilled incase of irregular structure of tape-
worm fissue. The approach based on ablation of printed ink was
used for calibration purposes [44] even for creation of 2D pat-
terns [45] Preliminary multielemental analysis of ink led us to
conclude that the optimal element is copper for designed exper-
iments. Firstly, its content in ink is the highest of trace elements
detected, and, secondly, copper is contained in tapeworm thinslices
and its distribution is mapped.

For optimization of laser spot diameter and scan speed, the
white bond paper printed with ink lines with the widch of 60 m
was employed. Five laser spot diameters were selected (15, 40, 65,
80, and 100 pm) and nine scan speed values were used (10, 30,
50 G5, 80, 100, 200, 300, and 400 wms—!') with each spot diame-
ter. The laser beam fluence and repetition rate were 9]cn2 and
10 Hz, respectively. Prior each ablation scan, a 10s pre-ablation
time was used for recording of background intensities of measured
isotopes. Average background intensity was then subtracted from
gross intensity recorded during ablation. LOD was calculated as a
ratio of triple standard deviation of background signal and sensi-
tivity of 5°Cu*.
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Elemental mapping of tapeworm thin section was performed
under the following optimized conditions: laser spot diame-
ter 65 um, scan speed 65 ums=', repetition rate 10Hz, fluence
9Jem—2,

2.2. Growing and contamination of tapeworm

Two male Wistar rats (Wistar strain; commercial supplier Velaz,
s.r.o., Czech Republic) were inoculated at the age of 2 months by
H. diminuta larvae (cysticercoids ). The test animals were placed in
individual cages, where they were kept under standardized condi-
tions (224+2°C, 12/12h dark/light cycle) and grown for 6 weeks.
During this peried, host rars were fed at standard peller diet (ST-1;
Velaz, s.r.o., Czech Republic) and were allowed to drink water ad
libitum. One rat was given repeated per-oral doses of lead nitrate
(p.a, grade; Lach-Ner, s.r.0., Czech Republic). Each individual dose
contained 6 mg of Pb (i.e. 36 mg of Pb of the total . The other host
rat, which was not subjected to intoxication with lead nitrate, rep-
resented comparative sample. After 6 weeks, experimental animals
were sedated and euthanized, and individual H. diminuta were
immediately removed from the intestines using Teflon® dissecting
instrurments,

2.3. Preparation of tapeworm thin sections

Tapeworm tissues were thoroughly rinsed in double distilled
water, fixed in solution of boiling 4% ethyl alcohol (p.a. grade;
Lach-Ner, s.r.o., Czech Republic) until subsequent procedures. Seg-
ments of the tapeworm strobilae at various stages of maturation
were dehydrated in an increasing ethanol series and embedded in
paraffin wax (Paraplast Plus®, Sigma-Aldrich). Both the transversal
sections and the longirudinal section were prepared using a micro-
tome device (Leica Microsystems GmbH, Germany ). The 40 pm thin
slices (for LA-ICP-MS analyses) and the 10 pum thin slices (for mor-
phological observation) were alternately sectioned and fixed on
Adhesion Microscope Slides HistoBond®+ (Paul Marienfeld GmbH
& Co.KG, Laboratory Glassware, Germany). Subsequently, samples
for morphological description were stained with Weigert's haema-
toxylin, counterstained with a 1% eosin B solution, and protected
with cover glass, while samples for chemical analyses were left
unstained and uncovered for further procedures.

3. Results and discussion

3.1. Optimization of limit of detection, lateral resolution, and
time of analysis

First, the effect of laser repetition rate and laser fluence on abla-
tion rate and consequently on limit of detection in tapeworm thin
section was investigated with preliminarily selected laser spotsize
{100 pm) and scan rate (80 pms—!). As a measure of ablation rate,
the signal of '2C* was used. The study of laser repetition rate has
shown that the signal of '2C* increases up to 10Hz and above
this value remains approximarely constant, while signal of 285i+
appears and then rises, This indicates that maximum ablation rate
has been achieved and ablation starts to propagate into the glass
substrate. The laser beam fluence was varied in the range from 0.5 to
12.0] cm~2. Maximum fluence is limited again by the requirement
thart the laser beam just reaches the rissue/glass interface, which is
indicated by emerging of 28Si* signal. Considering this limitation,
the optimum fluence value was found to be 9Jem—2.

Prior to optimization of limit of detection, lateral resolution,
and time of analysis as response functions of spot size and scan
speed, copper content in printed line was determined because this
informarion is indispensable for calculation of LOD. Inorder to dis-
ringuish between Cucontentin unprinted paper and in printed line,
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Fg. 1. LA-ICP-MS signal in scan mode recorded for laser beam pass across one
printed line at laser spot diameter of 65 wm, scan speed of 10 pms-', laser beam
fluence of 9] cm—2, and repetition rate of 10 Hz.

analysis by method of standard addition [46] was performed both
on printed line (“on line") and on a blank paper (*off line") [45].
Droplets (2 1) of solutions containing 2, 20, 50, and 250 mg [~
Cu were pipetted on the paper (both “on line" and “off-line™), let
dry and then the dried stains and unspiked paper were ablated.
Copper content in unprinted/printed area was found to be 30 and
90 mgkg—"', respectively. Besides, statistically insignificant differ-
ence between slopes of standard addition regression lines obtained
for “on line" and “off line” analyses proved that ablation rate was
identical within random errors regardless of color (black/white).

Anexample of alinescan, an LA-ICP-MS signal record takenwith
the laser spotdiameter of 65 pum and the scan speed of 10 ums=1 is
presented in Fig. | rogether with graphical indication of evaluarion
of apparent width (discussed further in the text), A double-peak
was recorded regularly and reproducibly instead of a uniform flat-
top/single peak ar scan speeds of 10 and 15ums™'. This can be
probably explained by uneven distributionofcopper in printed line
(coffee stain effect) [47], which was not ebserved at higher scan
speeds when the resolution was getting worse. Nevertheless, this
phenomenon does not influence the evaluation of apparent width.

Based on a matrix of LOD vales calculated for each combination
of laser spot diameter and scan speed, it has been found that the
LOD does not depend significantly on scan speed. For example, at
the spot diameter of 100 pm, the LOD varies with the scan speed
in the range from 1.5 to 1.9 mg kg—". Such differences are nort sig-
nificant and that is why the LOD values in Table 1 are given for all
investigated laser spot diameters but enly for a single scan speed
(10pwms—1).

On the other hand, significant influence of laser spotsize on LOD
was observed. Conspicuous decrease in LOD occurs in the range
from 15 to 65 wm, whereas no further substantial improvement
is arrained when increasing the laser spot diameter from 80 to
100 pum. This can be explained as follows. The 3g-based limit of
detection isinversely proportional to the sensitivity supposing that
standard deviation of background signal is roughly constant, which
has been proved, In the first approximation, sensitivity should be
proportional to the amount of ablated material which in turn should

Table 1
Comparison of LOD of copper obtained at various laser beam diameter (15, 40, 65,
80, and 100 um) and same scan speed (10 wms-') at laser ablation of paper.

Laser beam diameter ( wm) LOD (mg kg-')
15 40
40 10
685 5
80 3
100 2

152



Article 10

T. Vaculovic er al. / Applied Surface Sclence 351 (2015) 206-302 299

800

700

600

40

(=]

relative broadening [%]
a
o

20

[=]

10

(=]

o
40

1Sum

e 300 200 100 &

40um W E5 um m 80 um =100 um

laser spot diameter [um]

0

lwII J]JII TJ'TII -
65 50 30 10

scan speed [um/s]
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be propoertional to the laser spotarea (to the second power of the
radius) provided that the fluence is constant. Considering random
error, the LOD values listed in Table | meet this relationship,

For evaluation of distortion of resolution, an apparent width
Wapp of the LA-ICP-MS signal in rime/distance scale was introduced,
which is a difference between the onset of the signal rise and the
end of its drop when the laser spot passes across the testing pat-
tern; in this case, the ink line. Apparent width wapp was determined
for combinations of laser spot diameter and scan speed values, The
onset and end points were obtained as the intersections of trend
lines 1 and 2, and tend lines 3 and 4, respectively (Fiz. 1), Trend
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lines 1 and 4 were obtained from linear regression ficted in domains
of signal recorded within the space between printed lines, while
trend lines 2 and 3 were obtained by linear regression in domains
of signal rise and drop, respectively. The trueness of imaging was
expressed as arelarive broadening A wy,, of the image wypp of the
printed line in comparison with its real width w:

AWre| (%)=

— Wapp =W 199
w

The values of Aw,g for most of the examined combinations of
laser spot diameter and scan speed are displayed in Fig. 2. The
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Fig. 3. Duration of scanning of the sample area of 4 « 5 mm at combinations of laser spot diameter (wm) and scan speed (ums-"'),
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relarive broadening augments with enlarging the laser spot and
increasing the scan speed as well, while the scan speed affects
the breadening more strongly than the laser spot diameter. Thisis
understandable when one considers that the maximum and mini-
mum spot diameter differ by a factor of 6, while the scan speed by
a factor of 40. Above 300 pm s=!, wapp exceeds the real width up
to 7 times. For combinations of 300 and 400 ms—! scan speed
with laser spot diameters of 15 and 10 pm, Awge; could not be
determined because only one laser ablation shot occurred onto the
printed line. The lowest Awq ranging from 2 to 22% is observed at
the scan speed of 10 pms—1.

The differences in relative broadening relate to a combination
of scan speed and a quadrupole mass spectrometer sampling time,
which is the time period required for sequential measurement of
all isotopes in the measuring method. Besides the sampling time
of the used method (0.384s), a washout time of the ablation cell
{1.045) contributes to signal broadening.

4 ggooo
Pb
ICP-MS
INT
(cps)
0
¢ 10000
ICP-MS
INT
(cps)
o

b 1noan|

However, it is not just the limit of derection and lateral res-
olution that governs the usability of the developed LA-ICP-MS
elemental mapping method for a particular task but alse dura-
rion of analysis is important as it determines the operating cost.
Fig. 2 demonstrates the time required for the mapping of a typ-
ical thin section area of 4 mm x5 mm at several combinations of
laser spot diameter and scan speed values, The slowest scan speed
of 10pums~ provides the lowest broadening but is obviously the
most time-consuming, as the mapping of this area lasts from 417 to
2778 min depending upon the laser spot diameter, This is obviously
unacceptable cost for the best resolution, Therefore, the laser spot
diameter of 65 um and the scan speed of 65 pms~! were selected
as compromise operating conditions withrespect to limits of detec-
tion, lareral resolution, and duration of analysis, which is only
100 min. Besides, the time of analysis increases not only because
of slower scan speed, but also due to the fact that a longer line scan
is necessary to cover the area of interest. The smaller spotdiameter

1CP-MS
INT
{cps)

Fig.4. Distribution of(a) Pb, (k) Zn, and (<) Cu in the tapeworm thin section measured at the laser spotdiameter of 65 jum, thescanspeed of 65 pms-', the fluence of 3 am-2,

and |asing repetition rate of 10Hz
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is applied, the smaller spacing between scan lines should be used
in fact (which was not applied here). However, this would further
prolong the analysis because of higher density of ablation raster.

3.2. Elemental mapping of tapeworm thin sections

Mapping of distribution of Pb, Cu, and Zn in 4 mm x 5mm area
(Fig, 4) of a tapeworm thin section took 100 min under compro-
mise operating conditions (laser spot diameter of 65 jum and scan
speed of 65 ums—!). Distribution of lead differs significantly from
that of zinc or copper. Circumferential band along the edge of the
tapeworm thin section is enriched with lead, and an increased
content of Pb is observed also in the central part of the section,
being rather randomly distributed (Fig, 4a). In contrast, the map in
Fig. 4b, exhibits very low occurrence of Zn in the circumferential
band, while the inner part of the section shows almost continu-
ous area of substantially elevated presence of zine. Copper exhibits
the same lateral distribution as zinc (Fig. 4c). A higher lead con-
tent in the layer below the surface of the tapeworm body is due to
the penetration of lead from surrounding nutrient solution through
the body surface. In contrast, copper and zinc are essential ele-
ments and therefore are incorporared in keratin tissues and organs.
Higher scan speed and larger laser spot diameter (300 pms=' and
100 um) considerably decrease time of analysis (14 min), but the
deplered/enriched zones are not identified because of 700% broad-
ening.

4. Conclusion

The influence of operating conditions of alaser ablation system,
namely laser repetition rate, laser fluence, laser spot size, and scan
speed, on several response functions (limit of detection, lateral res-
olution, and time of analysis) were studied for LA-ICP-MS elemental
mapping of a tapeworm tissue. Ink lines printed on paper were
employed for investigation of influence of laser spor size and scan
speed on limit of detection, lateral resolution (broadening of pat-
tern),and time ofanalysis. Uneven (bimodal) distribution of copper
across the printed ink line was observed, probably due to the so-
called coffee stain effect. Compromise conditions have been found
using classical optimization based on varying one parameter at a
time. Spatially well-resolved elemental (Cu, Zn, and Pb) maps were
obtained for the tapeworm thin section at the laser spot diameter
of 65 pm and the scan speed of 65 pms=" in 100 min. A dissimilar
lareral distribution of Pb was observed in comparison with that of
Cu or Zn due to different pathways of element uptake. Thus, the
obtained elemental maps can be subjected to quantification with a
suitable calibratien, which is the aim of further study.
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: Wedescribe a new procedure for the parallel mapping of selected metals in histologically characterized
. tissue samples. Mapping is achieved via image registration of digital data obtained from two

neighbouring cryosections by scanning the first as a histological sample and subjecting the second

¢ tolaser ablation inductively coupled plasma mass spectrometry. This computer supported procedure

enables determination of the distribution and content of metals of interest directly in the chosen
histological zones and represents a substantial improvement overthe standard approach, which
determines these valuesin tissue homogenates or whole tissue sections. The potential of the described
procedure was demonstrated in a pilot study that analysed Znand Cu levelsin successive development
stages of pig melanoma tissue using MeLiM (Melanoma-bearing-Libechov-Minipig) model. We
anticipate that the procedure could be useful for a complex understanding of the role that the spatial
distribution of metals plays within tissues affected by pathological states including cancer.

Intensive multidisciplinary cooperation involving the life sciences and technology has produced complete
genomic DNA sequences for a number of living organisms, but the differences between normal and pathological
cellular functions remain to be fully elucidated. Zn, the most abundant transition metal in most cells, plays a

¢ vital role in the functions of more than 300 enzymes, DNA stabilization, and the regulation of gene and protein

expression. Zn modulates varlous biological processes, including apoptosis’, homeostasis, and oxidative stress?,
and multiple functions of the immune system?.

Zn s also an impoertant player in various diseases, including cancer and aging-related disorders. One of the
largest meta-analyses (22,737 participants) of the role of Zn in cancer yielded somewhat conflicting results: ele-
vated serum Zn levels were not observed in any type of cancer, and decreased serum Zn levels were observed only
inlung, head and neck, breast, liver, stomach, and prostate cancers'. However, Zn patterns were evident at the
tissue level, with increased levels in breast cancer tissue and decreased levels In prostate, liver, lung, and thyroid
cancers. Ambiguous results for serum and tissue Zn levels were reported for the other Included tumours across
the analysed studies. These findings Indicate the complex role that Zn plays during the transformation of normal
tissue to cancerous one.

The ebserved range of Zn values suggests that Zn levels are influenced by numerous factors, including the ori-
gin of the studied tissue, particularly the structural characteristics of the tissue. Cancerous tissue is histologically
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heterogeneous; cancer cells are unevenly dispersed and form clusters of different sizes that are surrounded by
normal stromal cells. To elucidate the underlying processes, data must be obtained from histologically homoge-
neous parts of the studled cancer sample. New methods that can Integrate this additional information are needed.
We have therefore designed a method that automates the process of combining and matching spatially reselved
results from diverse imaging techniques, namely, histological and spectroscopic descriptions of the studied sam-
ples. We validated this new method in a case study whereby the Zn and Cu contents and their distribution in pig
melanoma using the MeLIM (Melanoma-bearing Libechov Miniplg) model were analysed. In cancer-affected
MeLiM animals, spontaneous regression of melanoma and rebuilding into fibrous tissue frequently occur during
postnatal development®. The proposed method was used to detect and quantify both the Zn and Cu blometals
directly in very small, histologically uniform and mutually distinct zones of melanoma samples, providing an
efficient method for monitoring changes in metal levels during the process of spontaneous regression. The same
method can be easily modified for applications to other biometals and/or tissue samples.

Results

Histological heterogeneity of pig melanoma in the MeLiM model.  The MeLiM (Melanoma-bearing
Libechov Miniplg) strain of minfature pigs with heritable cutaneous melanoma is an eriginal animal cancer model
with histopathological, biochemical and molecular biological similarities to human melanoma®*. Multiple skin
melanomas appear at birth or shortly thereatter in approximately half of all piglets. More than 2/3 of the affected
minipigs display complete spontanecus regression of tumours, which is usually accompanied by skin and bristle
depigmentation. After a short postnatal period of tumour growth, the first signs of spontaneous regression, both
macroscopic (flattening and grey colour of tumours) and microscopic (gradual destruction of melanoma cells,
reduced expression of collagen IV and laminin, and rebuilding of tumour tissue into fibrous tissue), are observed.
Ten weeks of age appears be a turning point In the transition between tumeur growth and spontaneous regres-
slon In MeLiM melanoma®. The incidence of spontaneous regression of melanoma s high in the MeLiM model.
Melanoma cells are gradually destroyed after a short postnatal perlod of tumour growth, and the tumour tissue
is rebuilt into fibrous tissue. In connection with this process, four structurally different zones were distinguished
in the histological samples and marked with various colours (Fig. 1): GMT (the zone of normally growing mela-
noma tissue- red rectangles), ESR (the zone of early spontaneous regression - vielet rectangles), LSR (the zone of
late spantaneous regression - yellow rectangles) and FT (the zone of fibrous tissue — green rectangles). A detailed
histological view of the zones and their description are given in Fig. 2A-D. Particularly, using haematoxylin-eosin
staining, four histologically different zones were distinguished in the collected melanoma samples (Fig. 2A-D):

-+ The zone of normally growing melanoma tissue (GMT) was composed of heavily pigmented, intact mela-
noma cells, which were distributed close together with narrow extracellular spaces (Fig. 2A).

« The zone of early melanoma cell destruction (early spontaneous regression, ESR) included cellular debris
from some of the damaged melanema cells, but a considerable number of melanoma cells were still well
preserved (Fig. 2B).

+ The zone of late melanoma cell destruction (late spontaneous regression, LSR) was characterized by extensive
damage to the melanoma tissue (forming predominantly cellular debris with small groups or individually
dispersed melanoma cells) and its inciplent rebuilding in the fibrous tissue (Fig. 2C).

« The zone of fibrous tissue (FT) arising by the total rebutlding of tumour tissue. A small number of remaining
melanoma cells were occasionally still present (Fig. 2D).

Age-dependent changes in melanoma structure were clearly observed. In the melanoma of the youngest
(4-week-old) animals, zones of normally growing melanoma tissue were distinctly prevalent compared with zones
of early melanoma cell destruction. The other two zones were entirely missing. The number and size of the GMT
zones decreased with age, whereas the opposite tendency was observed in the zones of ESR and late melanoma
cell destruction (the latter appeared in 6-week-old animals). The damaged tumour tissue was gradually replaced
by fibrous tissue, which was first observed in 15-week-old minipigs. In the melanoma of the oldest animals (22
weeks old), zones of late destruction of melanema cells were most prevalent, and fibrous tissue occupied the
areas between the zones. In these minipigs as well as in the 15-week-old minipigs, zones of GMT were no longer
observed. Using the method suggested 1n the present paper, selected zones were matched with the elemental map
(ofthe nelghbouring cryosection) as provided by laser ablation with the aim of comparing Zn and Cu content in
melanoma during melanoma growth and successive stages of spontaneous regression,

Elemental imaging. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) enables
the measurement of the metal content in a selected zone ranging fromone to several hundred micrometres on
the sample surface. LA-ICP-MS provides an ideal, rich source of information because it can match each ablation
pixel (the smallest part of the studied sample that can be distinguished using ablation) to the relevant quantified
information about the presence of most chemical elements. Laser ablation parameters, such as laser beam fluence,
laser spot size, and scan speed rate, determine the time necessary for analysis of any sample as well as the accuracy
of the obtained results. These parameters were optimized toensure the required performance, namely a low [1mit
of detection (LOD) and low broadening of images within a reasonable time period of analysis. This optimization
was performed by ablation of white paper with printed ink lines of 800 pm thickness. For this purpose, the #*Cu
signal was recorded because this element is present in the used ink'",

Elemental mapping was performed using line scan mode so that each line started on a glass substrate outside
the tumour tissue. The laser beam was moved on the sample surface continuously along a straight line with a
constant scan rate of 200pm/s. The laser beam diameter and the distance between individual straight lines were
both 100 um. The laser beam fluence and the repetition rate were optimized, and respective values of 8]/cnr?®
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Figure 1. A schematicdescription of the whole transfermation process from cryosections to matched
layers representation and statistical evaluation. {A) The two cryosections were sliced from tissue,

{B) the narrow slice is used for histological analysis and to find uniform spots - red - GMT (normally growing
melanoma tissue), violet - ESR (early spontaneous regression), yellow - LSR (late spontanecus regression)

and green - FT (fibrous tissue). (C) The wide slice is photographed and (D) measured by LA-ICP-MS. (E) The
measured elemental maps are normalized with respect to dry weight. The slices are registered in two steps.

(F) Firstly, the normalized metal maps are registered with the slice photography and secondary, the result of
the first step is registered with the histological scan. The registration is based on silhouette registration. (G) The
output of the process 1s a layered representation of tissue consisting of a histological layer with selected spots
and metal layers. (H) The layered representation of all tissues 1s statistically evaluated. Our data confirm the
lypothesis that content of zinc in the zone of growing melanoma tissue (GMT) is significantly greater than in all
remalning zones.

and 20 Hz were used for all LA-TCP-MS analyses. The high laser beam fluence was used to prevent Influence of
differentablation rates (see section 2D fmaging” for more detalls) and was optimized to reach the glass substrate
during laser ablation.

The quantification was based on calibration performed using agarose gel standards prepared by spiking with
known amounts of Cuand Zn, for Cu see in Fig. 3A. The prepared calibration standards contained single metal
content of 0, 20, 100, 500 and 2000 mg/kg, Each standard was ablated in triplicate using the same ablation param-
eters used for iImaging. Background correction was performed by subtraction of the average signal obtained using
a carrler gas blank (He).

Ablation parameter setting and relative broadening of images. In imaging by means of
LA-ICP-MS, a broadening of imaged patterns occurs that can be evaluated as described previously'*'%. The
broadening 1s mainly due to a combination of the laser spot size and scan speed rate. Hence, these parameters
must be carefully adjusted with respect to the size of the treated samples (due to time of analysis) and the size of
the zones of Interest (due to trueness of imaging).

Histelogically different zones in minipig tumour tissues were well-defined areas inside the analysed tissue
samples with a size of several hundred micrometres in each dimension. Eight scan speed rates were used for
the optimization (80, 100, 150, 200, 300, 400, 500 and 1000 wm/s). Due to the large dimensions of the imaged
tissue samples (approximately 8 < 5 mm), a laser spot size of 100um was selected to reach a minimal LOD. An
increase in the laser spot size resulted in a lower LOD'™'®. The apparent width w,,, was calculated to evaluate
the broadening caused by the various scan speed rates. w,,,, was obtained as the difference between the onset of
the signal increase and the end of its decrease after the laser spot passed across the testing pattern (ink line). The
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Figure 2. Four histologically differing zones identified in haematoxylin-eosin stained skin porcine melanoma:
(A) growing melanoma tissue (GMT), (B) melanoma tissue with early destruction of melanoma cells (early
spontaneous regression-ESR), (C) melanoma tissue with late destruction of melanoma cells (late spontaneous
regresslon-LSR), (D) fibrous tissue (FT') with a few remalning melanoma cells. Scale bar= 50 pm (*= melinoma
cells; += cellular debris from damaged melanoma cells; x= fibrous tissue).

onset polnts were abtained as the intersections of the trend lines a and b, and the end points were obtained as the
Intersections of the trend lines ¢ and d. The trend lines a and d were obtained from linear regression fitted to the
domatns of the signal between the printed lines, whereas the trend lines 2and 3 were ebtained by linear regression
in the domains of signal rise and drop, respectively. The trueness of Imaglng was expressed as the relative broad-
ening Aw,, of the image w,,, of the printed line with respect to its real width w.

The dependence of the relative broadening on the scan speed rate is displayed in Fig. 3C The relative broaden-
ing increased from 5% to more than 200% as the scan speed rate increased from 80 to 1000wm/s.

However, the lateral resolution and LOD were not the only parameters considered in developing the
LA-ICP-MS elemental mapping method. The duration of analysis is an important parameter because it affects
the operating costs. The times required for mapping are displayed in Fig. 3B and were calculated for typical thin
sections of our samples of tumour tissue (8 « 5mm). The time required for analysis decreased with the increasing
scan speed rate: whereas approximately 400 minutes was needed for a scan speed rate of 80 pm/s, only 20 minutes
was needed for a scan speed rate of 200 pm/s. However, the broadening observed for these parameters was greater
than 200%. Hence, a scan speed rate of 200 um/s was selected as an optimal compromise because it resulted in a
relative broadening of 40% and duration of analysis of 150 min.

2Dimaging. Laser beam fluence is one of the most crucial parameters for laser ablation. The laser beam
tluence mainly affects the ablation rate, the amount of material released during one laser pulse. Variations of
the ablation rate complicate the quantification of LA-ICP-MS experiments because each laser pulse releases dif-
ferent amounts of analysed matertal in the selected range. There are multiple methods to compensate for this
uncertainty. The first approach utilizes normalization to the sum of 100%™ and can be successfully used for
single-spot analysis or imaging of materials with well-known matrix composition to determine the appropriate
multiplication coefficient that results in the whole content of 100%. This approach cannot be used for samples
with a complex matrix contalning large amounts of non-determinable elements or thelr groups (e.g., fluoroapa-
tite, in which OH- is substituted by F-, or biological samiples contalning O, N and H).

[nour case, the analysed tumour tissue represents samples containing large amounts of non-determinable ele-
ments (O, N, and H). Hence, the normalization approach based on the sum of 100% cannot be used successfully.
The second normalization approach is based on utilization of an internal standard’®, Le., monitoring an lsotope
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Figure 3. (A) LA-ICP-MS signal in line scan mode recorded for laser beam pass across one printed line at laser
spot diameter of 100pm, scan speed of 20pum s, laser beam fluence of 8 Jcm~? and repetition rate of 10 Hz.
(B) Duration of scanning of the sample area of 15 x 15 mm at varfous scan speeds (pms—'). (C) Relative
broadening of a printed line {expressed in %) with width of 800 pm obtained at various scan speeds (pms™').
(D) Elemental maps of C, St and Zn obtained at “soft” ablation parameters (2]/cm™2) for tissae K320/1 (12
weeks old). (E) Elemental maps of C, St and Zn obtained at “hard” ablation parameters (8 [/ cm ) for tissue
K320/1 (12 weeks old).

with a known amount. It Is necessary to rely on Internal standards such as C, which is abundant in the sample.
However, when carbon s used as an internal standard, marked systematic error arises due to the production of
carbon-containing gaseous species, resulting in high losses of the carbon signal durtng laser ablation!”.

As mentioned above, differences in the ablation rate complicate Imaging due to varlations in the amount of
ablated tissue. This phenomenon could be minimized if controlled amounts of materfal were released during
each laser pulse. Hence, we suggest a total mass removal approach when the whole layer of tissue {5 completely
released. The 51 signal indicates when the whole laver of tissue Is removed and the glass substrate is ablated as well.
Moreover, if the glass substrate does not contain speclal-interest elements (Zn, Cu and C), there is no danger of
contamination from the glass substrate, and the signals of Zn, Cuand C arise from the tissue only.

Elemental images of two nearby thin sections were compared. One section was ablated at high laser beam flu-
ence (8 J/cm®-hard ablation), and the second section was ablated at low laser beam fluence ( 2 J/cm®-soft ablation),
whereas thickness of the given sections were considered to be critical and, thus, were controlled by the slicing
machine, where relative standard deviation did not exceed 5% and did not significantly influence further dis-
cussed observations. The terms hard and soft ablation are used In this text for explanation only. When soft abla-
tion is applied, the signal 0f**Si corresponding to the ablation of the glass substrate under the tissue is not strongly
enhanced compared to the gas blank value (Fig. 3D). Thus, the laser beam fluence Is not sufficient to ablate the
whole layer of the tissue, and the glass substrate is not reached, with the exception of two small reglons in the left
part ofthe tissue. When hard ablation is applied, significantly higher intensities of 238t are observed (Fig. 3E). The
range of the 2Si scale is 30 times larger than that of the soft ablation image, indicating that the glass substrate was
reached and that the tumour tissue was ablated completely. In the case of the Zn image, we can observe strong
enrichment in the lower right corner of tissue. The strongly enhanced Zn signal does not originate from the glass
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Figure 4. Photographs of two nelghboring cryosections prepared to be subjected (o laser ablation and to
histological analysis (A,B). The tmage C is the result of registering the images (A,B). The blue rectangle
indicates in the images (A-C) the minimal rectangle (with sides parallel to axes) the image fits in. The red line
in the image (A,C) accentuates orientation of the corresponding borders on both the images, Tmages (B,C)
are compared 1n the image (D): while the places appearing in both images have black color, the space in blue
corresponds to symmetric difference of both tmages as explalned In Supplementary Note 1,

substrate, as confirmed by comparison with the parts of the lmage where the glass substrate was analysed only
(red part from Si image and blue part of carbon Image). The Zn signal is clearly close to zero in all of these regions.

Arguments supporting the need for registration.  As it was mentioned above, the data about the spa-
tlal distribution of each chemical element can be depicted in the form of an “element heat map” (see Fig. 3D.E).
Because the heat maps of all elements can be obtalned during one analysis of a single sample, the maps have
identical shape, orlentation and resolution and are thus ideal for addressing questions such as the relationship
between the presence of Zn and Cu 1n selected ablation pixels of the studied sample. However, the task becomes
much more complex when additional information, such as the histological properties of the considered zone,
must be ncorporated because such nformation must be determined from another tissue section. Two neigh-
bouring serlal eryosections of the original tissue sample must be available, one of which is subjected toablation,
whereas the other 1s subjected to standard staining for histologleal analysis. Both treatments produce digital
images providing complementary information about the tissue sample. Data corresponding to the selected zone
from both treatments must be paired. Fig. 4A and B present photographs of two neighbouring cryosections
acqulred under the same technical conditions; n-an 1deal case, the two samples should have identical contours.
The two samples are intended for different types of treatment: the sample in Fig. 4A is ready to undergo the
ablation procedure, whereas the sample in Fig. 4Bwill be subjected toa histological analysis. Both samples are so
tender that handling them may change both their shape and orientation slightly; the tissue can stretch, or some
of Its parts may be pinched. Comparison of the two images reveals stretching in both dimenstons, with a larger
change in thevertical axis: the image in Fig. 4B fits into the blue rectangle with a size of 17.5x 18, whereas anarea
of 20 x 23 Is necessary for the image In Flg. 4A. Linear transtormation of one of the limages s sultable to solve
this problem. Linear transformation of the image in Fig, 4A 15 followed by registration to match the histological
scan of the samiple \n Fig. 4B, The resulting image, Fig. 4C (obtalned by transformation of Fig. 4A), has aslze of
18 % 18, which is very close to that of Fig 4B, The area in which the two images do not match isclearly identified
by blue colour in Fig, 4D,

Comparison of the slices before reglstration of Fig. 4A to B and after this registration (Fig. 4C) indicates that
the slices du not have the same orlentation. This can be clearly demonstrated through comparison of the angles
between the red lines defining one of the borders in both plctures and the horizontal line. Let us estimate the
correspond ing tangent values using the scale underlying both images: while this value ts 23/2=11.5 for the image
a, 1115 15/3= G for the image b. The resulting difference in the orientation of both Lmages 1s approximately 0.055%
{or 107

Moreover, the size and granularity obtained from the heat map produced from LA-ICP-MS and the histo-
logical image can differ by an order of magnitude, depending on the applied magnification. Thus, the absolute
size of a pixel in the histologieal image differs significantly from that of the ablation pixel. To make full use of the
formation about the spatial distribution of diferent metals in the sample, a homogeneous cluster of cells must
be Identified tn the histological image, and the corresponding zone must be located 1n all considered element
heal maps, This task can be approximately resolved manually by taking advantage of the human ability to match
similar objects, as demonstrated 1n a breakthrough study of nine samples of invasive breast carcinoma®®. However,
manual matching is not a viable selution for frequent analysis of large sample sets. We therefore designed and
developed a software method that autemnates the process of combining and matching spatially resolved results
from diverse imaging techniques, namely histological and spectroscopic descriptions. Our method, schematized
in Fig. 1, first registers the digital Images to project the contours specified in one image to the corresponding
pixels of the other images. Consequently, if a zone of interest Z 15 outlined 1n one of the images (e:g., histologi-
cal image), the matching zone 2’ 15 identified automatically in any other image. Thus, 1t 1s possible to combine
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available complementary data about both matching zones Z and Z' (e.g., histology description of Z and Zn con-
tent obtained from Z'), a necessary step towards a modern methodology of analysis, interpretation and integra-
tion of biochemical data from diverse sources.

Image registration and creation of layered multidisciplinary description.  Each tissue sample was
submitted to analysis by two fully independent methods, namely histological scanning and the LA-ICP-MS meas-
urement, and the results for the presence of Zn and Cu in specified histologically uniform locations of the sample
were compared. Each of the applied methods processes (and destroys) one of the two bordering serlal tissue
sections from the same biological sample (Fig. 1A), whereas each delivers its results in the form of a digital image.
Morphology of the studied tissue suggests that the corresponding zones [n these sections can be assumed to
represent identical histological structures provided the selected zones are placed inside of a histologically homog-
enous tissue and thelr diameter 1s several times bigger than the thickness of the used slices. These conditions were
respected during data collection. A standard method for overlaying two different images that has been extensively
studled in the context of computer vision and is referred to as image reglstration was applied®. Particularly, the
methodology of image registration 1s well developed and offers ample approaches for overlaying two or more
images of the same sectlon obtained from different viewpoints or by different sensors'”. The affine transformation®
was chiosen for the registration of the studied images after considering other relevant methods. The main benefit
of the affine transformation Is its simplicity and understandability due to the linear transformation it applies to
map the new image on the reference image. Let us assume that an image is a function of two variables I{x, y) that
assign an intensity value to the pixel with specific coordinates x and y. The affine transformation of the 2I) image
1s asimple linear mapping in the form of Equation No. 1:

£ a b cl Jx
Vi=|d e f (}"’
1 oo 1] Il

where x and y are the coordinates of pixels in the original image and x" and y’ are the coordinates of the cor-
responding pixels in the transformed image. The treatment of the image Is fully characterized by the constant
parameters a-f of the 3 x 3 transformation matrix T in the middle of the equation. The affine transformation
can accomplish translation, rotation, and scaling as well as shear deformation of pixels. The quality of the match
between the reference image and the transformed Image is characterized by a symmetric difference of both
images, as depicted In Fig. 4. This difference should be zero in the ideal case.

Multiresolution image registration® that applies an iterative gradient algorithm is one of the basic procedures
for estimation of the parameters a-f of the transformation. It 1s robust and ensures good results. The registered
images were reduced to silhouettes to simplify the parameter estimation and to avold preblems of different modal-
ities of the registered images. The use of silhouettes allows for the definition of the brightness function I(x, y),
defined as follows:

I(x, v)=1 for a pixel belonging to the stthouette

I(x, y) =0 elsewhere

First, the registered lmage must be described in the same coordinate system as the reference image. In the
next step, registration can be ensured. The sum of squared differences between the reference image and the reg-
istered Image (SSD), Fig. 5) was chosen as the criterlon to be minimized during the reglstration procedure. For
the silhouettes of the reference image I, (x, y) and the image to be registered I, (x, y), the S3D may be defined by
Equation No. 2:

SSD(Inps L) = S5 Ll 1) = Lg b ]
X ¥

The parameters of the mapping between both images can be determined by minimizing the SSD with the
gradient algorithm. To ensure convergence of the gradient algorithm, iterative (gradual) estimation of the param-
eterson a dyadic decomposition of the images was used [21]. This multiresolution image registration approach
decomposes both considered images into a sequence of Images with decreasing resolution (the resolution of each
successive Image Is half that of the preceding Image). The maximal length [, of the sequence of these decom-
positions depends on the integer part of the smallest dimension d,,,,, (width and/or height “given in pixels of the
considered image”) of both silhouettes and is given by the following expression as Equation No. 3:

Loe=log,(d, ;) — 1

This upper limit for /,,,, ensures thatany of the images in the sequence will have at least 2 pixels in its smallest
dimenston. The procedure starts with the pair of images (reference and registered) with the lowest level of res-
olution. The parameters of the transformation are estimated for the given resolution by the gradient algorithm,
and thelr values are used as the initial choice of parameters for the estimation of transformation in the next step,
which treats the palr of Images with resolution two times higher than the last (the iterative step). These steps are
repeated until the original resolution of both Images is reached and the final parameter estimates are obtained.

There are even more powerful types of transformations, but atfine transformation proved to be sutficient for
our purposes. All operations performed by the affine transfor mation on the image of the tissue sample may be
identified with the actual treatment of the sample, such as compressing or stretching of the cryosection during
cutting or shifting and rotating during the placement of the cryosection on the slide. The described transforma-
tion of coordinates must be followed by the interpolation of the original brightness function to obtain detatled
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Figure 5. The illustration of the SSD criterion for image registration. The panels (A B) show the reference
Image and the image to be registered. The panel (C) shows overlaying of both the images, the gray part
correspands to the difference between the images. The panel (D) shows the difference on itself Asthe patterns
are 3 3 pixels, the difference part corresponds to S5D of 4

information about the transformed image with respect to the new coordinate system. Linear interpolation was
used in our case. Our aim Is to provide complex information about individual areas of the tissue samples as
provided by the considered methods for their analysis. The first step toward this goal s to determine the match
between the histological scan and tissue slice photography and also between the tissue slice photography and the
laser ablation measurements. The parameters of both transformations were estimated by MATLAB's universal
optimizer for unconstrained optimization supplied with the optimization toolbox.

Output of the analysis with biological significance. The preceding procedures provided data for 10
tissue samples each from 10 Individual animals of five postnatal ages. Three histologically different zones were
observed in each sample obtalned from minlpigs at 6 weeks of age or older (GMT, ESR and LSR at the age of 6
weeks; ESR,LSR and FT at the age of 15and 22 weeks), two zones only (GMT and ESR) were detected in the sam-
ples from the 4-week-old minipigs. In each individual sample, 10 to 15 spots (3-5 per each zone) were annotated,
resulting in 125 annotated spots that were subjected to the statistical analysis described in Supplementary Note 1.
The sample means counted from all annotated spots, which were obtalned by transforming the histological annota-
tion Into content map coordinates, revealed a tendency for decreasing Znand Cu content during spontaneous dis-
integration of the melanoma tissue and rebullding into fibrous tissue (see Fig. 6A-F and Supplementary Table 1).
Because the individual animals had different overall metal contents (in the whole tissue sample), a linear mixed
effect model?>** was applied to distinguish differences originating from Interindividual variation from actual
differences among histologically different zones of tissue. Differences among the tissue zones were predicted
as fixed effects, and the indicator of an animal was used as a random effect. The resulting p values estimated by
non-parametric bootstrap test* were corrected by the Bonferroni correction for multiple comparison®.

The exploration of values depicted in Supplementary Table 1 inspired four hypotheses on the presence of
metals In different tissue zones. The testing of these hypotheses Is documented in Supplementary Table 2. Table 1
reviews the estimated coefficients of the linear mixed effect model for two hypotheses: “The average Zn (or Cu)
content in the GM T zones is lower than that in the remaining zones (ESR, LSR and FT).” To maintain the overall
error rate at (.05, the threshold for p values {used in the decision to refute the hypothesis) was 0.0125 according
to the Bonferronl correction for multiple comparisons, The presented p values indicate that the null hypothesis
can be rejected only in case of Zn. Our data confirm that the Zn content in the zone of growing melanoma tissue
(GMT) was significantly greater than In all remaining zones, which represent consecutive stages of the tumour
tissue that arise as a result of the spontaneous regression of melanoma (ESR, LSR) and Its final rebuilding into
fibrous tissue.

Discussion

Serum levels of Zn and Cu in melanoma patients have been suggested as valuable diagnostic and prognostic
parameters but have vielded conflicting results. The Cu level (but not the Zn level) was generally elevated in
melanoma patients, reflecting the degree and extent of tumour activity™. By contrast, serum Cu concentrations
were ldentical in melanoma patients and healthy individuals, whereas the serum Zn concentration was signifi-
cantly increased in melanoma patients™. In tissue sections, the Zn level was elevated in the majority of melano-
mas in comparison with the skin of healthy controls. However, the Cu level was increased in some melanoma
patients®, The content of melanosomes in skin melanocytes is considerably lower than in melanoma cells, ade-
quately explaining the results of the tissue analysis. Serum concentrations of Zn and Cu are probably greatly
influenced by changes in melanosomal membrane permeability due to differences in the cellular milleu, with
consequent leakage of reactive melanin precursors (mostly DOPA quinones and semiquinones) whose redox
cycling reactions produce H,0.*. Asa type of physiological defence, cells can over-express Zn-containing anti-
oxidant molecules or transport and aceumulate them from ad)acent tissues. Another pivotal blometal, Cu, acts as
a cofactor of tyrosinase, the principal enzyme in the synthesis of melanin pigment from tyrosine®. This process
15 schematically depicted in Fig. 7.
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Figure6. Average content of Zn and Cu in all samples (A, D) and in samples stratified according to age of
minipigs (B,E). Box plots (C,F} visualize dispersion of data correspending to average Zn and Cu content in
specified tissue zones by samples as well as by individual samples as awhole for all 10 considered minipigs (the
white box plot).

The suggested novel software-supported technique for Zn and Cu mapping permits not only simultaneous
quantification in the same tissue cryosection but also detection of both metal lons in very small, histologlcally
characterized zones of tissue, an Important advantage compared to thelr determination in tissue homo genates or
in whole tissue sections. We used skin melanoma samples from MeLiM animals of various ages to develop and
validate this technique. Our findings (Fig. 6A-C) indicate that the Zn content of a given zone is approximately 3
or 4 times higher than that of Cu (Fig. 6D-F). Moreover, the content of both metals declines as a result of advanc-
ing spontaneous regression (due to destruction of melanoma cells by anti-tumour immune reaction). One may
suggest that the reason for these changes should be somewhat connected with the expression of proteins, mainly
the metal binding ones. From hundreds of the proteins able to bind Cu and Zn, we highlighted tyrosinase and
Tyrp 2 (tyrosinase-related protein 2)/Det (dopachrome tautomerase), two membrane-bound glycoproteins and
key enzymes for the synthesis of melanin, where the mentioned metal lons serve as cofactors In the metal-binding
sites®!. Moreover, so called "universal soldiers” metallothioneins (MTs) also have binding capacities for Zn and
Cu, whereas these are somewhat related to cancer related processes™ -, On the other hand, imaging metal species
in biological tissue presents a complex analytical challenge: a suitable strategy requires a balance of sensitivity,
selectivity and spatial resolution™, Hare et al. recently showed how they could increase spatial resolution of pro-
tein detection using gold-labelled immunohistochemical approach for LA-ICP-MS imaging tyrosine hydroxylase.
Their results were assoclated with iron distribution, whereas fiindings are critical for further research in the field
of neurotransmitters. In addition, our results suggest that the content of Zn and Cu for a given zone fluctuates
during the postnatal period, mainly in the earllest ages (4-8 weeks of age). Ten weeks of age appears to be a turn-
Ing point In the transition between tumour growth and spontaneous regression in MeLiM melanoma®, These
relatlons need to be further related to protein spatial distribution, where the above mentioned enzymes and
metallothioneins will be further targets.
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Table 1. The averagesand differences of Znand Cu contentsas estimated by the linear mixed effect model
and corrected by random effects are provided in the relevant section of supplementary; the diagonal
values are the estimated average contents in the respective zones, and the oft-diagonal values indicate their
differences.

Material and Methods

Animals and tissue samples. Ten MeLiM animals with multiple skin nodular melanomas (2 pigs each at
ages of 4, 6, 8, 15and 22 weeks) were used in this experiment. One melanoma wasexclsed from each animal under
total anaesthesia [ premedication with intramuscular (L.m.) atropine 0.5 mg/minipig (Hoechst-Biotika, Slovak
Republic), followed by Stresnil 1 mg/kg ofbody weight (Janssen Pharmaceutica N.V,, Belgium) and Narcotan
inhalation (Leciva, Czech Republic)]. Vetalgin (0.5 mg/kg of body weight; Intervet International, Germany) was
applied L.m. to control pain after tumour excision and wound suturing. This experimental treatment was per-
formed in accordance with the Project of Experiment approved by the Animal Sclence Committee of the [APG
AS CR, vvl. (Libechov, Czech Republic), following the rules of the European Convention for the Care and Use
of Laboratory Anlmals.

Tissue blocks (approximately 8 x 5mm) of irregular (trapezoidal) shape were obtatned from each melanoma.
The specific polygonal shape of the cross-section of each block facilitates identical orientation of serial tissue sec-
tions used for both histology and LA-ICP-MS. Tissue blocks were placed on a piece of cork, covered with Jung
Tissue Freezing Medium (Lelca Micro-systems, Germany), and frozen inliquid nitrogen immediately atter tumour
exciston. Serlal cryosections (Spmand 30pm thick for histology and for LA-ICP-MS, respectively) were prepared
by the Letca CM 1850-Cryostat (Leica, Germany), air dried (30min) and stored at —20 °C until further processing.

Prior to this study, we did a preliminary one, where we tested two Issues. The first one was whether we are
capable of measuring spattal distribution of metal lons within a tissue section. For this purposes, we prepared
sections of various thickness (from 5 to 50pum) and found 30pm the best from the peint of view of sensitivity and
also not influencing varfability of a spatial distribution within a tumour.

Histology. Haematoxylin-eosin staining was applied to.observe tissue structure. Cryosections (8 pm thick-
ness) were fixed with ethanol (20 min), washed with distilled water (3 times, 3min each) and treated with
Weigert's haematoxylin (20 min) for nuclei staining. Then, the cryosections were washed with running tap water
(20min), followed by distilled water (3 times, 5 min each). The cytoplasm was counterstained with 1% eosin
alcoholic solution (1 min). After washing with distilled water (3 times, Smin each), the stained sections were
embedded In glycerine felly. Whole cryosections were scanned by a V§120 Olympus microscope with OlyVIA
software (Olympus, Japan). GIMP software was used to identify four histologically different zones of tissue in the
scanned pictures. Three to six rectangular areas of each zone per cryosection were chosen for comparison with
Znand Cu maps to detect thelr local contents.

Elemental mapping procedure with LA-ICP-MS. Imaging experiments were performed using an
LA-ICP-MS setup consisting of the laser ablation system UP213 (Supercell®, NewWave, USA) eperated at a wave-
length of 213 nm. The system was equipped with a CCD camera for investigation of the sample during laser ablation.
The ablated materfal was washed away using helium {1.01/min) from the ablation chamber (Supercell®). Argon flow
(0.61/min) was admixed into a flow of helium with the sample aerosol behind the ablation cell. Hence, the total gas
flow was L.sl/min. This mixture was fed into a quadrupole ICP-MS spectrometer Agilent 7300CE (Agilent, Japan)
equipped with a collislon-reaction cell (CRC) for suppressing possible polyatomic interferences. The CRC was uti-
lized in collision mode witha He (99.999%) flow rate of 2ml/min. The Integration time of monitoring was setto 0.1s
for the Isotopes 281, 3Cu, **Zn and 0.05s for 2C, yielding a total sampling time of 0.43s. The measured elements
were chosen based on the analysed material (C as a matrix element of biolegical tissue and Zn as the elements stud-
ied in melanema) and the microscope slide on which the thin section was deposited (stlicon as a glass matrix ele-
ment). The silicon signal emerged immediately once the laser beam reached the tissue/glass interface, thus indicating
complete sampling of a tissue layer. The selection of the ablation parameters Is explained in Results and Discusslon.

Post-processing of collected digital data and statistical analysis. The above-mentioned techniques
generated pairs of digital images that were approximately similar but not sufficiently similar for exact Indexing
among lmages. These data were submitted to the procedure described by the flow chart in Fig. 1. The registra-
tion of the data is described below, and the statistical evaluation based on the mixed effect model is detailed in
Supplementary Note 1. To define corresponding zones, the relationship between the registered images was used
to map the selected areas identified in the histologically stained cryosections onto the respective maps of Zn, Cu
and C (Flg. 3). The distribution of metal contents in the corresponding zones was compared and further explored
by means of the mixed effect model described in Supplementary Note L.
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Figure7. A schematicdepiction of a plausible role of zinc in melanoma progression. Marginal parts of
tumour border with a reactive zone of an adjacent healthy tissue. In these parts of melanoma, frequent necroses,
a presence of H,0,and elevation of malondialdehyde (MDA) can be found. (A) High zinc In marginal sections
of melanoma may indicate a phystological defence of zinc-containing antioxidant molecules against the
potential danger of ongoing oxidative stress. Although intralesional reglons of melanomas generally exhibit
hypozincemia status, oxidative stress in reactive zones/marginal parts interface can likely result in an oxidative
stress-triggered transport of zinc-containing antioxidant molecules from adjacent healthy tissue and temporary
accumulation of zinc. (B) Phystologically, an expression of melanosomes is regulated by microphthalmia-
assoclated transcription factor gene (MITF) and phosphorylation (P) of the homonymous MITF-encoded
protein (Mitf). (C) Translated melanosomes are the place for entire melanin synthesis, starting by action of
tyrosimase, producing L-3,4-dihydroxyphenylalanine (DOPA ) from tyrosine ( Tyr). Tyrosinase further produces
DOPA quinone from DOPA. DOPA quinone can be converted through a sequence of reactlons to various types
of melanins (black and brown eumelanins or red to yellow pheomelanin). (D) Noteworthy, another plausible
reason for the free radicals formation in melanoma Is a presence of abnormal and incomplete melanosomes,
causing a significant leakage of the reactive melanin prescursors, causing axidative stress 1n the pljgmented
tumours through redox cyding and an accumulation of zine lons originating from antloxidant molecules from
adjacent tissues as a kind of physiological protection.

Reproducible analysis of the data. The methods mentioned in the sections on the image registration
aof the considered images and content maps as well as on the statistical analysis-are provided for the purposes
of re-use and reproducible analysis. In the case of image registration, which was performed in the MATLAB
programing language, the method is provided in the form of scripts (m-files). The scripts and the necessary data
(images and concentration maps) are wrapped in an archive and are designed to simplify the registration process
to the execution of only a few scripts. The scripts may be executed by the MATLAB programing language aswell
as the open source alternative Octave.
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The statistical analysis, which was performed using the statistical software R, is provided in a similar form,
Le., as an R script.

Image registration. The archive contalning the scripts for the image registration can be downloaded
from Dryad. The implementation relies en the Image processing toolbox and the Optimization toolbox in the
MATLAB programming language. However, the image registration may be easlily performed using the Octave
program instead of MATLAB. The image registration is performed by register_all_at_once.m script. The script
steps through folders containing the images to be registered and performs the registration between the silhou-
ette of the histological scan and the silhouette of the image of the sample to be ablated and measured as well as
between the silhouette of the image of the sample o be ablated and measured and the silhouette of the measure-
ments resulting from LA-TCP-MS. The images required for the registration are hist_si.png, the silhouette of the
histological scan; abla_si.png, the silhouette of the image of the sample before ablation; and matr_si.png, the
silhouette of the concentration map. The results of the script are the transformation matrices stored in the sample
folders under the name frams.matand diagnostic images indicating the quality of the registration in the form of
differences.

The resulting transformation matrices may be used for direct indexing among images and content maps. For
example, the estimation of average metal contents in annotated spots may be performed by the script means_by_
spots.m. Similar to the register_all_at_once.m script, the program steps through the sample folders and estimates
average contents in spots annotated in image anot.png. The information about the spotsis extracted from the image
in file spots.mat. The result is a csv file. Files for all samples may be combined and used for statistical analysis.

Statistical analysis. Statistical analysis was performed in R statistical software and 1s presented as a script.
The case bootstrap test relies on the output of a random number generator. To ensure the reproducibility of the
results, the state ofthe random number generator is fixed. The analysesin the script Imer_analyses R sequentially
tests the two hypotheses on the Zn and Cu meta-concentrations stored in the file MeLIM_metals_data.csv, namely
“The average Zn (or Cu) content in the GMT zones Is lower than that {n the remaining zones (ESR, LSR and FTY"
The analysis 1s very computationally intensive; the execution of the script may last a few hours. The results of the
analysis are the fitted linear mixed effect models and the p values estimated by the case bootstrap test.
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Abstract

In this paper, we describe the labelling of antibodies by gold nanoparticles (AuNPs) with diameters of 10 and 60 nm with
detection by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Additionally. the AuNPs labelling
strategy is compared with commercially available labelling reagents based on MeCAT (metal coded affinity tagging). Proof of
principle experiments based on dot blot experiments were performed. The two labelling methods investigated were compared by
sensitivity and limit of detection (LOD). The absolute LODs achieved were in the range of tens of picograms for AuNP labelling

compared to a few hundred picograms by the MeCAT labelling.

Keywords Dot blot - Antibody labelling - Gold nanoparticles - LA-ICP-MS - Immunochemistry

Introduction

Since the 1980s. colloidal gold has been used for immuno-
histochemical staining of proteins in membrane-based immu-
noassays [1-3]. The intensive purple color enables a colori-
metric detection of the labelled molecules concentrated at the
surface of the membrane (after electroblotting ) so that limits of
detection at the level of attomolar concentrations [4] can be
achieved. Sometimes, several labels are used simultaneously
(e.g., colloidal gold and peroxidase or alkaline phosphatase)
for the detection of multiple antigen spots on a single blot
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membrane [4]. Besides this experimentally smple colorimet-
ric detection, other more instrumentally demanding but more
sensitive techniques are also discussed, including fluorescent,
electrochemical, or calorimetric detection [5].

Metallic nanoparticles had already been applied for detec-
tion of biomolecules nside a single cell by use of surface
enhanced Raman spectroscopy (SERS). In the case of gold
nanoparticles, the local fields generated upon excitation of
their localized surface plasmons enable sensitive probing of
the molecules interacting with the particle surface on the nano-
meter scale within living cells by surface-enhanced Raman
scattering (SERS) [6-9]. SERS can also be used for sensing
of general chemical parameters in the cellular nano-environ-
ment. For example, progressing acidification in endosomes
[10, 11] using nanoprobes containing a pH-sensitive reporter
molecule [12, 13].

Inductively coupled plasma mass spectrometry (ICP-MS)
is a well-established method for multi-elemental analysis of
elements at trace and ultra-trace levels. It has found accep-
tance in various application areas over the last decade. ICP-
MS is more suitable for detection in the life sciences. For these
applications, ICP-MS excels in a high sensitivity which is
independent of the molecular structure of the analyte. a wide
linear dynamic range and by excellent multi-element capabil-
ities. [n combination with laser ablation as a sample introduc-
tion system for the analysis of soft materials it has also been
used extensively for bioimaging (for more details. see review
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[14]). Recently, LA-ICP-MS has also been used to image the
distribution of metallic nanoparticles (Au. Ag) in single bio-
logical cells [15].

The first immunoassay for detection of thyroxine in solu-
tion was described by Zhang et al. [16], and the history of
immuno-histochemical approaches developed for ICP-MS ap-
plications has already been discussed extensively in review
articles [17]. The combination of immunoassays and ICP-
MS can be carried out through proper elemental tagging
[18]. High multiplexing and signal amplification capabilities
are the main advantages of using metal chelates, e.g., 1,4,7,10-
tetraazacyclododecane-1.4.7, 10-tetraacetic acid (also known
as DOTA) coordinated with heteroatoms (typically lanthanide
ions) for elemental tagging. Significant signal improvements
have been achieved by the use of polymeric tags containing
metal ions, such as MAXPAR™ for application in Western
blot assays [19]. In the case of polymeric tags, signal amplifi-
cation has been achicved by the coupling of a single polymer
cham carrying more than 100 lanthanide elements per Ab
compared to the previously mentioned metal chelates.
Waentig et al. found that MAXPAR™ gives better sensitivity
than DOTA and MeCAT (metal coded affinity tag), respec-
tively. However, due to a higher background signal. the S/N
ratio and finally the limits of detection (LOD: fmol range) are
worse than that for MeCAT.

Even higher amplification factors have been achieved in a
Western blot approach discussed by Mueller et al. [20]. They
followed the concept of Western blotting after separation by
gel electrophoresis and used gold cluster-labelled antibodies
for detection by laser ablation ICP-MS for the determination
of the Mrell protein in crude lysates of CHO-KI fibroblasts.
This protein is essential for mediating genome stability and
DNA repair m mammalian cells. In this approach, high sensi-
tivities have been achieved using an antibody conjugated to
gold nanoclusters. More than 50,000 gold atoms can be at-
tached to each antibody at once by this technique. which can
help to reach limits of detection below | fmol of protein. More
recently, Cruz-Alonso et al. used a new immuno-
histochemical-based procedure to study the distribution of
metallothionein 2 (MT %) and metallothionein 3 (MT 3) in
human reting tissue. For this purpose, antibodies (Ab) were
bio-conjugated by gold nanoclusters (AuNCs) and labelled in
combination with laser ablation (LA) coupled to ICP-MS for
detection. Each cluster with a diameter of 2.7 nm contained
roughly 580 atoms. [21]

Overall, one can summarize that application of Au nano-
particles and clusters look promising for bio-conjugation to
improve the signal intensity in LA-ICP-MS; however, as has
been mentioned. other factors such as unspecific binding can
lead to a reduced S/N ratio or the labelling process can have an
mmpact on the specificity of the antibody. In this work. we have
developed a methodology for the tagging of antibodies via
gold nanoparticles to enhance the signal intensity in LA-

@ Springer

ICP-MS. Hence, we performed a proof of prnciple experi-
ment based on dot blot experiments to demonstrate the im-
provement in sensitivity and specificity of the AuNP conjuga-
tion of antibodies in comparison with reagents based on the
MeCAT technology as a reference.

Materials and methods
Chemicals

The following chemicals were used: Milli-Q water (puritica-
tion system, Millipore, Bedford, MA). All solutions were pre-
pared using this ultrapure water. Milk powder, Tris-buffered
saline including 0.1% Tween 20, pH 7.3 (TBS-T). Tris buffer
(20 mM Tris: 150 mM NaCl 2.5 mM EDTA (pH 7), metal
coded affinity tag MeCAT (Proteome Factory. Berlin,
Germany), tris(2-caboxyethyl)phosphine*HC1 (TCEP),
GOLD Conjugation Kit (60 nm. 20 OD) ab 188.216 and
GOLD Conjugation Kit (10 nm, 20 OD) ab201808 Abcam,
Goat anti-mouse antibody Abcam (ab6708, Cambndge. UK,
2 mg/ml). Mouse immunoglobulin, Abcam (abl198772,
Cambridge. UK).

Nanoparticle-antibody conjugation

Gold nanoparticle (10 and 60 nm) conjugation kits were pur-
chased from Abcam (abl188216, ab201808, Cambridge, UK)
and the conjugation was carried out according to the manu-
facturer’s instructions. Briefly, 2 mg/ml of goat anti-mouse
antibody was diluted to an appropriate concentration with a
buffer provided. This solution was mixed with gold nanopar-
ticles and left to react for 15 mmn. Finally, a quencher provided
in the kit was added and the mixture was lefl for 5 min to stop
the conjugation reaction.

MeCAT antibody labelling

Antibody labelling with metal-coded affinity tag MeCAT
(Proteome Factory. Berlin, Germany) containing holmium as
the elemental tag was performed in accordance with the pub-
lication of Waenting et al. [19]

Dot blot preparation

Mouse immunoglobulin was used as a model antigen and goat
anti-mouse antibody was employed as the testing antibody.
The dot blot analysis was carried oul using a polyvinylidene
fluoride (PDVF) membrane (Bio-rad, Prague.
Crzech Republic). First. the membrane was activated by im-
mersing it m methanol for 30 s and then m blotting buffer
contamning 50%;,y,, of buffer (25 mM Trizma base, 150 mM
glyeine. 10% (,,, methanol), and 10%;,,, MetOH for 30 s.
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0.5 pl of the antigen solution were pipetted onto the mem-
brane which resulted in a dot diameter of approximately
0.8 mm. On each membrane. seven dots with increasing con-
centration of antigen were applied (0.1, 0.2, 0.5, 1.0, 5.0, and
10 ng/ml). Subsequently, the membrane was blocked for
30 min in blocking buffer ( 10% milk powder. 90% phosphate
buffer saline Sigma Aldrich, USA). The membrane was then
incubated in a solution of a marked antibody (6.7 ng/ml) for
| h at room temperature. Finally, the membrane was washed
three times by 0.05% solution of Tween 20 in phosphate buff-
er saline to remove the non-bound antibodies.

LA-ICP-MS analysis

LA-ICP-MS analysis of the dot blots was undertaken by a
laser ablation system UP213 (NewWave, USA) emitting la-
ser radiation of 213 nm with a pulse width of 4.2 ns and a
quadrupole ICP-MS spectrometer Agilent 7500ce (Agilent
Technologies, Japan). The ICP-MS parameters were opti-
mized with respect to get the best S/N ratio, RSD, and oxide
ratio (ThO"/Th") lower than 0.5% using glass reference ma-
terial NIST6 10, The imaging of the dot blots was performed
using the following ablation parameters: a laser beam diam-
eter of 110 pm, laser beam fluence of 2.5 J/em™, a repetition
rate of 10 Hz, a scan speed rate of 150 pm/s, and a distance
between individual lines of 115 pm.

The whole spot was ablated line by line and the Au signals
of monitored isotopes ("”Au. 1%3H0) were measured. The
limit of quantification for signal intensity is calculated accord-
ing to tenfold of standard deviation of the gas level (without
ablation). All intensities below the lmit of quantification were
set to zero. The sum of intensities across the whole spot was
then calculated. The images of the dot blots were created using
lab-made software Laser Ablation Tool for processing of maw
data-and Excel for presenting the maps as surface plots with
the intensity shown in a color-coded intensity scale.

Results and discussion

In biological workflows proteins are usually detected in a
Western blot assay after gel electrophoresis and electroblotting
onto membranes. Detection is performed by use of lagged
antibodies and signals are measured by colloidal gold. fluo-
rescence signals, or by luminescence in the peroxidase and
alkaline phosphatase assay, as discussed previously in the
“Introduction” section. The whole procedure 15 prone to pro-
tein losses during the separation and electro-transfer process
so all quantitative information can be completely lost.
However, one of the authors has recently shown that dot blot
experiments can overcome this limitation if the specificity of
the antibody is high enough to detect the target protein even in
complex protein extracts [22].

The workflow of the dot blot analysis and the type of anti-
body labelling applied in this study is summarized in Fig. 1. In
this study. the sensitivity of antibody labelling by a conven-
tionally used MeCAT method using holmium as a lanthanide
element with gold nanoparticle-labelled antibodies will be
compared. Moreover, two different sizes of nanoparticles
(10 nm and 60 nm) will be investigated (Fig. la). The overall
workflow of the experiment (antibody labelling, dot blot prep-
aration, and LA-ICP-MS analysis) is shown in Fig. |b,

The number of Au atoms and thus the signal intensity in
LA-ICP-MS of AuNPs bound to antibodies is directly propor-
tional to the volume of the NP with a diameter of 10 or 60 nm,
if a single particle binding is assumed. The calculated volume
of 60 nm NP is 200 times larger than 10 nm NP. Therefore, the
signal ratio should be improved by a factor of approximately
200 for the larger particle.

The AuNP-Ab were pipetted in a dilution series of 1:100;
1:1000 and 1:10,000 onto the surface (without antigen) of
preconditioned PVDF membrane to evaluate the signal in-
tensity of Au in relation to the nanoparticle size (Fig. 2a).
The Au signal of the 60 nm AuNP-Ab conjugate is approx-
imately five times higher (6.7, 4.9, and 5.9 for 100, 1000,
and 10,000 times dilution, respectively) compared to the 10-
nm AuNP-Ab conjugate diluted to the same absorbance
(Table 1). This means that the amount of 10-nm AuNPs is
50 times higher than 60-nm AuNPs. approximately. This
can be caused either by the fact that some nanoparticles
are not conjugated to the antibody or that one antibody is
labelled by 50 nanoparticles, which is highly improbable.
Because the precise mechanism of labelling i1s not known
(commercial conjugation), we believe thata combination of
both factors is the most probable (bare nanoparticles as well
as multiple labelling of one antibody).

Subsequently, the non-specific adsorption, as well as
the washing efficiency of the membrane procedure was
verified (Fig. 2b). For this purpose. the experiment de-
scribed in Fig. 2b was performed a second time. but
now. extensive washing was applied. Only a few weak
signals were observed which demonstrated that washing
is efficient to remove adsorbed antibodies labelled by
nanoparticles from the membrane. The Au signal de-
creased 1o less than 4% of the origmal value (without
washing shown in Fig. 2a). When the 10,000 times dilut-
ed NP-Ab conjugates were spotted and washed. the mea-
sured intensities were either not distinguishable or slightly
above the blank level. The lowest range of intensities in
Fig. 2b 18 0-700 cps: hence. no signal of Au is visible for
these spots. However, the intensities listed in Table | are
calculated as a sum across the whole dot. from approxi-
mately 1500 points (the dimension of the dot is about
50 30 ablation points). Hence, the sum of mtegrated in-
tensities for 10,000 times diluted NP-Ab conjugates
reaches about 5000 cps.
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Fig. 1 Workflow of dot blot immunoassay containing the labelled antbodies via non- reduction method (gold nanoparticles) and reduction method
MeCAT (Ln). Partially reduced antibodies for MeCAT labelling were obtained by using TCEP solution

Furthermore. the ratio of the Ausignal produced by 60 nm
NP-Ab and 10 nm NP-Ab conjugates was calculated and its
value varied in the range from 4.5 to 8.6 for 100 and 1000
times dilution. These ratios are comparable to the non-washed
ratios, which means that the non-specific sorption of the anti-
body to the PVDF membrane is the same for both types of
nanoparticle conjugates and is not dependent on size effects.

Finally, for evaluation of the performance of the labelled
antibodies, a titation curve must be measured for a given anti-
gen or AB concentration. For this purpose, we have selected a
total antibody amount of 6.66 ng for all antibodies investigated
for incubation and changed the total amount of antigen (mouse
IgG) in the mnge from 0.1 to 5 ng. The measured intensities are

Fig. 2 a Elemental maps of Au
intensities (cps) of 60-nm and (-
nm AuNPs-Ab conjugates at
various dilution in unwashed dot
blot. b Elemental maps of Au
intensities (cps) of 60-nm and 10-
nm AuNP-Ab conjugates and 60-
nm and 10-nm AuNPs at various
dilution in washed dot blot
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shown for 60-nm AuNPs (Fig. 3a), 10-nm AulNPs (Fig. 3b), and
Ho-MeCAT labelled (Fig. 3¢) anti-mouse 1gG. Elemental sur-
face plots of the dot blots measured on the membranes are
shown together with the integrated intensity of the whale spot
area and the calibration graphs. It is clearly seen that the calibra-
tion deviates from a linear function in the whole calibration
range. and a saturation curve at a higher amount of mouse lgG
is observed. This is not surprising because a full saturation of the
antigens is expected already in the upper calibration range where
the ratio of AB to antigen reaches a 1:1 ratio (the highest amount
of antigen and antibody was 5 ng and 6.66 ng, respectively). On
one hand. the curvature of the Ab labelled with 60 nm diameter
NP looks more pronounced and hints at a steric obstruction of
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Table 1

Comparison of the sum of Au intensities for AuNP-Ab conjugates and AuNPs measured in washed and unwashed dot blots. The stock

solutions were diluted 100, 1000, and 10,000 times before 0.5 ul was pippeted on the membrane

Dilution Sum of Au intensities in unwashed dothlot (keps) Sum of Au intensities in washed dothlot (keps)
6l-nm Au-Ab conjugate H-nm Au-Ab conjugate 60-nm | G-nm 60-nm Au-Ab conjugate 10-nm Au-Ab conjugate
AuNPs AuNPs
100 14,200 2400 340 41 370 82
1000 1200 300 13 T4 10O 12
10,000 97 16 T4 4.3 7.8 33

the large NP. which exceeds the size of a typical antibody of
about 15 nm. On the other hand. the smaller molecular weight of
MeCAT is the reason for a more linear graph.

For a lower total amount of antigens the calibration graph
does show a Imear behavior, so the measured miensity can be
converted directly to a total amount of antigen applied (if an

mouse Ig6
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Fig.3 Auand Ho intensities measured on a PVDF membrane depending
on the amount of antigen (mouse 1g(i). The antibody (anti-mouse 12G)
have been labelled by a AuNPs—60 nm, b AuNPs—1() nm, and ¢ Ho-
MeCAT: a total amount of 6.66 ng AB has been applied for all three
experiments

excess of antibody 1s used). The slope of the graph can be used
for companson of the three differently labelled antibodies and
the following slopes have been caleulated: 4.03 = 107, 6.33 =
10°, and 2.08 10 ¢ps kg mg ' for 60-nm AuNPs, 10-nm
AuNPs, and Ho-MeCAT, respectively. It can be concluded from
these results that the slopes (sensitivity) of each labelling strat-
egy differs by two orders of magnitude, demonstrating an im-
provement by four orders of magnitude in the best case. In
terms of detection limits (according to 3 o), absolute values at
the picogram levels were caleulated in particular 11 pg, 51 pg,
and 260 pg for 60-nm AuNPs, 10-nm AuNPs, and Ho-MeCAT,
respectively, which again demonstrates that the signal to noise
ratio and not the improvement in sensitivity plays the important
role m an immunoassay. However, m comparison to MeCAT, a
significant improvement in the LOD by at least a factor of 5
(20) can be achieved. The last advantage of Ab labelling by
NPs compared to MeCAT is the absence of a reduction step.
Before MeCAT labelling it is necessary to partially reduce Ab
(reduction of disulphide bridges) and thus some Ab could be
reduced so much that it can lead to the loss of its biological
function. Labelling by nanoparticles does not require this re-
duction step, and thereby, NP is conjugated to the whole Ab,

Conclusion

The labelling strategy of the antibody by nanoparticles with
diameters of 10 and 60 nm. respectively, was developed and
compared to widely used labelling via MeCAT. The sensitivity
of the 60 nm AuNP labelling was improved by 4 orders of
magnitude in comparison to MeCAT strategy whereas the
LOD is approximately 20 times better. It shows a higher back-
ground level for AuNP labelling caused by their non-specific
sorption. The forthcoming work is focused on suppression of
the non-specific sorption to minimize signal o noise mtio and
improve LOD significantly.
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ABSTRACT: The synthesis of selectively oxidized cellulose, 2,3-dicarboxy- 100
cellulose (DCC), is optimized for preparation of highly oxidized material for
biological applications, which includes control over the molecular weight of the
praduct during its synthesis. Conjugates of DCC and cisplatin simultaneously E
offer & very high drug binding efficiency (>90%) and drug loading capacity (up 'S 40 I
to S0 wt %), while retaining good aqueous solubility. The adjustable molecular A 20f =
weight of the DCC together with variances in drug feeding ratio allows to o/l cisplatin
optimize cisplatin release profiles from delayed (<2% of csplatin released . g o
during 6 h) to classical burst release with more than 60% of cisplatin released Time (Days)

after 24 h. The release rates are also pH-dependent (up to 2 times faster release

at pH 5.5 than at pH 7.4}, which allows to exploit the acidic nature of tumor microenvironment. Extensive in vitro studies were
performed on eight different cell lines for two cisplatin—DCC conjugates with different release profiles. In comparison with free
cisplatin, both cisplatin—DCC conjugates demonstrated considerably lower cytotoxicity toward healthy cells. Conjugates with
burst release profiles were found more effective against prostate cell lines, while DCC conjugates with slower release were more
cytotoxic against ovarian and lung carcinoma cell lines, In vive studies indicated a significantly longer survival rate, a reduction in
tumor volume, and a higher accumulation of platinum in tumors of mice treated with the cisplatin—DCC conjugate in
comparison to these treated by free cisplatin.

cisplatin-DCC l
L] =

1 /.*
= b"‘

B INTRODUCTION cellular uptake, easy codelivery of multiple components, and
multiple functionalization potential, which allow for a relatively
straightforward artachment of targeting vectors without any
undesirable meodifications to the structure of the camried

Despite the number of emerging therapeutic approaches for
cancer treatment (monoclonal antibodies and immune
checkpoint inhibitors), ~70% of patients diagnosed with 53 < g i E X
lung, ovarian, bladder, or testicular cancer are still treated with substance.”™ AL:t'VE tum_or targeting using biological vect‘ors
the first-generation platinum drug cisplatin, cis-[Pt- allows the considerable increase of both tumor accumulation

(NH,),Cl,]." Cisplatin (CP), as well as all other platinum- and the cellular uptake of carried therapeutics,”” thus further
bassd Ehe;nnthm’apeutics currently used in clinical praxis, has reducing the side effects associated with the nonspecific
severe side effects (neurotoxicity, nephrotoxicity, and myelo-

suppression) originating mostly from its general cumulative

mechanism of action.
A number of different approaches for macromolecular drug

toxicity and nonspecific mechanism of action (its inability to delivery have been adopted over the )"::afq(: 73]] h_‘.w'i.ng Lh_dl'
selectively target the cancer cells).” This reduces the maximum particular advantages and drawbacks.™™™ 1\:’[1:9]19};, for
dosage which can be safely administrated to patients and may instance, offer a high _nirug—loa{_:[i.ng_ capability for alipophi.lic
lead to the development of cancer cells’ drug resistance. drugs, but their stability in vivo is questionable” Macro-

Targeted delivery of platinum anticancer therapeutics using mc:lecu]ar carriers based on synthetic polymers have welk
macromolecular carriers is thus becoming a key aspect for defined structures and properties, b“thhE)' often suffer fmmlg
modern antitumor therapy.’ The conjugation of platinum relatively small drug loading capacity™ and high complexity.
chemotherapeutics to macromolecular carriers can provide Platinam—dendrimer complexes achieve good platinum
various benefits in comparison to the administration of naked loading and show a low tmdcity“ but have problematic
drugs: namely reduced toxicity, increased water solubility,
prolonged circulation time in blood (avoiding filtration in Received: December 21, 2018
kidneys), passive accumulation in tumor tissue due to Revised:  February 21, 2019
enhanced permeability and retention (EPR) effect, improved Published: February 22, 2019
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Figure L. {a) Structural formula of DCC monomeric unit, (b) DFT optimized structure of DCC chain, and {c) DFT optimized structure of CP—

DCC conjugate,

water solubility with a tendency to aggregate and very slow
platinum release rates due to platinum binding to the
secondary and terminal amines in dendrimers structure.”"*

Biopolymers, particularly naturally occurring acidic poly-
saccharides, are often used as drug delivery vehicles due to
their biological origin, biocompatibility, and well-understood
chen:u'sl.ry."“"q It is argued that the most studied acidic
palysaccharide is hyaluronic acid (HA),' 17 which was
used as a platinum anticancer drug carrier on a number of
occasions with relatively good results.”* ™ However, the main
drawback of HA as a platinum drug delivery vehicle is the
presence of a single carboxylic group per monomeric unit.
Because all currently used Pt(11) chemotherapeutics have two
binding sites, their monodentate binding leads to undesirable
cross-linking reactions, which considerably lowers the aqueous
solubility of the drug carrier conjugates and thus also the
maximum effective loading of the dmg.‘):’ For instance, the
maximum loading capacity of HA for cisplatin does not exceed
25 wt %.*"*! Mareover, the reported binding effectiveness of
cisplatin to HA is only 50% even at a very low CP:HA reaction
ratio of 4:10.'% Low drug binding effectiveness can ecasily
multiply the cost of a drug delivery system and, in combination
with low drug loading capacity, presents one of the key
drawbacks for many drug delivery systems (DDS)."

Synthetically modified polysaccharides with a high degree of
substitution by —COOH groups (up to 3), such as
carboxymethylcellulose or nonspecifically oxidized cellulose,
are hypothetically capable of bidentate binding of a large
amount of Pt(I1) drugs due to a high density of ligating groups.
However, synthetically modified polysaccharides were reported
to support cell proliferation, which is highly undesirable in
cancer treatment.” Their nonstoichiometric composition and
often limited water solubility further reduce their applicability
as a DDS,

As we demonstrate in this work, the selectively oxidized
cellulose, 2,3-dicarboxycellulose (DCC, Figure la,b), does not
suffer from such drawbacks, It contains two carboxylic groups
per monomeric unit at a distance and orientation suitable for
efficient bidentate binding of Pt(11) square-planar complexes,
which ensures a high drug binding effectiveness and loading
capacity. It is nontoxic and does not support cell proliferation,
has a well-defined composition, and allows for good control
over its properties.

Although the basic procedure for the selective oxidation of
polysaccharide hydroxyl groups at C2 and C3 atoms to the
carboxylic groups has been known for a long time, 2™ the
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applications of DCC were mostly limited to the area of
materials and industry. For instance, partially oxidized DCC
was proposed as a component of ultrafiltration membranes and
chromatography columns, ™ for the preparation of nano-
papcr,l’ water |:u.u"Lﬁu:aticm,Efg and as a material for the
preparation of cellulose nanofibrils™ or highly charged
cellulose nanocrystals.””

To introduce DCC into the field of drug delivery, it was
necessary to optimize its synthesis to obtain a highly oxidized
product of sufficient purity and to introduce more direct
control over its properties, particularly the molecular weight.
The prepared material surpasses current polysaccharide
platinum anticancer drug carriers in a number of aspects,
particularly in terms of simultaneous drug binding effective-
ness, loading capacity, and adjustable drug release profiles, The
canjugate of DCC with dsplatin (CP-DCC, Figure Ic)
demonstrated a number of advantages in comparison to free
cisplatin both in vitro and in vivo.

B METHODS AND MATERIALS

Synthetic Procedures. Preparation of the DCC with Different
Molecular Weights. The synthesis of DCC suitable for a DDS
application involves the sequential two-step oxidation {primary and
secondary) of cellulose, The primary oxidation was performed using
1.2:1 molar ratio of reactants (sodium peﬁudate:ceﬂuluse} at 30 "C
for 72 h in the absence of light. This allows the preparation of
dialdehyde cellulose {DAC) with a degree of oxidation above 95%
and with a good reproducibility. The oxidation is terminated by the
addition of an excess of ethylene glycol to decompose residual
periodate. Subsequently, DAC in a never-dried state is purified by
several cycles of centrifugation and mechanical homogenization, The
degree of conversion of cellulose is determined by the alkalimetric
titration of HCl liberated from the oxime reaction between DAC and
hydroxylamine hydrudﬂnride.“_n

The secondary oxidation of the DAC suspension is performed by
sodium chlorite in the presence of acetic acid using 1:4:2 molar ratio
of reagents { —CHO:NaClO4;:CH,COOH), The NaClQ, solution is
added dropwise to the reaction mixture to a final concentration of 10
+ 0.1 mol/L, To ensure the reproducibﬁily of the results, it is highl}?
recommended to perform the secondary oxidation immediately after
the primary one. Otherwise, the DAC may degrade and change its
structure during aging, unless it is kept under acidic conditions,”™*
The reaction mixture must be vigorously stirred due to a strong initial
increase in viscosity caused by a gradual conversion from DAC to
DCC, as DCC oxidized from by less than 70% is unlike fully oxidized
DCC, practica_ﬂy insoluble™ DCC with low degree of oxidation thus
can be conveniently separated by filtration or centrigugation, To
ensure a quantitative conversion of DAC to DCC, a 7 h secondary
oxidation at 30 “C in the abseénce of light was employed. The reaction
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was stopped b}' the dropwise addition of 10 M NaOH, and the
reaction mixture was subsequently dialyzed against distilled water for
48 h. The resulting DCC solution was titrated with 1 M NaOH to pH
7.4, filtered, and Iyophilized to obtain a sodium salt of 2,3
dicarboxycellulose {Na-DCC), The obtained Na-DCC has a high
purity, a degree of pxidation above 90%, and a mass average molecular
weight (M,,) of 82 kDa (estimated by GI'C, see Tuble 1), Its degree

Table 1. Number-Average Molecular Weight (M, ), Weight-
Average Molecular Weight (M,,), Peak Malecular Weight
(M,), and Polydispersity Index (PDI) Obtained as M,/M,

M, (kDa) M, (kDa) M, (kDa) Pl
Na-DCCI18 12 18 15 159
Na.DCCS2 40 82 63 176

of polymerization DI' = 430 corresponds to that given for the starting
material { Sigmacell, M,, = 76100 Dy, DI = 460)," This agrees with
earlier observations that both primary and secondary oxidations of
cellulose have a minimal impact on the DP of the starting material, ™

Two different approaches were investigated to govern the M, of
DCC. The simplest method of DCC molecular weight reduction is
heat degradation. However, this approach leads to very low yields as
mostly very low-molecular-weight products are dialyzed away, and its

oor selectivity causes a significant increase of polydispersity index
EPDI) of the final product. The second approach involves the addition
of amidosulfonic acid (H3NSO;4) to the reaction mixture prior to the
secondary oxidation. This has two consequences, First, HNSO,
suppresses the in situ formation of the undesirable hypochlorite
from }\T:ll’..'.'l()}.\'1 Second, the M, of the DCC is indirectly dependent
on the molar amount of HNSOy. The addition of 0,25 mol equiv
(relative to the amount of =CHO groups estimated by oxime
reaction ) of HyNSO; results in a decrease of M,, of the resulting DCC
by 30%, ie., from 82 kDa (Na-DCC from H,NSQ,-free eynthesis) to
55 kDa. The addition of 0.5 mol equiv of H.NSO decreases its M, by
nearly 80% relative to Na-DCC prepared without H;NSOj, ie., down
to 18 kDa, The further increase of the HyNSO, amount does not lead
to a significant decrease of M,, as 4 times the molar equivalent of
HNSO, decreases the M, of Na-DCC only by another 3% to 12 kDa,
The careful modification of the H;NSO;:=CHO molar ratio enables
the control of the M, of the final product without negative impacts on
its yields or the PDI, as the PDI of Na-DCC prepared with and
without amidosulfonic acid are comparable; see Table | for the results
from GPC analysis,

Preparation of the Cisplatin—-DCC Conjugate (CP-DCC).
Cisplatin was prepared by using well-established procedures.’” Its
agueous solution (2 mg/mL) was then added dropwise to the DCC
dissolved in distilled water (4 mg/mL) at room temperature, and the
reaction mixture was gently shaken for 72 h in the absence of light.
After this time, the solution was dialyzed against distilled water for 4 h
using a membrane of MWCO 3.5 kDa and lyophilized. Reactions
were performed using a DCC of M, of 18 and 81 kDa. The
investigated CP:DCC ratio ranged from +4:10 to 12:10 (28 to 55 wt %
CP). The formation of CP-DCC was confirmed by infrared
spectroscopy (FT-IR) in the far-infrared region as well as 'H, C,
and Pt nuclear magnetic resonance (NMR) spectroscopy and
quantified by X-ray fluorescence spectroscopy (XRE).

Drug Refease Studies. The drug release rate was investigated using
a setup which simulated in vitro conditions.”" In short, 20 mg of the
conjugate was dissolved at 37 “C in 5 mL of PBS and dialyzed against
95 mL of the same medium (MWCO 3.5 kDa) with the pH set to 7.4
and 5.5 by a diluted HCI solution. Aliquots of § mL were collected at
given times and replaced with 3 mL of fresh PBS of a given pH to
conserve the volume, Note that the term cisplatin (CP) is in the text
applied also to cisplatin residoum bound to DCC and to the released
active form of CP, cis-[PH{NH) 5 H,0 ), 1% cumpfex,"“ to simplify the
discussion,

Computational Details. The structures of the DCC dodecamer
(Figure 1b) and the CP=DCC conjugate (hexamer with bonded CP,
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Figure lc) were optimized using PREO functional’" and a standard
def2-SVP basis set™ for light atoms (DCC chain) and a def2 TZVPE
basis set'! for cisplatin residuum. A relativistic effective core potential
(ECP) for Pt replacing 60 core electrons was wsed.® The D3
dispersion correction”’ and COSMO solvent model™ (water) as
implemented in Turbomole®™ were used. This ag}iru:lcb is optimized
specifically for studies of platinum cnmplatzs.'l ' The YC NMR
chemical shifts of the DCC were calculated using PBEQ functional
with an IGLO-III basis set’ and a PCM solvent model™ as an
average of NMR chemical shifts of ten inner monomeric units of the
DCC dodecameric chain, Glycol was used as a secondary reference
(63.79 ppm vs TMS), """

Because the calculations of "™Pt NMR chemical shifts require
rigorous treatment of relafivistic effects, a fully relativistic 195pe NMR
chemical shift of cisplatin residuum conjugated to a model of a DCC
chain (Figure 1c) was obtained using a four-component relativistic
Dirac—Kohn—Sham (DKS) formulation based on the Dirac—
Coulomb—Hamiltonian equation and the mestricted magnetically
balanced basis for the small |:url'npum'nt,ﬂ'l"1 as implementeﬁ n the
ReSpect 3.1 code”" The PBED functional and an uncontracted Dyall's
valence h‘iple{lﬂ*ﬁh basis set for the Pt and an 1GLO-1I basis set for
light atoms™” were used. The use of a smaller model (DCC hexamer)
and a locally dense basis set is necewsary due to the high
computational cost of fully relativistic calculations; the latter was
shown to have a minimal impact to the calculated NMR chemical
shifts of heavy elements.”™* Solvent effects were simulated by the
addition of 12 water molecules in a sphere centered around a
platinum atom, which pruvi&ed the best results in previous work.™
The positions of the water molecules and all of the atoms attached to
the platinum atom were reoptimized, while the torsion angles of the
DCC backbone were fixed to simulate its involvement in the
poelymeric chain,

Biological Tests. Chemical and Biochemical Reagents. RPMI-
1640 medinm, Ham's F12 medium, fetal bovine semum (EBS)
(mycoplasma-free), penicillin—streptomycin, and trypsin  were
purchased from PAA Laboratories GmbH (Pashing, Austria).
Phosphate buffered saline (PBS) was purchased from Invitrogen
Corp. (Carlsbad, CA), Thiazolyl blue tetrazolium bromide { for MTT
assay), ethylenediaminetetraacetic acid (EDTA), dimethyl sulfoxide
(DMSO), and all other chemicals of ACS purity were purchased from
Sigma-Aldrich Co. (St. Louis, MO), unless noted otherwise.

Cell Lines and Cell Cufture. Altogether, eight human and mice cell
lines were used in this study: The noncancerous cell lines were
represented by a normal human epithelial prostate cell line (PNTLA,
passage #20) and mice embryonic fibroblasts (NTH/3T3, passage
#30). The malignant cell lines were represented by a human ovarian
cell line established from a tumor tissue of an untreated patient with
ovarian cancer {A2780, passage #10) and its cisplatin-resistant subline
(A2Z780/CP, passage #10), a human cell line derived from pulmonary
adenocarcinoma  (A349,; passage #11 ), human nonsmall cell lung
carcinoma cells dedved from the lymph node (H1299, passage #10), a
cell line representing human prostate carcinoma (22Rv1, passage #4),
and a human prostate cancer cell line established from a bone
metastasis (PC-3, passage #25), All of the cell lines except for the
NIH/3T3 and PC-3 cell line were cultivated with a RPMI-1640
medium with 109 FBS supplemented with antibiotics {penicillin 100
U/mL and streptomycin (.1 mg/mL). The cells were grown in an
incubator at 37 "C in a humidified 5% CO, mixture with ambient air.
All of the cell cultures used in this study were purchased from the
Health Protection Agency Culture Collections {Sa}labury, UK), The
PC-3 cell line was cultivated in Ham's medium with 10% FBS
supplemented with antibiotics (penicillin 100 U/mL and streptomy-
cin 0.1 mg/mL) and NIH/3T3 in DMEM with 10% calf serum
supplemented with antibiotics (penicillin 100 U/mL and streptomy-
cin 0,1 mg/mL),

MTT Cytotoxicity Assessment. The cells were seeded on a 96-well
plate at a density of 8 % 10% cells/well (10" cells /well in the case of
A2780, A2780/CP, A549, and 22Rv1 cell line) in a culture medium
containing 10% FBS and 1% penicillin—streptomycin. The cells were
then incubated at 37 “C in a humidified 5% CO, mixture. After 48 h,
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CP=DCC preparation, All reactions were performed in the absence of light.

the cell culture medium was removed and replaced with a new
medium containing various concentrations of the compounds. The
concentrations of conjugates were selected in a way that the
concentration of the fully released active compound is equal to that
of free CP. After exposure of cells for 24 to 48 h, 200 pl. of medium
containing | mg/mL MTT of reagent per well was added. The plates
were kept in the humidified atmosphere at 37 °C for 4 h, wrapped in
aluminum foil. After that, the medium containing MTT was
exchanged with 200 pl/well of 99.9% DMSO to dissolve the
formazan crystals, Then, 25 uL/well of gycne buffer was added to
DMSO and gently shaken, and the absorbance was read at a
wavelength of 570 nm using a Cytation 3 multimode imaging reader
(BioTek Instruments, Winooski, VT). The ICq, values are defined as
a concentration of compound required to inhibit the cell growth by
50%. All of the measurements were performed in quadruplicates
Cellular Uptake of Flatinum. The A2780 cells were seeded on a
cell aulture dishes (25 cm®) in a RPMI-1640 culture medium
containing 10% FBS and 1% penicillin—stréptomycin and incubated
for 48 h. Then, cells were treated with 5 uM CP and CP-DCC18 with
a corresponding amount of CP which represents a sublCgy
concentration. This concentration was applied to see the platinum
accumulation without indumg extensive cell death, After further
incubation for 24 or 48 b, the cell culture media above the cells was
collected and centrifuged to analyze the concentration of platinum
compounds not taken up by cells, The cells itself were harvested by
trypsinization. The cell ples were washed three times with PBS
followed by centrifugation (4 °C, 2700 rpm, 7 min) to remove the
surface-bound drugs. Thereafter, cells were mechanically lysed in PBS
on ice with a micropestle for 3 min followed by centrifugation (4 °C,
2700 rpm, 7 min). Supernatant collected after this centrifugation and
the culture media samples collected earlier were analyzed for the
platinum concentration by ICP-MS Aglent 7900 (Agilent Tech-
nologies, Japan ), Prepared lysates were 10 times diluted by deionized
water before the analysis and the Pt concentration was measured by
isotope 195pe, The possible matrix effect was suppressed by measuring
of Au solution {10 ug/L) as internal standard, The platinum extent
was expressed in g/l and then converted to nanograms of Pt per 10°

cells.

In Vivo Cytotoxicity Assessment. The use of the animals followed
the European Community Guidelines, The experiments were
performed with the approval of the Bthics Commission at the Faculty
of Medicine, Masaryk University, Brno, Czech Republic. The tumor
distribution of platimim was assessed using 10 eight-week-old
untreated Nu-Nu female mice (weight 197-23.9 g), which were
treated with CP and CP-DCCI8. The mice intraperitoneally received
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three doses of compounds with an equivalent amount of CP within 2
weeks (200 gL of 1.5 mg/mL solution of CP and 200 pL of 3 mg/mL
of CP-DCC18), Each application was followed by a two-day break.
The resulting concentration and distribution of platinum in tumors
were assessed by LA-ICP-MS,

Tissue Sample Preparation. The surviving animals were
terminated bwo days after the last dose of CP' and CP-DCCI8.
Next, the tumors were extracted and embedded by a CryoGlue
embedding medium (Slee Medical, Mainz, Germany) and put inside
liquid nitrogen for 10 s Subsequently, the samples were cut on a
cryostat MTC (Slee Medical} with a slice thickness of 25 ym for LA-
ICP-MS, The concentration of platinum was proportionate to the
weight of the tissue sample.

Instrumentation and Measurement Setup. Infrared Spec-
troscopy. An FT-IR analysis was performed using a Nicolet 6700
{Thermo Scientific, USA ). Spectra were collected in the range of MIR
and FIR (4000—400 cm™ ) with 64 scans and a resolution of 2 cm™,

NMR Spectroscopy. 'H and YC NMR spectra were recorded at
298 K in D,0 using a Bruker Avance III HD 700 MHz NMR
spectrometer equipped with a trple-resonance cryoprobe optimized
for C detection. Besides the 1D experiments, the 'H-1B¢
heteronuclear single quantum correlation (HSQC, Jae = 145 Hz)
and 'H="C heteronuclear multiple bond correlation (HMBC, e
= 10 Hz) experiments were performed.”” The '*'Pt NMR chemical
shifts were recorded using a Bruker Avance I11 HD 700 MHz NMR
spectrometer equipped with a broad-band probehead at 298 K in a
saturated solution of dsplatin in D,0 (25 mg/mL) which was
necessary to suppress the dynamic processes (CP release from the
conjugate) and related NMR signal broadening,

UV=Vis Spectroscopy. The amount of folate bound to the DCC
was estimated by a double-beam UV /vis spectrometer Lambda 1050
(PerkinElmer, Inc.) in the span of 250-800 nm using the FA
absorption band at 280 nm,

XRF Analysis. The concentration of CP in the prepared sample
solutions was determined by an energy-dispersive X-ray fluorescence
spectrometer by ARL Quant’™X EDXRF Analyzer (Thermo Scientific,
Inc.}, The calibration standards for determining the pl:ltinu.m amount
in the samples were prepared by dissolving a specific amount of CP in
distilled water or in a PBS of the required pli.

GPC Analysis. A molecular weight analysis was employed for all of

the prepared Na-DCC <amples using a Waters HPLC Breeze
chromatographic system equipped with a Waters 2414 refractive
index detector (drift tube T = 60 °C), a Tosoh TSKgel GMPW,y,
column (300 mm X 7.8 mm X 13 ym, T = 30 “C), and a mobile
phase composed of 0.1 M of sodium nitrate (NaNQ,) and 0,05 M of
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Figure 3. 'H NMR spectrum of Na-DCC82 in D50 at 298 K. The signals marked with an asterisk were assigned to the DCC units bonded by 2-6
glycosidic bond; the hashtag marks the signals of unoxidized AGU units.

a disodiom phosphate dodecahydrate (Na,HPO 12H,0) aqueous
solution, A Pullulan polysaccharide calibration kit SAC-10 {Agilent
Technologies, Inc.) in a span of M, 180100000 g/mol was used for
calibration,

Determination of Platinum Distribution in the Tumor Tissue.
Determination of the distribution of platinum in crosscuts of tumors
was performed by using LA-ICP-MS. The ablation ‘experiment was
undertaken using the commercial laser ablation system UP 213 (New
Wave, USA) linked to a guadrupele 1CP-MS 7500ce {Agilent
Technologies, Japan), The ablated material was performed from the
ablation cell by helium (1.0 L/min). Argon was admixed (0.6 L/min)
into the flow prior to entering the 1CP torch. The ¥py isotope was
measured with an integration time of 0.3 & The laser ablation
parameters influencing the lateral resolution (laser beam diameter and
scan .\pezd) were optimized to get a sufficient lateral resolution in a
sufficiently short time analysis”" The laser spot diameter of 100 um
was adapted with respect to the size of the sample, and the scan speed
was 200 gm/s. The laser beam parameters such as fluence and laser
repetition rate were 8 |/cm® and 10 Hz, respectively. The high laser
beam fluence was applied to suppress the influence of a different
ablation rate in various zones of the sample‘ﬂ The possible
polyatomic interferences were suppressed by using 4 collision reaction
cell (2.5 mL/min He) that is part of [CP-MS,

Quantification of the Platinum Distribution in the Tumor Tissue.
The guantification of the imaged map was done by agarose gels doped
with a known amount of platinum to obtain a set of standards with
the content of 0—=2—5—=10 /g of Pt. The calibration standards were
ablated under the same laser ablation parameters as the samples.

B RESULTS AND DISCUSSION

Preparation and Characterization of DCC for Bio-
medical Applications. The preparation of highly oxidized
DCC and its conjugate with cisplatin is schematically
illustrated in Figure 2; see the Methods and Materals section
for more details.

The synthesis of DCC is based on a two-stage oxidation
process,” "% which was modified for the prepamation of a
highly oxidized material with an adjustable M. In short, the
highly selective periodic oxidation of cellulose hydroxyl groups
at C2 and C3 introduces two aldehyde groups per each
monomeric unit. The resulting 2,3-dialdehyde cellulase (DAC)
is highly reactive’ 3% and decompuoses rather fast unless kept
under acidic conditions.” It is thus not suitable for drug
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delivery applications by itself, although DAC-cross-linked
hydrogels show certain pmmise.""r"" To avoid the DAC
chain scission occurring during the DAC solubilization by hot
water,”” the DAC is oxidized by NaClO, directly in a never-
dried state in the presence of acetic acid.

The control over the M, of DCC is achieved by the addition
of a given amount of amidosulfonic acid (H;NSO,) into the
reaction mixture prior to the secondary oxidation because the
M, of Na-DCC is inversely proportional to the molar
equivalent of HyNSO, in the reaction mixture (relative to
—CHO groups of DAC). As a result, the M,, of Na-DCC can
be tuned in a range between 15 and 100% of that of Ne-DCC
prepared without H;NSO; (see the Methods and Materials
section). Notably, unlike heat degradation and solubilization,
the H;NSOy-mediated DCC chain scission does not increase
the polydispersity index (PDI) of the product (see Table 1).

After the secondary oxidation, the DCC is converted into
sodium salt (Na-DCC) and lyophilized. The precipitation of
Na-DCC from an agueous solution by organic solvents such as
aleohols, previously employed for the isolation of DCC*™
should be avoided for any material intended for biomedical
applications. The product can become contaminated with
relatively large quantities of residual solvents, which can persist
even after prolonged periods of vacuum drying and are nearly
impossible to remove entirely.

In the following, Na-DCC with an M, of 82 kDa (prepared
without H;N 503) is noted as Na-DCC82, while Na-DCC with
an M, of 18 kDa (prepared using 0.5 mol equiv of Hy;NSO,) is
termed Na-DCCI18,

The FT-IR spectra of all prepared DCC salts revealed strong
absorption bands at 1606 and 1294 em™', which are consistent
with C=0 and C—0 stretching vibrations of —COOH groups
(see Figure SS).vNo evidence of the presence of residual
aldehyde gmul:rs‘a * was found.

The 'H NMR spectra of Na-DCC82 revealed a 96%
conversion of cellulose to DCC. The '"H NMR spectrum of
Na-DCC82 is given in Figure 3. Weak signals in the spectra
belong to unoxidized anhydroglucose units (AGU) of the
cellulose (<2% of integral intensity relative to DCC, marked
with hashtag in Figure 3) and also to the DCC units bonded
together by 2—6 glycosidic links (<2% of integral intensity,
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Table 2. Experimental (§) and Calculated (§,,.) "H, C, and '"*Pt NMR Chemical Shifts of Na-DCC82 and CP-DCC82

Conjugate (38% CP, w/w)

bpce Hl H4 H5 He (o]
& (ppm) 471 399 4.04 3.65 101.0
B (ppm) 100.1
CP-DCC H1 H4 H5 Ho c1
& ppm] 4.65 4.00 407 3.66 1015

Ca 3 4 Cs Ca MAD
1737 176.1 799 777 608
1745 175.8 81.2 80.5 61.8 08
c c3 C4 cs5 (& Pt
175.3 1753 B0.1 7RO 611 — 1603

marked by asterisks in Figure 3), probably the partially
oxidized remnants of intermolecular 2—6 hemiacetals formed
in large quantities in DAC solutions.” These were identified
based on distinct correlation signals of H2 and C6 in 'H-"C
HMBC spectra, which correspond to those previously
observed in DAC solutions,

The presence of residual unoxidized cellulose units in the
DCC structure can be an advantage for a drug carrier as it may
provide certain tumor-targeting capabilities because the
malignant cells require a large amount of glucose to supply
the energy for rapid cell division and tends to have
overexpression of glucose membrane transporters and the
number of other saccharide and polysaccharide receptors.™*

The degree of oxidation of Na-DCC18 estimated from ‘H
NMR spectra was #2%, The unoxidized part consists from 2%
of AGU and from 16% of DCC units bonded together by 2—6
glycosidic links.” The 'H NMR spectrum of Na-DCCIS§ is
given in Figure 81 of the Supporting Information. Instead of an
expected increase of effectivity of secondary oxidation,™ the
addition of relatively large amounts of amidosulfonic acid
seemed to somewhat limit reaction progress in highly oxidized
materials. Although no signals of free aldehydes were observed
in the spectra, more sterically protected C6—0—C2 links
seems to survive the oxidation in the presence of hypochlorite
scavenger largely intact. Nevertheless, besides a slightly (5%)
decreased CP binding efficiency at CP:DCC reaction ratios
10:10 and higher, the presence of 2—6 linked DCC unit has na
negative impact on the biological properties of Na-DCCI18 in
comparison with Na-DCC82 (see below). The elucidation of
the exact reaction mechanism of amidosulfonic acid is
currently underway.

The “C NMR spectra of Na-DCC82 and Na-DCCI18
confirmed the presence of COOH groups by signals at 173.7
ppm (C2) and 176.1 ppm (C3) (see Figure 52). Because it
was not possible to unambiguously assign C4 and C5 signals
directly from the NMR spectra, DFT calculations of *C NMR
chemical shifts were performed on 2 model structure of 2 DCC
dodecamer (see Figure |b and Methods and Materials for
more details). The calculations reproduced measured Bg
NMR chemical shifts with very good accuracy (mean absolute
deviation, MAD = 0.8 ppm) (see 8, in Table 2). On the basis
of these results, the C4 resonance was assigned to signal at 79.9
ppm, while C5 was assigned to signal at 77.7 ppm. The
corresponding 'H resonances were identified from the 'H-"C
HSQC spectra, and the complete 'H and "*C NMR chemical
shift assignments of Na-DCC82 are given in Table 2.

Preparation and Characterization of Cisplatin—DCC
Conjugates. The CP—DCC conjugates were prepared by a
dropwise addition of an aqueous solution of CP to the solution
of Na-DCC18 and Na-DCCE2. The CP-DCC conjugates
were prepared using the CP:Na-DCC reaction ratio from 4:10
to 12:10, which corresponds to 28 to 55 wt % CP. The
reaction was complete after 72 h of gentle shaking in the
absence of light. The activation of CP by silver nitride, # which
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presents a potential source of product contamination, was not
necessary. Traces of unreacted CP were removed by dialysis;
products were lyophilized and analyzed by FIR, 'H, "*C, and
95pe NMR, and XRF spectroscapy.

The FT-IR spectra CP—DCC conjugate measured in the far-
infrared region (E‘igure 53) revealed that the absorption bands
carresponding to stretching the Cl=Pt—Cl vibrations of the
free CP* at 315 and 323 em™" were replaced by bands at 338
and 388 cm™!, which were assigned to O—Pt—0O vibrations
caused by the CP conjugation to the carboxylic groups of
DCC.

The NMR spectra of CP-DCC82 prepared using the
CP:DCC reaction ratio 6:10 were recorded. The attachment
of CP to DCC causes the appearance of a broad signal at 175.3
ppm in the *C NMR spectra, which was assigned to the C2
and C3 atoms bearing CP moiety (see Figure $4). Notably, the
conjugate formation has a minimal effect on the other 'H and
BC NMR chemical shifts, including signals of unreacted
—COOH groups from the CP-DCC82 (see Table 2 and Figure
S4). This can be interpreted in a way that the conjugation of
CP does not cause any significant distortions to the DCC
chain. This is not surprising as the distance of the ~COOH
groups in DCC (2.65 A based on DFT-optimized geometry in
Figure 1b) is identical to that found in Pe(1l) complex
oxaliplatin optimized at the same level of theory (2.65 A, this
work). Cisplatin can thus be bound to DCC in a bidentate
manner without any energy-extensive deformations to the
DCC chain. This agrees with the spontaneous progress of CP
conjugation to DCC (see below).

The bidentate binding of CP is evident from the "*Pt NMR
spectra, where a very broad signal of the conjugate was
observed at —1605 ppm (Figure 4), in a region where the
platinum atoms bound by two nitrogen and two oxygen atoms
resonate.”™™ For instance, the cis-[{NH;).PtAc, | complex,
where Ac = —00OCCH;, essentially a small-molecule analogue
of the CP—DCC conjugate, resonates at —1581 ppm,”” while
the monosubstituted complexes of csplatin, such as ds
[Pt{NH;)2(H,O)Cl]%, resonate at a higher field (—1825

-—-1605
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I H

u.uwxm\!}“iw "rw,,'.u'ﬁmﬁ Wq’hﬁ' i ﬁ’ A
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-1500  -1600 1700 <1800 ppm

Figure 4. 9Spe NMR spectrum of CP-DCC82 prepared using
reaction ratio 6:10 1n D50 at 298 K,
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ppm).”! Signal broadness is probably a result of complex
chemical environment related to the attached macromolecular
carrier and the presence of dynamic processes in the sample
(CP release from the carrier).

The experimental results were further supported by fully
relativistic DFT calculations™*** of the Pt NMR chemical
shifts (see the Methods and Materials section) for more details.
The calculated Pt NMR chemical shift of a CP moiety
conjugated to DCC (Pigul'e lc) is —1558 ppm, which is
consistent with the deshielding of the 195pt NMR resonance
upon CP—DCC formation,

Cisplatin Binding. The CP binding efficiency toward the
DCC was determined by an XRF spectroscopy (see Methads
and Materials). Nearly quantitative binding with effectivity
above 93% was found for both Na-DCC18 and Na-DCC82
using a CP:DCC reaction ratio of up to 8:10 (45 wt % CP)
(see Figure 5). Very good binding effectivity, >90%, was
observed for Na-DCC18 at up to-a 10:10 reaction matio (50 wt
% CP) and for Na-DCCS85 even at a 12:10 CP:DCC ratio (55
wt %)

1 -[J-pceis
864 - O)- DCcea2 ~

Loading efficiency (%)
{{s]
%]

6:10 810 1040 12110

CP:DCC Ratio (w/w)

410

Figure 5. Loading efficiency of CP toward Na-DCCI8 and Na-
DCCHE2 as a function of the CP:Na-DCC reaction ratio.

The efficient bidentate binding of CP by Na-DCC results in
good salubility of all CP—DCC conjugates (>5 mg/mL) in
water and phosphate-buffered saline (PBS). However, while
conjugates with <50 wt % CP are dissolved nearly immediately,
any conjugates with >50 wt % CP take ~1 h of gentle shaking
at 37 "C to fully dissolve. This is not surprising, as the
theoretical maximum loading capacity of DCC for cisplatin is
13:10 (assuming 100% oxidation of the cellulose chain and
DCC in the form of sodium salt with molar weight of DCC

monomer 236 g/mol). As the DCC chain becomes nearly
saturated by CP units, the monodentate binding of an excess of
CP molecules is more likely to occur, which leads to
undesirable chain cross-linking, Therefore, 50 wt % CP in
the CP—DCC conjugate (10:10 ratio) is considered a
maximum practical CP loading capacity of the DCC. This is
still twice more than loading capacity of HA™' and is
achieved with a much higher CP binding effectivity.

In the following, the CP—DCC conjugates that are prepared
using up to 45 wt % CP (8:10) are investigated, as they offer
an ideal combination of high drug loading and an excellent
binding efficiency (>95%).

Drug Release Studies. The drug release was investigated
using a setup mimicking in vitro conditions.” The CP-DCC
conjugate was dissolved in PBS at 37 "C and dialyzed against
neat PBS using a membrane with MWCO 3500 Da. The pH
was set to 7.4 and 5.5, respectively. The amount of CP in
dialysate was determined by XRF spectroscopy. All of the
experiments were performed in triplicate.

Under the experimental conditions, the free CP is
quantitatively dialyzed in <2 h, while the CP release from
the DCC is considerably slower and depends on the M, of the
carrier and the loading of the drug (see Figure 6a). The
conjugate prepared using a “high-M,” DCC82 and “low”
amount of CP (4:10 or 6:10, 28 or 38 wt %, respectively) leads
to a continuous, almost linear drug-release profile, without an
initial burst release. The cisplatin release from the conjugate
loaded by 28 wt % of the drug is even nearly entirely
suspended for the first 6 h (accumulative CP release <2%).
This could be exploited for a more targeted drug release, as the
active compound is not released prematurely in the blood-
stream and the conjugate thus has time to accumulate in the
tumor tissue, Another possibility lies in preparation of
materials with a continuous drug release, such as DCC-based
hydrogels for a sustained and localized drug delivery, e.g, for
the suppression of cancer recurrence after resection.””

The influence of the DCC molecular weight to the drug
release rate is demonstrated by the comparison of the CP-
DCC18 and CP-DCCS82 conjugates, which were both
prepared using 45 wt % CP (8:10). Although their initial
(up to 4 h) release rates are similar, the further release from
DCCB2 is notably slower, As a result, more than 75% of the
CP is released from DCC18 after 3 days, while for DCC82 it is
only 58%.

The CP release is also pH dependent, which allows the

explnimtl on of an acidic tumor microenvironment~ for a faster

=C=CP-DCCH2 (4:10)
= =CP-DCCEZ (610)
== CP-DCCH (810}
weies CR-DCCAS (8:10)
—A—CP

Cumulative release (%)

a) Time (hours)

18 24 32 40 48 58 64 72

~ 8 0
= 70 2 j
=| @ e0 wd T
] - -
2 50 N e
g Py 3
e 19 BT, R
2 3] B~ i
& " B
5 209 sﬁ& - == CP-DCCER (8:10) pH 7 4
€ 10 el == CP-DCCE2 (B:10) pH 5.5
5 & w(Cee CP-DCC1E (8:10) pH T 4
Q o ke CP-DCC18 (8:10) pH 5.5
D 8 16 24 32 40 48 56 B4 72
b} Time (hours)

Figure 6. Cisplatin ( CP) cumulative release (%) from carriers with a different M, and drug loading, at 37 °C in PBS at (a) pH 7.4 and {(b) pH 5.5
and pH 7. The dashed lines represent conjugates based on Na-DCC82; the dotted lines represent those based on Na-DCC18. The CP:DCC
reaction ratio is gven in the legend together with different pH values ( where applicable).
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and more targeted drug release (see Figure 6h). The
importance of the pH is best observable at early stages of
release from the DCCB2 conjugate, where twice the amount
(24 vs 12%) of CP is released after 8 h at pH 5.5 than at pH
7.4

To summarize, the CP—DCC conjugates can offer a broad
range of drug release profiles, accessible by a simple
optimization of reaction conditions during the preparation of
the carrier (changing its M) and its conjugates (modification
of CP:DCC reaction ratio).

In Vitro Cytoxicity. The Na-DCC 18, Na-DCC82, and CP-
DCC18 with 43 wt % of the bound CP (prepared using 45 wt
% CP with 96.5% binding efficiency) and the CP-DCC82 with
37 wt % of the bound CP (prepared using 38 wt % CP with
97.5% binding eﬁiciency) were selected for biological testing:
In the following, these are referred to only as CP-DCC18 and
CP-DCCE2. CP-DCCIS is an example of a conjugate with a
fast initial platinum release and high CP content, while CP-
DCC82 has an approximately linear platinum release profile
and moderate CP content.

The cytotoxicity of the free CP, of both the investigated
carriers (Na-DCC18, Na-DCC82) and their conjugates (CP-
DCCI18 and CP-DCCB82), was tested by means of MTT using
a variety of cell lines, from those representing normal tissue to
highly aggressive ma.ligua.nt cancer cells. The noncancerous cell
lines were represented by a normal human epithelial prostate
cell line (PNT1A) and mice embryonic fibroblasts (NIH/
3T3). The malignant primary tumor cell lines were represented
bya human ovarian cell line (A2780) and its cisplatin-resistant
subline (A2780/CP), a human cell line derived from
pulmonary adenocarcinoma (AS49) and human prostate
carcinoma cell line (22Rv1), while metastatic cell lines were
represented by a human prostate cancer cell line established
fram a bone metastasis (PC-3) and human nonsmall cell lung
carcinoma cells derived from the lymph node (H1299). The
concentrations of the conjugates were selected in a way that
the concentration of the fully released active compound is
equal to that of free CP in all cases.

Both Na-DCC 18 and Na-DCCB82 were found to be nontoxic
in the whole span of tested concentrations for all of the tested
cell lines (from 0 to 500 uM), disregarding the differences in
the M,, and the degree of oxidation (see Table 3). The carriers
also do not support the cell proliferation in the given
concentration range.

The cytotoxicity of the CP—DCC conjugates toward the cell
lines representing normal tissue is 3—9 times lower than for

Table 3. 1C,; Values for Na-DCC18, Na-DCC82, CP, CP-
DCC18, and CP-DCCS2 for Noncancerous (NIH/313,
PNT1A), Primary Tumor (A2780, A2780/CP, A549,
22RV1), and Metastatic (PC-3, H1299) Cell Lines (All
Values Are in uM)

Na- Na- cP- P
DeC1s necay Cp Decis DCes2

NIH/3T3 =300 500 120 1050 340
PNT1A =500 =500 5.0 14.7 16.5
ALTRD =300 =500 64 9.6 35
A27RO/CP =500 =500 14.2 160 14.5
A549 =500 =300 3ol 524 40.4
22RV1 =500 >500 80 1.3 143
PC-3 =500 =500 0.5 17.5 24.6
H1299 =500 =300 534 669 524
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free CP (39 times higher 1Cs; values) (see Table 3). On the
other hand, the [C of both conjugates is between 0.8 and 1.6
times of that of free cisplatin. Note that only 65% (CP-
DCC18) and 50% (CP-DCC82) of CP are assumed to be
released from the conjugates after 48 h under in witro
conditions (MTT incubation time). Despite significantly
lower overall concentration of released CP, the CP-DCCI&
was found to be more effective than free CP against the
prostatic PC-3 cell line and only somewhat less effective
against the 22RV1 and A2780/CP lines, while the CP-DCC82
conjugate has somewhat better effectivity than free CP against
A2780 and is similarly effective against A2780/CP and H1299
cell lings. In absolute values, the conjugates were the most
effective against the ovarian A2780 and A2780/CP and
prostate PC-3 and 22RV1 cell lines and the least effective
against lung cancer cell lines A549 and H1299.

Overall, the physical characteristics of the drug carrier do
seem to influence to the certain extent the effectivity of carried
CP against individual cell lines. For instance, CP-DCC18 with
fast release rates and high platinum content were about 25%
more cytotoxic than CP-DCCHE2 against both tested prostatic
cell lines (22RV1, PC-3), while higher molecular weight CP-
DCC82 was about 20% more cytotoxic against lung carcinoma
cell lines (A549 and H1299) and about 40% more effective
against A2780. Additional studies are however required to
confirm this interesting observation, The A2780 cell line was
selected for further studies as an example of a cell line with one
of the best responses based on in vitro results,

Cellular Uptake of Platinum. Cisplatin enters the cell via
several mechanisms; however, it primarily employs membrane
transporters as the copper transporters CTR1 and CTR2 as
well as the family of organic cation transporters (ocT). ™
To investigate the influence of cisplatin conjugation to DCC18
on the amount of platinum accumulated inside the cells,
cellular uptake studies were performed. A2780 cells were
treated with § uM concentration of CP and CP-DCC18, This
concentration is lower than 1Cey value of both compounds;
therefore, the majority of the cells was viable while
acarmulating the compounds. Platinum concentration was
measured in both lysed cells and culture media treated with CP
and CP-DCCI18 after 24 and 48 h from the treatment (Table
4). Compared to cisplatin, the resulting data for CP-DCCI8
showed slightly reduced platinum uptake after 24 h from
treatment, However, the significance of this slight decrease in
platinum concentration within cells is debatable considering
the high platinum concentration in the surrounding culture
media (around 1100 pg/L, see Table S1). Observed
differences also correlate with measured CP release rates, as

Table 4. Intracellular Concentration of Platinum in A2780
Cells 24 and 48 h after Treatment with CP and CP-DCC18
Determined by 1CP-MS”

‘sample ¢ (/L) ¢ (ng/10° cells)
24 h cp 448 4+ 0.12 1.41 + 004
CP-DCC18 313 £ 0.06 0.98 + 002
control 0 0
48N cp 7.90 % 0.17 1.21 + 003
CP-DCC18 773 £ 0,10 119 = 002
control 0 0

“See the Methodsand Materials section for details, Data are expressed
as mean + 5D,
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only about 50% of CP is released from the conjugate after 24 h
under in vitro conditions (see Figure 6). Besides, platinum
content within the cells equalizes 48 h after the treatment with
CP and CP-DCC18.

The results imply that cisplatin binding to DCCI18 carrier
has only minor influence on the amount of platinum
accumulated within the cells in vifro. In accordance with
these ﬁnd'ulgs, no signlﬁc:mt difference in platinum concen-
trations was found within the culture media collected 24 and
48 h after CP and CP-DCC18 treatment (see Table S1).

In Vivo Toxicity Assessment. The pilot in vivo toxcity
assessment was carried to screen for unexpected side effects of
the conjugates in living organism, e.g, high toxicity or
irritation. Tests were performed in accordance with the
recommendations of the European Community Guide for
the Care and Use of Laboratory Animals and in accordance
with the experimental protocol approved by the Committee on
the Protection of Animals, Faculty of Medicne, Masaryk
University. Ten athymic female nude mice (8 weeks old,
weight 19.7-25.9 g five animals in each group ), housed under
the standard conditions, were inoculated with A2780 ovarian
cancer cells. After tumor incubation period (25 days) the mice
were injected with three dases of CP and CP-DCC18 (200 ulL.
of a solution containing 1.5 mg/mL of CP in both cases)
within 2 weeks. A statistically significant difference of survival
was found between groups treated with free CP and CP-
DCCI18 (p = 0.008) using a log-rank test (see Figure 7).

in one case was the increase of tumor size (by 67%) observed.
The continual tumor growth in the former group was most
likely caused by the high toxicity of cisplatin given by bolos
injection for the animals, as the effect of drug systemic toxicity
was probably acting faster than the tumor-reducing effect. All
animals were subsequently terminated, and the tumors
extracted and analyzed with respect to the platinum content.
Determination of the Platinum Distribution in the
Tumor Tissue. A LA-ICP-MS study was performed to obtain
the platinum spatial distribution in tumor tissue. The resulting
heat maps illustrate the platinum distribution within the tumor
of the mice treated with CP (Figure 8a) and with CP-DCCI18

Figure 8. LA-ICP-MS5-determined local concentrations of platinum in
a tumor tissue of a mouse treated with (a) CP and (b) CP-DCC18,
The dashed red lines mark the physical boundary of tumor tissue. The
ntensity scale indicates platinum concentration {ug/g).

1
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cPpPROoOCOO0 0T
I e

|
: Compieta == CP ‘
Censored —CP-PCC1E
55 60 B85 70 75 80 B5 90 95 100
Time (days)

Figure 7, Univariate analysis of overall survival {Kaplan—Mejer
method ). The univariate survival analysis was followed by the log-rank
test, and the multivariate analysis was performed using the Cox
proportional hazard models,

[n general, the mortality of mice receiving free CP was very
high already after receiving two doses of the drug (only one
mause out of five survived up to the third injection). On the
other hand, the group receiving CP-DCC18 with an equal
amount of cisplatin evidenced 80% survival rate (only one
mouse out of five did not survive up to the termination of the
experiment). Therefore, we conclude the CP-DCCI18 con-
jugate is generally better tolerated in a living organism than
free CP.

In gencm], the tumor volumes in the CP-receiving group
were rather enlarging within the duration of experiment. The
increase in tumor size was up to 112.5% in comparison with
the initial state at the very beginning of the therapy. Contrarily,
the tumor sizes of the animals in the CP-DCC18-receiving
group were significantly reduced in 75% of cases. The
reduction of tumor size ranged between 20 and 66%. Only
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(Figure 8b). The red dashed line represents the physical
boundary of tumor tissue samples. The platinum content in the
CP-treated group varied from 0.0 to 18.0 ug per gram of tamor
tissue, while in the CP-DCC18-treated group it varied from 0.0
to 25.0 pg/g The dominance of the various shades of blue and
light green color in Figure 8a indicates that the platinum
concentration in the majority of the tumor tissue is between
2.5 and 7.5 pg/g, with a randomly distributed maxima up to 18
ug/g. The prevailing yellow-green and orange-brown in Figure
8b indicate higher platinum concentrations, mostly between 10
and 20 pg/g, with maxima of up to 25 ug/g concentrated near
the center of the samples (see dashed red line representing
boundary of tumor tissue in Figure &),

The concentrations of platinum per gram of tumor tissue of
the CP-DCCI18-receiving group was thus higher than in the
case of tumors from the CP-receiving group according to 1CP-
MS analysis. This indicates a better accumulation of active
compounds because of the conjugation of CP to the
polysaccharide carrier DCC18. Note that the in vifro platinum
uptake study (sec above) did not show any substantial
difference in platinum accumulation between A2780 cells
treated with CP and CP-DCC18. Therefore, we believe that
the higher platinum accumulation within the tumors
manifested in mice treated with CP-DCC18 is a result of its
improved systemic properties within the organism provided by
macromolecular carrier. ™’

Altogether, our results indicate a higher survival rate of
animals, a better toleration of the drug, reduced systemic
toxicity, and higher tumor accumulation of cisplatin after its
complexation with a DCC18 carrier.

B CONCLUSION
Highly oxidized 2,3-dicarboxycellulose (DCC) was optimized

for the use in biological applications. The control over the
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molecular weight of the product during the synthesis was
introduced by the addition of the given amounts of
amidosulfonic acid into the reaction mixture. The prepared
DCC is a nontoxic and well-soluble material with a well-
defined composition and a high degree of oxidation, up to
96%. It features two —COOH groups per each oxidized
monomeric unit and is capable of a highly effective bidentate
chelation of platinum(11) chemotherapentics, as demonstrated
by its conjugates with dsplatin. The dsplatin—DCC conjugates
simultaneously offer a very high binding efficiency (90—98%)
and a loading capacity of the drug (up to 50 wt %). The
conjugates remain well soluble in an agueous medium even
with maximum drug loading,

The variable drug-release profiles are accessible by simple
modifications of the carrier molecular weight (M,,) during the
synthesis and conjugate preparation (drug feeding ratio ). As a
result, the cisplatin release rates can be modified to include a
delayed release as well as an initial burst release, e.g, from
<10% to >60% after 24 h. The release rates are also pH-
dependent (up to 2 times faster release at pH 5.5 than at pH
7.4), which allows to exploit the acidic nature of tumor
microenvironment,

The DCC itself was found nontoxic in the whole set of
tested concentrations during in vitro studies. The CP—DCC
conjugates were found considerably less toxic in vitro than free
CP toward cells representing normal tissues, while having a
comparable or better cytotoxicity than CP against the prostatic
(PC-3 and 22RV1), human ovarian cell lines (A2780 and
A2780/CP), and lung metastatic (H1299) cancer cell lines.
This was achieved despite only partial release of CP during the
MTT incubation period. Besides, conjugates with burst release
profiles were found more effective against tested prostate cell
lines, while conjugates with slower release were in general
more cytotexic against lung carcinoma cell lines and human
ovarian cell lines, Additional studies are however required to
confirm this observation, Conjugation of CP to DCC has only
minor influence on the amount of platinum accumulated
within the cells in vitro.

The pilot in vivo tests indicated a significantly higher mice
survival rate, a higher accumulation of platinum in tumors, and
lower systemic toxicity of mice treated by cisplatin conjugated
to the DCC in comparison with those treated by free cisplatin.
Reduction of the tumor size was observed for the animals
treated with CP—DCC conjugates.

In this study, the 2,3-dicarboxycellulose and its conjugates
with cisplatin demonstrated a number of characteristics
implying considerable potential in the area of drug delivery.
High drug loading efficiency and capacity, broad spectrum of
accessible drug release profiles together with no observable
toxicity makes DCC a promising candidate for drug delivery
systems of the future. The described method for cost-effective
modulation of molecular weight of the oxidized cellulose may
be exploited not only for preparation of cellulose-based drug
delivery systems but is also applicable to other oxidized
polysaccharides with number of potential applications outside
the area of drug delivery.
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Keywords:

Metallothionein

Molecularly imprinted polymers
Polydopamine

MALDI-TOF-MS

LA-KCP-MS

We report a facile method for detection of metallothioneln (MT), a premising clinlcally relevant blomarker, In
splked plasma samples. This method, for the first time, integrates molecularly iImprinted polymers as purlfica-
tion/ pretreatment step with matrix assisted laser desorption/fonization tme-of-flight mass spectrometric de-
tection and with laser ablation (nductively coupled plasma mass spectrometry for analysis of MTs. The prepared
MT-imprinted polvdopamine layver showed high binding capacity and specific recognition properties toward the

template. Optimal monomer (dopanine ) concentration was found te be 16 mM of dopamine. This experimental
setup allows to measure LM concentrations of MT that are present in bload as this can be used for clinical studies
recognizing MT as marker of various diseases [ncluding tumour one. Presentad approach not only provides fast
sample throughput but also avoeids the Umltations of methods based on use of antibodies (e.g. high price, cross-
reactivity, imited availability in some cases, etc.).

1. Intreduction

Metallothioneins (MTs) are low molecular mass (< 7kDa), ey-
steine-rich proteins, ubiquitously present in practically all eukaryotes
[1-3]. MTs perform a wide range of functions in an organism including
essential metal homeostasis, ie Zn®* and Cu™, heavy metal detox-
ification, i.e. Ca**, scavenging of reactive oxygen species and regula-
tion of transcription [4-5]. The elevated concentration of MTs has been
observed in blood and/or tissues coming from patients with various
tumour diseases (e.g., colon, breast, liver, kidney, lung, nasopharynx,
ovary, salivary gland, prostate, thyroid, and urinary bladder cancer) as
it was reviewed [9,10], demonstrating that MTs are promising once-
suppressors [11-13].

Numerous analytical approaches have been suggested for detection
and determination of MTs as reviewed elsewhere [14,15]. More re-
cently, a method based on the enzyme-inked immunosorbent assay and
the real time polymerase chain reaction was used [16]. Another study
reported a microfluidic MT electrochemical immunosensor utilizing
superparamagnetic agarose beads [17], where a curve fitting approach
was be used for voltammograms of various isoforms of MTs [15]. Mass

spectrometry coupled with matrix assisted laser desorption/ionization
(MALDI) or laser ablation inductively coupled plasma (LA-ICP) ioni-
zation was also used for detemmination of MTs [19]. Recently, bottom-
up mass specirometry-based approach for human MT iseforms quanti-
fication has heen developed [201], nevertheless combinations of these
types of detection with biological molecule recognition elements are
needed,

Molecularly imprinted polymers (MIPs) are biorecognition surfaces
with high affinity towards desired template. Named as natural receptor
mimics, MIPs are being considered as an altemmative to biological re-
ceptors, such as enzymes, antibodies or aptamers [21,22]. Their major
advantages cover predictable specific recognition, low cost, ease of
preparation, good mechanical /chemical stability, and reusability [23].
Although MIPs have been successfully applied using wide range of

small molecules [24], imprinting of biomacromolecules, such as pro-

teins, faces challenges, Macromolecular remplates have a tendency to
adsorb to polymers, where it is not trivial to remove them from the
polymer matrix, as they produce heterogeneous sites, and may be
sensitive to denaturation or presence of organic solvents, which are
usually essential for formation of polymers [22,25]. To date, only few
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Fig. 1. Overall workflow of molecularly imprinted polymer (MIP) formation, sampling and MALDI-MS detection of MT-1.

studies reported combination of molecular imprinting technology to-
gether with MALDI time-of-flight mass spectrometry (MALDL-TOF-MS)
[26-33]. However, determination of MT using molecularly imprinting
technology combined with mass spectrometric detection (neither
MALDI-TOF-MS nor LA-ICP-MS5) has not been reported yet.

In the present study, we developed an easy method for MT pur-
ification from a complex matrix using MT-selective polydopamine layer
combined with MALDI-TOF-MS and LA-ICP-MS detection techniques
(Fig. 1). The analytical performance of the sensor was evaluated. The
obtained results reveal a new perspective in recognition and separation
of this template, which is a potential marker of discases.

2. Material and methods
2.1. Materials

Dopamine hydrochloride, albumin from human serum (= 97%),
Trizma® (TRIS base), and lysozyme from chicken egg white were pur-
chased from Sigma-Aldrich company (St. Louis, MO, USA). Acetic acid
(99.8%) and hydrochloric acid (reagent grade, 35%) was obtained from
PENTA (Chrudim, Czech PRepublic). Amicon® Ultrar 0.5mL 50K
Centrifugal Filters were purchased from Merck Millipore (Billerica, MA,
USA). Tris-HC1 buffer (20 mM, pH 8.5) was prepared from Trizma® and
hydrochloric acid was used for pH adjustment. Aqueous solution of
acetic acid (3%, v/v) was used as a washing buffer. Dejonized water
used during the experiments was prepared with a Milli-Q water pur-
ification system (Millipore, Milford, MA, USA).

2.2, Preparation of MT-imprinted polydopamine layer

Polydopamine {PDA) MIP was prepared by self-polymerization in-
spired by works of [34,35]. In brief, dopamine was dissolved in 1 mL
Tris-HCI buffer (20 mM, pH 8.5). Template molecules of MT-1, MT-3 or
lysceyme, for initial optimization, were then mixed with the stock so-
lution of dopamine at 1:1 (v/v) ratio. The target concentration was
varied depending on the experiment. Next, 1 uL of the polymerization
mixture was applied en the MALDI target plate (Bruker MTP An-
chorChip 384 BCE™) or, in case of initial experiments, bottom of the 96
well-plate and let to polymerize and dry at the room temperature for
24 h. Subsequently, the prepared polymeric layer was overlaid with a

235

sample solution and the incubation was carried for 1 h at room tem-
perature, The resulting self-assembled polymer was then washed with
3% acetic acid to remove the bound MT or lysozyme. Final wash was
performed with Milli-() water. Control, non-imprinted polymer (NIP),
was prepared under the same conditions without adding the template
{MT/lysozyme). Each of the analysed polymers was prepared in tripli-
cate

2.3, Sample preparation

2.3.1. Smndard solutions

The coding sequences of human metallothionein-1 (MT-1)
(UniProt:P13640-2) and metallothionein-3 (MT-3) (UniProt:P25713-1)
were purchased from Genscript (Piscataway, NJ, USA) and inserted into
the pTYB21 vector (New England Biolabs, UK). Prepared plasmid were
transformed into BL21(DE3)pLysS E. coli cells. Protein production and
purificaion was conducted as previously stated [26]. The obtained
recombinant protein MT-1 used in the MALDI-TOF-MS experiments had
seven bound Zn(Il) jons. For LA-ICP-MS experiments were prepared
MT-1 with seven bound Cd(1l) ions and MT-2 with seven bound Zn(Il)
ions.

2.3.2. Plasma sample preparation

Whole blood was collected [rom a healthy volunteer and then cen-
trifuged for 10min at 2000 ref and the plasma was further centrifuged
for 30 min at 22000 rcf. The plasma was diluted 50 x with Tris-HCl
buffer (20 mM, pH 8.5) and spiked with MT-1 to its final concentration
of 5 uM. All subjects gave their informed consent for inclusion, before
participating in the study. The study was conducted in accordance with
the Declaration of Helsinki and the protocel was approved by the Ethics
Committee of Masaryk University.

2.4. MALDI-TOF-MS

MIP/NIP were analvsed using MAILDEITOFR-MS (ultrafleXtreme in-
strument, Bruker Daltonik GmbH, Bremen Germany) equipped with a
laser (operating at wavelength of 355 nm with an accelerating voliage
of 25kV, a maximum energy ol 43.2 pJ, and a repetition rate of
2000 Hz) in linear positive ion mode for data acquisition. Three dif-
ferent organic matrix solutions were tested, namely a-cyano-4-
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hydroxycinnamic acid, sinapinic acid and 2,5-dihydroxybenzoic acid
(DHE) (Bruker Daltonik, Bremen, Germany), with DHB diluted in 0,1%
trifluoroacetic acid (Sigma-Aldrich) being considered the optimal so-
lution, since less background was produced in the final spectrum [18].
Matrix (0.5 pL) was applied on the prepared MIP and/or NIP paly-
merized layer (as previously described in Section 2.2) and dried under
atmospheric pressure and ambient temperature (25 °C), The laser fre-
quency was set to 1000 Hz and laser energy was optimized prior to each
measurement. Calibration was done externally using a protein standard
mixture I and [ (Bruker Daltonics, Bremen, Germany) in the range of
m/x 1-90 kDa. A wtal of 500 spectra were summed for each spot using
the Random Walk raster pattern, with no evaluation criteria and were
analysed with the Flex Analysis software (Version 3.4).

2.5. Fluorescence spectrometry

Fluorescence spectrometric measurements were performed using
Infinite M200 fluorescence microplate reader (Tecan, Minnedorf, CH).
Polymerization mixture (50 uL) was deposited on the bottom of the well
of Corning® 96 Well Clear Flat Bottom UV-Transparent Microplate
{Corning, NY, USA). Fluorescence emission of lysozyme was recorded at
hex = 280nm and A, = 330 nm with gain of the detector set to 100,

2.6. LA-ICP-MS

The analysis of MIP was performed by LA-ICP-MS setup that consists
of LA system UP213 (NewWave Research, USA) emitting laser radiation
with a wavelength of 213 nm with a pulse width of 4.2 ns. The ablated
material was carried out from an ablation cell by a flow of a He (1.0 L/
min) into ICP-MS Agilent 7500CE (Agilent Technelogies, Japan) with
quadrupole analyzer.

The MIP and NIP were ablated with following ablation parameters:
laser beam diameter of 110 pm, the repetition rate of 10 Hz; laser beam
fluence of 6J/cm?, the scan speed of 400 im/s and distance between
individual lines of 100 ym. The analytes MT-1 and MT-3 were mon-
itored by measuring of isotope e and ®Zn, respectively.

3. Results and discussion
3.1. Optimization of MIPs preparation

To address limitations of protein imprinting, several strategies have
been investigated including metal ion-coordination polymerization,
protein epitope approach, and surface imprinting [22.25,37]. The last
approach utilizes polydopamine (PDA), one of the most favourable
polymers considering its green chemistry status and facile preparation.
Dopamine (DA}, a functional monomer, can form a thin, selfpoly-
merizing film on a wide variety of materials in a weak alkaline en-
vironment (pH = 8) [38]. It has been shown that PDA forms thin films
by the spontaneous polymerization in the presence of oxygen; however
some other polymerization methods involving radicals formartion have
been developed [29]. DA, commenly invelved in human body as a
neurotransmitter, is also a small-molecule mimicking the adhesive
proteins. Its multifunctional groups and properties of hydrophilicity
and biocempatibility make it suitable for imprinting of proteins It can
be self-polymerized under mild conditions (room temperature, pH 8.0)
resulting in formaton of an adherent polvdopamine film. For example,
approach for imprinting proteins using PDA coating of FesQy nano-
particles has been reported [407]. Xia et al. suggested an approach for
protein recognition and separation using PDA-—coated molecularly im-
printed silica nanoparticles [41]. Therefore, it is believed that poly-
dopamine MIPs are expedient and appropriate materials applicable in
the identification of proteins.

The simple oxidative polymerization was employed in this study.
For non-covalent imprinting, the optimal ratio of template to functional
monomer (T/M) has to be achieved empirically [42]. Therefore, the
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concentration of monomer (dopamine} was tested in concentrations of
16, 32, 65, and 130 mM (data not shown). The functionality of the
imprinted polvmer was initially tested utilizing lvsozyme as a template.
The globular glycoprotein lysozyme (Lys) plays and important role in
living organisms. Considering its excellent antibacterial property, Lys is
widely used in medical and food industry. Thus, the development of an
effective purification method for Lys is broadly valuable [43]. Based on
the intrinsic fluorescence of Lys, the efficiency of the polymeric layer
preparation was evaluated. According to the fluorescence spectrometry
measurements, the dopamine concentration of 16 mM was chosen as
the most appropriate due to the highest binding yield.

Subsequently, the effect of template concentration was investigated
also by use of Lys in the same manuner as optimal dopamine con-
centration determination. The dopamine concentration of 16 mM was
used for polymerization. Concentrations of the template molecules of 9,
17, 35, and 70 pM were tested (Fig. 51), In our experiment, the eva-
luation was performed considering the size of the molecule used as a
remplate and was also aimed at use as low amount of protein as pos-
sible. The T/M ratio was 0.0005, 0.001, 0.002, and 0.004, even though
the T/M ratio is suggested to be 0.5-0.25, however, this depends on the
type of the template [42]. As expected, the higher the remplate con-
centration, the better signal was obtained due to the fact that more
analyte-responsive cavities were formed. Therefore, we selected 70 pM
as the optimum in further experiments.

3.2, MALDI-TOF-MS analysis

DHE was determined as optimal MALDI matrix for MT analysis and
therefore it was used in all following MAIDI-MS experiments
Consequently, two concentrations of MT-1 (6071.5 [M+H]") as a
template in the DA were tested (0.2 mM and 0.02 mM, T/M = 0.0132
and 0.0013). The data shown in Fig. 25A confirm the fact that higher
concentration of template increases the signal, as expected.

3.3, Template removal

Numerous approaches to template removal are presented in the
literature [44.45]. Based on these works, 3% acetic acid (v/v) was
chosen for washing. When the PDA imprinted layer (1 uL of poly-
merization mixture) was washed once with 2 plL of 3% acetic acid (v/v),
the vast majority of the template still remained in the PDA layer. Per-
formed experiments revealed that repeated washing (5-times with 2 uL
of 3% acetic acid) was required for the sufficient template removal. As
shown in Fig. 25E, the amount of template molecules remaining on the
MIP surface after template removal procedure (background signal) was
significantly lower compared to the signal obmined after application of
the sample (analyte) solution onto the PDA layer. NIP (PDA poly-
merized in absence of template) was treated exactly the same way as
MIP.

Based on this, the final signal results as a comparison between 1) the
signals obtained {rom MIP with applied sample soluton (washed with
water) with subtracted signal of MIP after template removal (washed
with 3% acetic acid) and 2) the NIP after application of the sample
solution {washed with water).

2.4, MIP selectivity

To evaluate the selectivity of prepared MIP, the most abundant
protein oceurring in blood, albumin, was employed as an interference
present in the model sample mixre (cyry = 3uM. Capymin = 3pM)L
This protein represents a suitable model of interference not only be-
cause of its intrinsic presence in blood but also due to its endency to
adsorb on various surfaces that is commonly employed as a blocking
agent in immunoassays [46]. As shown in the Fig. 53, metallothionein
MIP analysed after application of the model sample solution exhibited
only a minar signal of albumin (69368.5 [M+H] "), which is shown in
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the inset in Fig. 53, whereas MT (6071.5 [M+H]™) could be easily
identified. PDA exhibits multiple interactions with proteins and weak
hydrophilic interactions with salts. Thus the signals of proteins can be
improved in spite of contamination by salts [47]. In addition, the MIPs
have low nonspecific absorption capacity to non-templates [33]. The
above mentioned results validated that the MIPs have specificity toward
MT and resulted in a significantly selective enhancement in M5 signals
of MT.

3.5, Evaluation of different MT concentrations by MALDI-TOF-MS

Based on the literature information, the MT level in Mood of healthy
persons occurs at the value of 0.5 uM, however the level in cancer pa-
tients ranges from 1.59 to 2.70 uM with average and median of 2,12
and 2.07 uM, respectively [48], It has to be noticed here that the precise
quantification by MALDI-TOF-MS is not trivial and may be problematic
even though numerous approaches may be taken to address this issue
[49]. Therefore, this work does not aim at exact determination of the
MT concentration, but rather targets at development of rapid methed to
identify the suspicious samples with potentially elevated MT level.
Therefore, the 0.6 uM coneentration of MT occurring in the diseased
patients was taken as a threshold value. It should be noted that the
samples with elevated MT level provides very high S/N ratio and signal
is dependent although in a non-linear fashion on the concentration of
the target. Three MT concentrations (0.6, 1.7 and 3.3 pM) were, thus,
tested in order to investigate the possibility of detection of the MT
signal. As shown in Fig, 54, all of these concentrations were well de-
tected after undergoing the MIP extraction procedure (Fig. 45A) and
NIPs were simultaneously performed asa control (Fig. 45B). Therefore,
it can be concluded that the method is sensitive and selective enough to
indicate the increased level of MT, leading to further quantitative in-
vestigation.
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3.6. Zinc and cadmium detection in MT by LA-ICP-MS

As mentioned previously, MALDI-TOF-MS its not a method of choice
if precise gquantification is needed. Therefore, a guantitative mass
spectrometric analysis (LA-ICP-MS) was employed for quantitation of
levels of metal ions present in MT. To our best knowledge, this is the
first use of LA-ICP-MS in combination with MIP technique. Under
physiological conditions metallothioneins bind Zn®* and Cu*, parti-
cipating in metabolism of those metal ions [50]. Furthermore, cadmium
(C4**) accumulates in MT with exposure and age. For simplification,
MT completely satmrated with Zn?* ions or with €d°* ions was used in
this study.

First, the efficiency of the template removal from MIP by washing
with acetic acid was tested. It was found out that the **Zn remaining on
the MIP surface (and within the PDA layer) after remplate removal
procedure was approximately 1.3% of the original amount, The non-
specific adsorption of analyte on NIP was observed, as well. Similarly to
MALDI-TOF-MS experiments, the signal was significantly lower in
comparison to MIP, which is extremely beneficial for usage of this
protocol as quantification step. To summarize data obiined by LA-ICP-
MS we used Fig. 2, where is clearly shown that MIP-MT signal sig-
nificantly differed from others. LA-ICP-MS technigue was further ap-
plied for distinetion of MT-1 (Cd} from MT-3 (Zn) MIP and NIP as de-
monstrated in Fig 3.

3.7, MT analysis in plasma

Cur MT-MIP MALDI-TOF-MS approach has been verified using a
real biological sample of human plasma. As illustrated in Fig. 4, no peak
of MT-1 was revealed when using NIP, However, after enrichment from
diluted human plasma, only a sharp peak of MT-1 (6071.5 [M+H] )
could be identified on the MT-MIP. Here we have shown that MT-MIPs
can capture MT-1 specifically and effectively from complex biosamples.
Furthermore, spectrum in the Fig 4 shows interfering substances (m/z
5539.4) demonstrating the ability of MS detection to identify the in-
terferents and providing additional information level compared to non-
specific detections commonly used with MIP, such as quartz crystal
microbalance. Besides precise identification, we further used above
mentioned protocol based on LA-ICP-MS and found the level of MT-1 to
be 0.05 uM.

In eonclusion, we demonstrated for the first time that MIP may be
used as a selective purification step for metalloproteins for MALDI-TOF-
MS analyses. Metallothionein-molecularly imprinted polymers were
successfully prepared by immobilization of the template and self-
polymerization of dopamine directly on the MALDI plate and showed
good selectivity toward the template protein. Convenient enhancement
in MALDI-TOF-MS signals was achieved for MT from the spiked protein
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Fig. 3. LAICP-MS analyses of MIP and NIP using the MT-1 (Cd) and MT-3 (Zn) templates. (A) Sample containing MT-3(Zn) was applied to MIP/NIP created with
template MT-1(Cd). (B) Sample containing MT-1(Cd) was applied to MIP /NIP created with template MT-3(Zn), (C) Sample containing MT-3(Zn) and MT-1(Cd) was

applied to MIP/NIP created with template MT-1(Cd).
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mixture and plasma sample. Furthermore, LA-ICP-MS analyses served
for MT quantification and for evaluation of the MIP/NIP isoform se-
lectivity. MIPs combined with MALDI-TOF-MS and LA-ICP-MS techni-
ques enable precise identification and quantification with high mass
accuracy, outstanding sensitivity, and relatively fast analysis; showing
further prospects in high-throughput testing. For the separation of
particular MT isoforms further investigation and optimizadon of the
two mass spectioscopic techniques will be performed together with
application of diverse polymers for MIP formation.
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CdS quantum dots-based
immunoassay combined with particle
imprinted polymer technology and
laser ablation ICP-MS as a versatile
tool for protein detection

Tereza Vaneckova®?, Jaroslava Bezdekova™?, Michaela Tvrdonova®, Marcela Vlcnovska'?,
Veronika Novotnai?, Jan Neuman?, Aneta Stossova’, Viktor Kanicky", Vojtech Adam(®*?,
Marketa Vaculovicova'? & Tomas Vaculovic*

Forthe first time, the combination of molecularly imprinted polymer (MIP)technology with laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is presented with focus onan
optimization of the LA-ICP-MS parameters such as laser beam diameter, laser beam fluence, and

scan speed using CdS quantum dots (QDs) as a template and dopamine as a functional monomer. A
non-covalent imprinting approach was employed in this study due to the simplicity of preparation.
Simple oxidative polymerization of the dopamine that creates the self-assembly monolayer seems

to be anideal choice. The QDs prepared by UV light irradiation synthesis were stabilized by using
mercaptosuccinic acid. Formation of a complex of QD-antibody and QD-antibody-antigen was verified
by using capillary electrophoresis with laser-induced fluorescence detection. QDs and antibody were
connected together via an affinity peptide linker. LA-1CP-MS was employedas a proof-of-concept for
detection method of two types of immunoassay: 1) antigen extracted from the sample by MIP and
subsequently overlaid/immunoreacted by QD-labelled antibodies, 2) complex of antigen, antibody,
and QD formed inthe sample and subsequently extracted by MIP. The first approach provided higher
sensitivity (MIP/NIP), however, the second demonstrated higher selectivity. A mixture of proteins with
size in range 10-250 kDa was used as a model sample to demonstrate the capability of both approaches
for detection of IgG in a complex sample.

The technology of imprinted polymers allows for a selective recognition of targeted analyte. It is based ona for-
mation of an analyte recognition surface that is created after polymerization of a mixture of analyte and suitable
monomer™?, Molecules or lons can be Imprinted into polymers then molecularly or fon imprinted polymers
(MIP or IIP, respectively) are formed. Nowadays, MIPs are used as specific selectors for pre-concentration of
broad groups of analytes in food*!, beverages®®, water , soil®, and biological samples (eg. blood plasma®). The
maln benefit of this technology is in its variability. Compared to conventional immunoassay, the use of MIP
technology is applicable for analytes for which the antibodies are unavailable. Moreover, MIPs can be employed
for a broad range of analytes (from lons to microorganisms) and take advantage of various surface arrangements
{well-plates, microscopic slides, mass spectrometric targets, electrode and/or even nanoparticle surfaces). The
mononter/polymer system can be also varied to provide not only suitable functional groups increasing the speci-
ficity of the interaction with the target analyte, but also suftable polymerization conditions'. Moreover, a number
of detection techniques (e.g., luorescence spectronmetry or microscopy, mass spectrometry, and/or quartz crystal
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Chernistry, Masaryk University, Kamenice 753/5, CZ-625 00, Brno, Czech Republic. Correspondence and requests for
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microbalance) can be selected. The most commonly employed type of detection method 1s probably the quartz
crystal microbalance!!, however extremely sensitive techniques such as inductively coupled plasma mass spec-
trometry ([CP-MS) may provide benefits for certain applications'.

One of the polymers used for MIPs is polydopamine offering numerous benefits compared methacrylate and
its derivatives". Polydopamine was used for the first time as a surface coating in 2007 by Lee ef al." and since
then, the benefits of this material have been exploited in various fields including molecular imprinting'®. Simple
oxldative polymerization of dopamine Is Involved during the formation of the self-assembly layer'®. Even though
the detail mechanism of the polymerization is still not completely clear, it has been widely to create MIP on sur-
faces such as particles'”=", monolithic columns® and/or carbon nanomaterials'®2!,

MIPs have found its application in biochemistry and bioanalysis providing an alternative to antibodies used in
immunoassays. Standard immunoassays are commonly visualized by optical techniques, such as fluorescence %,
chemi{ biojluminescence®, colorimetric detection®* or more recently introduced photothermal method®, how-
ever In sonte cases, a more sensitive detection is required. For such applications, metal-labelled antibodies in
combination with laser ablation inductively coupled plasma mass spectrometry (LA-1CP-MS) is the method of
choice.

Inductively coupled plasma mass spectrometry (ICP-MS) is a well-established analytical method for
multi-elemental analysis for elements at trace- and ultra-trace levels. It is outstanding mainly due to the high
sensitivity independent of the molecular structure of the analyte, wide linear dynamic range and due to excellent
multi-element capabilities. In combination with laser ablation sample introduction, ICP-MS has also been used
to Image the distribution of metallic nanoparticles (Au, Ag) in single blological cells™.

As it was shown, NP-labelled antibodies in combination with ICP-MS used in dot-blot analysis are providing 4
orders of magnitude improved detection limits compared to standard metal-based labelling approach®. The idea
of MIP-based technology has been employed in combination with nanoparticles (NPs) made of Fe,0,***, gold
NPs™, Culr NPs*, EuS NPs™, quantum dots™* and upconversion NPs'544,

For the first time, the combination of LA-TCP-MS with the technology of imprinted polymers is presented by
application on the immunoassay using CdS quantum dots-labelled antibodies. By the technology of imprinted
polymers ( polydopamine), the analyte 15 selectively captured, and antibodies tagged by semiconductor NPs pro-
vided a high sensitivity signal. This proof-of-concept study combining for the first time the advantages of MIP
and LA-ICP-MS is presented with special attentfon paid to optimization of the LA-ICP-MS method in terms of
laser ablation parameters.

Experimental

Materials. Natural Mouse IgG proteln (abl98772) and Goat Anti-Mouse [gG H&L (abs708) were purchased
from AbCam (Cambridge, UK). HWRGWVC peptide was obtained from Clonestar Peptide Services, s.r.o.,
(Brno, Czech Republic). Dopamine hydrochloride, Mercaptosuccinic acid (MSA), Cadmium (Cd), Trizma base,
Na,HPO, and NaH,P( were purchased from Sigma-Aldrich (St. Louts, MO, USA) in ACS purity. 2-propanol
and sodium tetraborate decahydrate were obtained from Thermeo Fisher Scientific (Waltham, MA, USA).

Preparation of quantum dots. CdS QDs were prepared by mixing 50ul Cd solution (3 mM) with
25p] 0.1 M sodium phosphate buffer (Na,HPO /NaH,PO ) pH 7 and 25l MSA (2.4mg-ml~?) all 96 wells of
UV-transparent well-plate. Then the plate was placed in UV trans-1lluminator and was irradiated (A=254nm)
for 10 minutes. Resulted (QDs were precipitated by 2-propanol (mixed 1:2 QDs:2-propanel, shaking for 10 min-
utes, and centrifugation for 10 min at 9000rpm). Supernatant was removed and pellet was dried by solvent evap-
oration at 50 °C".

Characterization of prepared QDs.  The prepared QDs were characterized by dynamic light scattering
measuring the size, polydispersity, and zeta-potential using Zetasizer Nano ZS (Malvern, UK) according tothe
manufacturer’s Instruction. Moreover, fluorescence and absorbance spectroscopic characterlzation was per-
tormed using Plate reader Infinite 200 PRO (Tecan, Switzerland). Wavelength 350 nm was used as an excitation
radiation and the fluorescence scan was measured within the range from 400 to 700 nm per 2-nm steps. The
detector gain was set to 100. The samples were placed in UV-transparent 96 well microplate with flat bottom by
CoStar (Corning, USA ). To each well 50 uL of the sample was placed. A ll measurements were performed at25°C.

Preparation of QD-antibody conjugates. 1.7pl of solution of conjugation peptide (HWRGWVC)
abbreviated as HWR peptide (1.25 mgml™") was added to 25l of CdS QDs (0.125mgml™!) capped with MSA
and the mixture was Incubated using Thermomixer 5355 (Eppendorf, Germany) at 45°C, 600 rpm for 1 hour.
Subsequently, 1.6 pl of antibody (AB, 1| mgml='}was added to the QDs-HWR peptide conjugate. The mixture was
again reacted using the Thermomixer at 21°C, 600 rpm for 1 hour. Then the conjugate QD-AB linked via HWR
peptide was ready to use.

Characterization of QD-AB conjugates by capillary electrophoresis with laser-induced fluores-
cence detection (CE-LIF). Prepared conjugates were characterized by CE-LIF using Beckman PACE/MDQ
with excitation using lightemitting diode with emisslon wavelength of 395 nm. An uncoated fused silica capillary
with total length of 47 cm and effective length of 40cm was used. The internal diameter of the capillary was 75
pm. 20mM sodium borate butfer (pH=19) was used as a background electrolyte and the separation was carried
out using 20kV with hydrodynamic injectien by Spsi for 557

Preparation of imprinted surface.  The mixture (1 pl) of dopamine (3 mgml-in tris buffer pH 8.3) and
the template (quantum det-antibody= QD-AB, or quantum dot-antibody-antigen =QD-AB-AG complex) in
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a ratio of 1:1 was polymerized (overnight at room temperature) on the surface of the glass microscopic stide to
form 4 thin film of polydopamine with specific cavities selective to analyte (QD-AB or QD-AB-AG complex).
Non-tmprinted layer (NIP) was used as a control. The MIP/NIP spot was in average 2mm in diameter and all
experiments (MIP as well as NIP ) were performed in triplicates. The final concentration of the QD and AB in the
template was therefore 0.055mg ml~!and 0.028 mgml—*, respectively. Then the template was removed by wash-
ing for five-times with 10 pl of acetic acid (10%) and twice with 10 pl of MillIQ water. The surface of polymer was
blocked by using 5pl mixture of milk (10%) and 0.1.M phosphate buffer, pH 7 (90%) for 10 minutes. Subsequently,
the surface was washed three-times with 10pl of MillQ water. Next, the sample (1 ul) containing the analyte
was dosed on the imprinted surface and after 1 hour of interaction, the surface was rinsed three-times by MilllQ
water (10 ul). It was necessary to prepare NIF, formed from polydopamine without the presence of the template.
It served as a blank.

Imprinted surface characterization. The sample surface was analyzed using SEM LYRA3 (TESCAN,
Czech Republic) with integrated AFM LiteScope (NenoVision, Czech Republic). Correlative Probe and Electron
Microscopy (CPEM)* was used for the surface analysis allowing simultaneous acquisition of SEM and AFM
images at the same place in the same coordinate system. The SEM contrast is sensitive to the sample composition,
while the AFM provides real surface topography. The accelerating voltage of 5kV, beam currentof 13 pA and
SEdetector was used for SEM imaging. The self-sensing Akiyama probe in tapping mode was used for the AFM
measurement.

LA-ICP-MS. The analysis of MIP was performed by LA-ICP-MS setup that consists of LA system UP213
(NewWave Research, USA) emitting laser radiation witha wavelength of 213 nm with a pulse width of 42 ns. The
ablated material was carried out from an ablation cell by a low of a He (1.01/min} into ICP-MS Agilent 7500CE
{Agilent Technologles, Japan) with quadrupole analyzer. The optimized laser ablation parameters used for MIP
and NIP analysis were following: laser beam diameter of 250 pm, the repetition rate of 10 Hz, laser beam fluence
of 2J/em?, the scan speed of 2000 pmy/s and distance between individual lines of 210 pm. The signal arising from
CdS QD was monitored via isotope ''Cd. The whole spot of the sample was ablated by line patterns and signals
of monitored isotopes were observed. The limit of quantification for signal intensity is calculated according to
10- fold of standard deviation of the gas level {without ablation). All intensities below LOQ were replaced by zero.
Then sum intensity across the whole spot was calculated.

Limits of detection was calculated according to 30: LOD= (3 x Standard deviation of blank)/slope.

As ablank value, three spots of NIPs were measured and the standard deviation was then calculated from the
sum of Intensities of each one. The slope value was obtained from the sum of intensities of MIP (2.5pg of IgG).

Data processing.  First, the threshold value for ""Cd signal was calculated. Itwas the lowest measured 1nten-
sity taken into count for data evaluation. Tt was calculated as a sum of the average blank level of 1''Cd signal and
10 fold standard deviation of a blank level. Blank level corresponding to Intensities measured in carrler gas before
ablation start. Time resolved signal of ''Cd was obtained for each spot and intensities, lower than the threshold
value, were removed. Then total sum of intensities of "' Cd was calculated for each spot. The threshold value
caused that the sum of infensities did not grow due to background level intensities.

Results

Characterization of preparedQDs.  For the characterization of CdS QDs their size, polydispersity, {-po-
tential, and absorption and emission spectra were measured. From the DLS analysis follows that the average par-
ticle size is 18 nm and the negative value of (-potential (—41 mV) indicated that the prepared QDs were stable and
did not aggregate. This measurement is supported by their emission spectrum showing the emission maximum to
be 348 nm. Size distribution, DLS data as well as TEM micrographs are shown in §1-83.

CE-LIF of QD-conjugates. Toverify the formation of the conjugates, CE-LIF was used. QDs, QDs-HWR,
QDs-HWR-AB, and QDs-HWR-AB-AG were measured to confirm that each step of conjugation was successful.
Ascan be seen from the Fig. 1, formation of varlous specles was confirmed. The CdS QDs have negative charge
as found by measurement of (-potential. Hence they have the highest migration time (538 minutes). HWR pep-
tide sequence contains several positively charged amino acids and therefore, the conjugate of QD with HWR
exhibited positive charge and its migration time decreased (3.26 minutes). The migration time of QD-HWR-AB
complex was 3.78 minutes due to the increase in the size as well as increase of the negative charge. Similarly, when
the complex QD-HWR-AB-AG was created (after addition of AG In total concentration 0.026 mg ml™), further
increase In migration time was observed (4.32 minutes). Moreover, slgnificant Increase In the fluorescence inten-
sity is observed when the HWR peptide is connected to CdS QDs. It is supposed that the increase relates to the
fluorescence resonance energy transfer occurring within the formed complex. HWR peptide contains 1 molecule
of histidine with an aromatic ring responsible for absorption maxinmum at 390nm*, Hence the light supplied by
the excitation LED was absorbed by the histidine and transferred to the connected QD. This is believed to lead to
the fluorescence signal enhancement. However this was not the aim of this study and therefore, 1t was not further
investigated in detall.

Optimization of MIP. A non-covalent imprinting approach was employed in this study due to the simplicity
of preparation. The polymerlc layer was created on the surface of a glass slide according to the method published
previously by our group®. The concentration of 16 mM (2.5mg ml~!) dopamine hydrochloride was determined as
the most effective considering the imprinting ratio (data not shown).
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Figure 1. Electropherogram recording consequent complex formation by CE-LIE Fluorescence excitation at
395nm, total length 47 cm, effective length 40cm, internal diameter 75 pm, electrolyte - 20 mM sodium borate
buffer (pH=9), separation voltage - 20kV, injection - 5 psi for 55.

8
E110 pm
_.—.5'1
[ B250 pm
26
.5 T
&5
= 4 +
O
=3 =
=
£2
2 .
o - — = =
035 2 4 6

la;er fluence [Tem?]

Figure 2. Influence of laser beam diameters (110 and 250 pm) and fluence (0.5, 2, 4, and 6 J/em?) on intensity of
MCd signal.

Optimization of ablation parameters. Laser ablation parameters as the laser beam fluence, laser spot
size and scan speed were optimized to get a combination of both parameters with high sensitivity and high sta-
bility (low relative standard deviation - RSD) of the measured signal of '"'Cd. For all optimization, the slide was
covered by a layer of polydopamine surface imprinted with CdS QDs with a diameter of 18 nm. Flrst, optimiza-
tion of laser beam fluence and laser spot size was carried out. Laser ablation system operates in 2 modes of laser
beam focusing: I) Imaging mode — the laser spot size selected by using suitable aperture and IT) Focused mode
— the laser spot size selected by moving the lens. In the case of the imaging mode, the laser beam energy was more
homogeneous across the laser beam cross section than in case of the Focused mode, To get the highest amount of
the ablated material the largest available laser beam diameters for each focusing mode were tested — 110 (1maging)
and 250 pm (focused). The laser beam fluence was changed in a range from 0.5 to 6.0]/cm® Under optimal laser
beam fluence and laser spot size, the optimization of scan speed was done, Each combination of laser spot slze
and laser beam fluence was done as aline scan in triplicates on different places on the slide. The arithmetic aver-
age and relative standard deviations were calculated. The results of the optimization of laser beam spot size and
fluence are summarized in Fig 2 The pink and blue columns represent the laser beam diameters of 110 and 250
i, respectively. As expected, the 250 um laser beam spot provided significantly higher intensities compared to
the 110 um laser beam. In the case of the signal stability, the results obtained by 250 um laser beam spot exhibited
lower RSD) compared to 110 pm laser beam spot. Hence, the laser beam spot of 250 wm was selected as optimal.
Once the laser beam fluence was optimized, the largest intensities were achieved for 4 and 6 [/cm? However, the
lower stability of the signal was obtained. Therefore, the laser beam fluence of 2]/em?® was used as a compromise
between the signal sensitivity and stability.

Subsequently, the optimal scan speed was searched. It was found that scan speed affected neither the sensl-
tivity nor the stability of the "' Cd signal. The RSD of the signal intensity varied from 10 to 15% for all 4 tested
scan speeds (300, 800, 1200 and 2000 pm/s). Hence, the criterion for selection of scan speed was the duration of
the analysis. When the scan speed of 2000 pm/s was applied, the overall duration of the analysis was about 23s.

MIP-immunoassaydesign. Twoapproaches towards the MIP-immunoassay design (schematically shown
in Fig. 3A B) were tested. In the first concept (concept labelled A), only the AG was used as a template and there-
fore, the MIP selective only for AG was prepared. After that, AG was selectively isolated from the sample and
subsequently, the MIP surface (with AG extracted from the sample) was overlaid by the QD-AB conjugate.
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Figure 3. Schematic representation of two concepts of immuncassay combining QD-labelled antibodies

and MIP technology. (A) 1-Imprinting of the AG, 2-extraction of the AG from the sample by MIE overlay

with QD-AB conjugate, 3-interaction of the conjugate with the extracted AG from the sample, remaval of the
unreacted conjugate. (B) 1 - imprinting of the complex QD-AB-AG, 2 - QD-AB-AG formed in the sample after
addition of QD-AB conjugate into the sample solution and extraction of QD-AB-AG complex from the sample
by MIP for removal of Interferents from the sample. (C) Correlative Probe and Electron Microscopy (CPEM)
imaging of MIP layer with imprinted QD-AB conjugate. 1 — SEM image, 2 - AFM image of the same area and
sample in the same coordinate system. 3 — profile of a well formed due to the imprinting process.
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Figure 4. ICP-MS signal intensities (MIPs and NIPs) obtained by analysis of IgG standard sample by assay
concepts AandB described in Fig, 3.

Inthe second approach (concept labelled B), the whole complex QD-AB-AG was imprinted (used as template)
and during the analysis, this complex was formed directly within the sample and subsequently extracted by MIP.

In Fig. 3C, the surface visualization obtained by Correlative Probe and Electron Microscopy (CPEM) is
shown. SEM Image (1) and AFM Image (2) were obtained simultaneously from the same reglon of the sample.
Mainly two regions of the surface are of our interest (red and blue circle). Even though SEM image shows similar
contrast of both reglons, AFM Imaging clearly confirms differences between the flat surface (blue circle) and wells
formed due to the imprinting process (red circle). Profile of one of the wells is shown in (3).

As shown in Fig. 4, significant differences between MIP and NIP were detected in both concepts. The MIP/
WNIP signal ratio was 13.5 and 3.4 for concept A and concept B, respectively. This result, however demonstrates
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Figure 5. (A) Schematic representation of isolation and detection IgG from the same complex sample. At first
the conjugate (QD-Ab) is added to the complex sample. The conjugate reacts with IgG contained in sample and
creates the complex (QD-AB-AG) with them. The complex is bound to the cavity in MIP that is specific for this.
The bound complex is subsequently detected by LA-ICP-MS. (B) ICP-MS signal intensities obtained by analysis
of model protein mixture either with or without added IgG extracted by the assay schematically shown in (A).

the concept A to be less influenced by the non-specific adsorption of the sample components on the polymeric
layer (NIP signal).

Lower intensities (both MIP and NIP) are observed in concept A compared to concept B. This is probably due
to the fact that when the concept A is applied, the antigen only is imprinted, but its erientation in the polydopa-
mine layer may not always be correct; that means, when the antigen is ortented so that the interaction site 1s not
accessible for the QD-labelled antibody, the antigen-antibody interaction is prevented.

On the other hand, the concept B is providing 2.9-fold higher MIP signal compared to concept A suggest-
ing better sensitivity of this approach. The significantly higher NIP signal (11.6-fold) of B concept compared to
approach A is probably given by the fact that some mole-cules of AA-QD complex are more prone to non-specific
adsorption.

The LODs of both concepts were calculated according to 3 a: concept A — 4.2 pug, concept B— L6 g,

NIP is prepared under identical conditions and alse with identical construction as MIP. The difference is that
NIP is prepared without the presence of the template. It is taken as an indicator of non-specific binding The NIP
has functional groups randomly arranged on its surface that interact with analyte and cause to some extent bind-
ings. These non-specific bindings are weaker than those of the MIP. The difference in binding to the MIP and the
NIP are caused by selective binding sites in MIP created by lmprinting of template molecule™. On the surface of
NIP, monomer self-assoclation occursand reduces the number of free functional groups where the analyte can be
bound. Therefore NIP s able to bound less amount of analyte.

Based on the above mentioned facts, concept B was evaluated as more sensitive as it yields in lower LOD and
therefore, was used for isolation and detection of IgG from complex model sample. For this purpose, the protein
ladder was used. It consists of mixture of proteins in range from 10-180kDa (lysozyme, o-lactalbumin, trypsin
inhibitor, carbonic anhydrase, ovalbumin, bovine serum albumin, phosphorylase B, B-galactosidase; 0.1-0.3 mg/ml
each). Scheme of experiment is illustrated In the Fig. SA. The idea of this experiment Is that the conjugate
QD-AB-AG (QD-antilgG-1gG) is imprinted. Then the QD-AB (QD-antilgG) conjugate Is added into the solu-
tion of protein ladder and the AG (IgG) from the sample 1s captured forming QD-AB-AG (QD-antilgG-IgG)
conjugate. After the overlay ofthe MIP by this selution, QD-antigG-TgG conjugate is captured in the cavities and
Interfering proteins are washed.

Mixture of proteins with and without addition of IgG was measured. The addition of IgG was 2.5pg. The
mixture of proteins and the QD-AB conjugate was mixed in ratio 1:1. The results are shown in Fig. 5B. It is clearly
seen that mixture without IgG addition produces the signal intensity indistinguishable from the NIP, which is
due to the nonspecific adsorption. However, it is impossible to distingnish whether the sample componernts are or
the QD-AB conjugate are nonspecifically adsorbed on MIP surface. While after the addition of IgG a significant
increase of Cd intensity relating to presence of QD-antilgG-IgG conjugate 1s observed. It means that the Concept
B is able to lsolate [gG from the complex sample containing a mixture of protelns. In comparison results for
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concept B from Fig. 5 significantly lower sensitivity and higher LOD was found. This deterioration of the param-
eters Is caused probably due to the matrix effect of the proteins present in the sample.

Conclusions
The MIP technology is currently experlencing a rapid development due to the limitations of natural recognition
elements such antibodies or aptamers. However, nelther MIP strategies are limitless. Therefore, the combination
of these powerful tools in a specific immunoassay may bring highly selective approach. In this work, a MIP-based
pseudo-immunoassay using NP-labelled antibody recognition was introduced and coupled with the sensitive
detection technique — LA-ICP-MS. Two approaches of specific recognition were tested. The first one was based on
the immunelabelling of the analyte captured by the MIP layer. The second approach Involved immunolabelling
of the analyte as a first step and the resulting QD-AB-AG complex was captured by MIP and further analyzed.
The double-selective approach comprising of the specific im munolabelling reaction combined with isolatlon
by MIP together with the LA-ICP-MS detection represents a viable approach of the IgG detection from a complex
sample (LOD 4.2 pgand 1.6 pg, respectively) avatlable for many exciting applications. Considering the overall
time of the LA-ICP-MS analysis not exceeding 23 s (scan speed of 2000 pm/s), LA-ICP-MS is a promising tech-
nology te be used in future in conjunction with MIP technology.
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ABSTRACT: Lead oxide nanoparticles (PbONPs), upon their
entry into the lungs via inhalation, induce structural changes in
primary and secondary target organs. The fate and ultra-
structural localization of PBONPs in organs is known to be
dependent on the specific organ. Here, we focused on the
differences in the ability to clear the inhaled PBONPs from
secondary target organs and on molecular and cellular
mechanisms contributing to nanoparticle removal. Mice were g .
exposed to PPONPs in whole-body inhalation chambers. k
Clearance of ionic lead and PhONDs (Ph/PbONPs) from the §
lungs and liver was very effective, with the lead being almost
completely eliminated from the lungs and the physiological
state of the lung tissue conspicuously restored. Kidneys exposed
to nanoparticles did not exhibit serious signs of damage;
however, LA-ICP-MS uncovered a certain amount of lead located preferentially in the kidney cortex even after a clearance
period. The concentration of lead in femurs, as representatives of the axial skeleton, was the highest among studied organs at
all designated time points after PbONP exposure, and the clearance ability of lead from the femurs was very low in contrast to
other organs. The organ-specific increase of ABC transporters expression (ABCG2 in lungs and ABCC3 in the liver) was
observed in exposed animals, suggesting their involvement in removing Pb/PbONPs from tissues. Moreover, the expression of
caveolins and clathrin displayed a tissue-specific response to lead exposure. Our results uncovered high variability among the
organs in their ability to clear Pb/PbONPs and in the transporters involved in this process.

KEYWORDS: clearance, nanoparticles, lead oxide, inhalation, ABC transporters, caveolins, LA-ICP-MS imaging
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enviranment (elemental, inorganic, and organic).

Inorganic and organic lead compounds are the most
common forms, with many industrial uses. This uotilization
includes the production of additives in engine oils, car batteries
(lead acid batteries), ceramic glazes, paints, plumbing, gas
solders (tin—lead solder), ammunition (bullets contain lead
styphnate or lead dioxide), crystal glassware (added PbO
increases the refractive index of glass), protective aids against
X-rays used in medicine (eg., lead aprons, lead shields), or
components of fertilizers and pesticides.’ Although the effects
of lead toxicity on many organs are well-known (lead
neurotoxicity, hematotoxicity, cardiotoxicity, nephrotoxicity,
and others) and some of its uses (eg, house paint, ceramic

Lead is a heavy metal found in various forms in the

0 2020 Amarican Chemical Socisty

< ACS Publications

glaze, leaded gasoline in recent history) are in the process of
being phased out due to advances in technology or regulatory
control, lead is still widely used not only in developing
countries but all over the wordd.® Metal nanoparticles and
especially of their oxides are still broadly used in industry,

&

metallurgy, agronomy, or science,” ® and lead oxide nano-
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particles (PbQNPs) are one of the most industrially used metal
nanopartides.” Traditional or modern technologies of steel
production, electric arc welding, and pyrometallurgy of heavy
metals or combustion processes including automobile
emissions pollute the air with aerosol particles (particulate
matter, PM ) smaller than one micrometer containing the same
metal oxide.*”

Inhalation (or breathing in) is a vital physiological process
necessary for all living organisms, Parts of inhaled air are not
only main crustal elements such as Ca, Fe, Al, Mg, and K but
also toxic elements such as Zn, Cu, Pb, Cr, Ni, As, Cd, and
Sb_w

Occupational Safety and Health Administration (OSHA)
has set a permissible exposure limit for lead in the workplace
air of 50 ug/m* (8 h time-weighted average); however, in some
megacities and urban areas in Asia, concentrations of particles
in the PM10 fraction (PM smaller than 10 gm), containing
also metals from anthropogenic sources as Zn, Pb, Cd, Cu, Bi,
and Sb, can reach pollution peaks at >250 ,ug,/ma.“_“ Risk
assessment of air contaminants has received more attention in
recent years, and lead was identified as the second most
common toxic metal in inhaled air not only in megacities of
Asia but also in cities of Europe.'™"*™"7 The World Health
Organization determined a limit for airbome lead of 0.5 ug/
m?, This limit was exceeded in several cities around the world.
In large cities such as Tehran, Athens, or Lahore the
concentration of air lead reached 20 lug/m“, and in cities in
Spain with petrochemical manufacturers, copper metallurgy, or
steel industry concentrations of airborne Pb were measured to
be between 10 and 77 lﬂg/mi.m"q

Thus, the human population continues to be exposed to
lead. As acute lead toxicity is related rather to occupational
exposure (smelters or workers in battery recycling plauts),
chronic lead exposure linked with adverse health effects is
much more common. A number of different nanomaterials
including metal nanoparticles is growing worldwide, and the
impact on human health will further rise.

The effects of bulk lead are well known, but only some
studies have evaluated the potential toxicity of its nano-

82021
forms.™*

Lead nanaparticles, due to their size, can invade
the lower respiratory tract more easily than corresponding
larger forms. They can also enter through the alveoli into the
blood circulation and consequently induce damage in other
organs.”” Here, we have exposed experimental animals to
PHONPs at a mass concentration of 78 ;.'g/ml, corresponding
to the exposure of inhabitants in cities during pollution peaks,
and exposure to metal nanoparticles via whole-bedy inhalation
reflects the real conditions in the environment.

To our knowledge, only a few studies have assessed the
ability of organs to clear the lead load after lop‘gs—term exposure
to lead particles via the respiratory route” Despite the
serious toxicity caused by lead exposure, the transport
mechanisms of lead to organs or from them are not well
understood yEI.Zﬁ

Here, we examine the dearing ability of target organs (lung,
liver, kidney, spleen, bone, and blood) following subchronic
inhalation of PbONPs, using the mouse as a model organism.
Next, we evaluate the mechanisms contributing to lead and
lead nanoparticles’ entrance or withdrawal from cells to reveal
possible organ-specific processes contributing to lead removal
from exposed organs.

3097

RESULTS AND DISCUSSION

Exposure of Mice to Lead Oxide Nanoparticles in
Whole-Body Inhalation Chambers. Lungs are the primary
organ for NPs' entrance into an organism during inhalation.
Inhaled nanoparticles can easily infiltrate deep parts of the
lungs because of their small size. The ability of lung alveolar
macrophages to remove nanosized particles is known to be
low; so that nanoparticles can directly get into contact with the
alveolar epithelium during nanoparticle penetration and pass to
secondary r_ll'g:ms..26 Therefore, we designed the experiment
simulating the real conditions with low concentrations of
PbONPs in the air (Table 1) corresponding to the environ-

Table 1. Characterization of Generated PbONPs

characterization of PHONTSs jutlel

number concentration 223 % 10° NPs/em®

surface area 496 % 10° pm* fem?®
mode 15.5 nm
geametric mean diameter 18.5 nm
geometric standard deviation 1.74 nm

mass concentration
estimated deposited dose (after 11 weeks)

78,0 pg PHO/m*
088 g PhO/g

ment in industrial areas, and mice were exposed to lead oxide
particles in whole-body inhalation chambers to simulate
physiological conditions.”” We followed our previous findings
from subchronic inhalation of nanoparticles, and we focus on
the ability of organs to clear the lead burden, to repair the
injury, and to induce a physiological response before their
exposul'la.ls Toward this aim, female mice were divided into
three groups: a group exposed to PBONPs (PhO), a clearance
group of animals who, after 6 weeks of inhalation of PbONPs,
inhaled clean air for § weeks (PbO/d), and a control group
(ctr) (Figure 1A,B,C). At designated time points (2, 6, and 11
weeks) mice were sacrificed and their organs collected for
further analyses.

It is necessary to mention that during the whole-body
inhalation, the PbhO nanoparticles can come into contact with
various parts of the mouse body such as the respiratory
pathways, the olfactory region, the skin and hair of the animals,
and the conjunctiva of the eyes. We constructed a special
feeding device to eliminate oral intake of PbO nanoparticles;
however, the rediprocal animal licking of hair is not possible to
eradicate. Moreover, all inhaled nanoparticles have extrap-
ulmonary effects as nanoparticles are cleared from the lung
through the mucociliary transport or are directly ingested while
breathing air by mouth>? Therefore, almost all organs of the
body can be exposed to nanoparticles via the systemic
circulation after translocation of nanoparticles through the
alveolo-capillary bamier in the lungs. In summary, our
experimental design and exposure in the whole-body inhalation
chamber should reflect the complex conditions of how humans
are exposed to metal nanoparticles in the environment.

PbONPs were generated continuously in sifu in a hot-wall
tube flow reactor using an evaporation—oxidation—condensa-
tion technique.” The mass concentration of PbO NPs was
780 ug PHO/m? during the inhalation experiment, and the
surface area 496 x 10° ym®/em® (Table 1). Even this low-
concentration exposure caused serious histopathological
changes in several target organs in mice after subchronic lead
oxide inhalation, similar to that described previously for

. . x 3228
shorter time inhalations.
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Figure 1. Design of the inhalation experiment. The size distribution with respect to the number of particles per unit volume and
characterization of PhONPs in the inhalation chambers, The groups of animals (A) inhaled clean air for a period of up to 11 weeks (ctr), the
other groups (B) inhaled air with PbONPs for the same period (PbO), and one group (C) inhaled air with PBONPs for 6 weeks and
thereafter clean air for 5 weeks. This group is annotated as clearance group (PbO/cl). (1)) Surface area PhONP size distribution (dS/
dlogD,). 8y is the total surface area of generated PhO NP5, Sy is the lung-deposited surface area, Sy is the surface area of fractions
deposited in the extrathomacic region, S;y the tracheobronchiolar, and §,, the alveolar region of the lungs. The size distribution of
nanoparticles | E) with respect to the number of particles measured by a scanning mobility particle sizer (SMPS) in the inhalation chambers

and STEM image of PhONDs (F).

Various studies indicated surface area as an important
parameter in assessing the toxicity of nanoparticles.’’™%
Moreover, recently, the surface area has been shown as the
biologically most relevant dose metric for NP (i.e., non- or low-
solubility NPs of spherical shape) toxicity in the |u.|‘1‘g.3‘i Ta
assess toxicological impacts of NPs as well as their possible
risks to human health, information about NF deposition in
different human lung regions is needed. Theretore, to further
characterize our nanoparticles’ effect on organism, we
simulated the deposition of inhaled PbONPs in different
parts of the human respiratory tract using the deposition
fractions calculated by the ICRP deposition model for the
extrathoracic, tracheobronchiolar, and alveolar mgious.’“ The
total surface area of generated PhONPs (i.e, 4.96 % 10° ym?/
em?¥ Sp) was calculated by a scanning mobility particle sizer
(SMPS) spectrometer software from measured particle size
distribution.”® Calculations of surface area of the NPs

3098

deposited in the extrathoracic region (Sgp; includes anterior
and posterior nasal passage, larynx, pharyny, and mouth),
tracheobronchiolar region (Spy; trachea, bronchi, and
bronchioles), and alveolar region (Sy; respiratory bronchioles
and alveolar ducts) indicate the highest surface area of
PbONPs deposited in the alveolar region of the lungs (i.e,
38.4% of the total surface area of PhONPs), while the surface
area of NPs deposited in the extrathoracic (8.5%) and
tracheobronchiolar (5.3%) regions was predicted to be much
smaller fi*igum 1D).

Lung-deposited surface area (LDSA) concentration is
another relevant metric for health effects of aerosol particles.””
The LDSA combines the surface area of the NPs deposited in
the alveolar and tracheobronchiolar regions of the lungs. The
particle size distributions of the total surface area of PhBONPs
(ST) and the surface area fractions deposited in the
extrathoracic (Sgp), tracheobronchiolar (Sig), and alveolar

https/dx.dolorg10:102 Hacsnano 9608 143
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Figure 2. Presence of PbO nanoparticles in the lungs after 3 days (A, A’), 6 weeks (B, B), and 11 weeks of PbO exposure (C, C').
Arrowheads display clusters of nanoparticles inside endocytic vesicles in pneumocytes 1. Nanoparticles inside lung blood vessels (D, D',
arrowheads ), in hepatocytes in the liver {E. E', arrowhead), and in renal tubular epithelial cells (F, F', arrowhead). {G—1) Detection of Pb in
part of the control liver sample (G) and liver after PBONP exposure { H) at week 11 by the LA-ICP-MS method. The different shades of light
blue represent Pb in ionic form. Pb-based NPs are imaged as thin bright lines on the map. (1) Time-resolved signal of *™Pb in liver tissue.
The highly i ive peak corresponds to PBONDs, The baseline of the signal corresponds to I'b in jonic form. (J—L) Detection of b in part
of the control kidney cortex (J) and kidney after PBONP exposure (K) at week 11 by the LA-1ICP-MS method. The different shades of light
blue represent Ph in ionic form. Ph-based NPs are imaged as thin bright lines on the map. (L) Time-resolved signal of **Pb in kidney tissue.
The highly intensive peak corr ds to PbONPs. The baseline of the signal corresponds to Pb in ionic form.

¥

regions (S,) as well as the LDSA (Sgg,,) were evaluated tracheobronchiolar, and alveolar regions makes up 52.3% of
{Figure 1D), The LDSA comesponds to 43.8% of the total the total surface area of inhaled PbONPs (Figure 1D).
surface area of progpectively inhaled PHONPs, while the sum Moreover, it is well known that the character of nano-

of the surface area of the NPs deposited in the extrathoracic, particles can be modified during passage through the
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Table 2. Concentration of Lead (ng/g) in Organs Following PbONP Inhalation Determined by AAS®

ctrf2,6,11w PO/ 2w
lung range <Lop” 617-1156
mean 79
SD 245
liver range <Lop” 174-283
mean 229
SD 46
kidney range <Lop” 1320-1728
mean 1488
sD 148
spleen range <Lop” 93—-171
mean 128
SD 30
femur range <Lop” S001-5864
mean 5245
SD 352

PHO /w PHO/ 1w PEO /el
896—1406 903—1695 ~LOoD"
1212 1419
191 369
311-475 714—-1328 24—100
374 1018 4
78 224 31
1621-2168 12032838 229-366
1951 512 282
213 227 34
249-354 4W03-T11 94-155
288 542 114
43 148 29
12429-13879 13 83528946 11474—15328
13562 20 468 13957
1349 7674 1737

ﬂCump:u‘isu_n of lead concentration in the lung, liver, kidney, spleen, and femur at different time points. BLimit of detection in the lung, liver,
kidney, spleen, and femur was 26, 3, 9, 29, and 21 ng/g Pb, respectively.

respiratory tract, and metal nanoparticles can dissolve into
corresponding ions.” Previous studies indicated variability in
dissolution of metals in different solutions including simulated
lung tuids (SLF)."* Lead was determined to exhibit a
relatively high extraction efficiency for saline, deionized water,
or artificial lysosomal fluid; however, lead displayed minimal
bioaccessible proportions in SLF as Gamble's solution or
simulated alveoli fluid'® Thus, these results indicate large
differences in dissolution of lead according to the chemical
composition of used fluids and simulating extraction efhiciency
in the lungs can be very difficult.

Therefore, also in our experimental conditions, generated
PbONPs can be dissolved after in vive deposition in the lungs,
leading to ion formation. These ions together with nano-
particles can be released and transported from the site of their
deposition in the lungs to other target organs, resulting in
continual dissolution of the nanoparticles, as demonstrated in
the studies with other metal nanoparticles.**' On the other
hand, a certain fraction of the inhaled nanoparticles was proven
to translocate from the lungs to other internal organs.” In
agreement with these findings, our ultrastructural analyses of
organs also confimed the presence of nanosized PhO in the
lungs, liver, and kidney (Figure 2), and our datz confirm that
the translocation of lead nanoparticles through the circulation
into secondary organs is possible, similar to other metals.™
The majority of PbO nanoparticles were observed in the
pulmonary tissue (Figure 2A—D"), which corresponded with
the other analyses determining the translocation of nano-
particles through the blood circulation into secondary
organs.” " This is also in agreement with our previous
studies, where we confirmed the presence of individual
PHONPs after acute and subchronic inhalation not only in
the lungs but also in all analyzed secondary target organs.”™™

One of the possibilities of how to distinguish between
particulate and nonparticulate lead in organs is laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-
MS).*** The detection is based on the fact that the intensity
of Pb (in counts) in ionic form decreases with decreasing
integration time (1 ms), whereas the Pb signal from
nanoparticles is the same. Therefore, to distinguish between
the ionic and NP form of Pb, we shortened the integration
time to 1 ms, measured only one isotope, and diminished the
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laser beam spot. The presence of lead in fonic form was
manifested by a low signal throughout the measured area,
while the nanoparticle form was manifested by a high signal,
which was specifically localized (Figure 2). Analysis was
performed of kidney and liver samples from mice exposed to
PbONPs as well as control mice at the 11 weeks time point. In
both tissues, we were able to distinguish the ionic form of lead
and the nanoparticle form of lead (Figure 2G—L). In the liver
tissue, only a small number of nanoparticles was observed,
while lead in the kidney cortex was present in a high amount
both in nanoparticle and ionic form (Figure 2K,L).

Enhanced Clearance of Lead Occurred in the Lungs
in Contrast to the Failure of Clearance from Bone. First,
the final amount of lead was analyzed in all collected tissues
(lung, liver, kidney, spleen, blood, femur) at all time points.
The highest concentration of lead after 2 weeks of exposure
was observed in bone (examined in mice femurs), followed by
the kidney (3.5 times lower compared to bone), lungs (seven
times lower compared to bone), liver (23 times lower
compared to bone), and spleen (Table 2},

After 6 weeks of exposure, the concentration of lead in bone
was the highest, being seven times higher in bone compared to
kidney or 11 times higher compared to the lungs. After 11
weeks of exposure, the concentration of lead in bone reached
20 g /g, while in kidneys it was 2.5 pg/g, in the lungs and liver
it was similarly about 1 gg/g, and in the spleen it was 0.5 ug/g
(Tahble 2).

Following the clearing period, the concentration of lead in
the lungs decreased practically to the limit of detection (26 ng/
g). The ability of the liver to eliminate lead was also efficient;
the concentration of lead in the liver was eight times lower
than its concentration after 6 weeks of PbONP exposure
(Table 2). In the kidneys, a significant decrease of lead level
after clearance was also observed. The concentration of lead
after § weeks of clearing was seven times lower than the
concentration after PBONP exposure. However, it was still
enhanced in comparison to the unexposed controls (Table 2).
A similar trend was observed in the spleen. In the femur, the
state was quite different, with a very high concentration of lead
detected following 2 weeks of PbONP inhalation, which even
increased with a prulongcd time of exposure. [n contrast, no
significant clearing effect was observed regarding the level of
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Table 3. Lead in the Blood Determined by AAS”

ot /26,1 1w
erythrocytes (ng/g) range <LOD"
mean
S0
proteins (ng/g) range <LoD"
mean
b
serum (ng/g) range <LoD"
mean
b
blood (ng/g) <LoD®

blood (#g/dL)

PLO/ 2w PhO/ fw PO/ 1w PhO /el
161-232 215-323 242488 3764
204 77 342 30

27 42 9 11
<Lop” <Lop” <Lop? <.op”
<Lop” <Lop” <Lop? <.op”
104 148 174 7

10.4 148 174 2.7

“The concentration of lead in blood at different time points. b1 imit of detection in erythrocytes in control animals, in proteins at all data points, in
serum at all data poeints, and in whele blood in control animals was 6, 11, 4, and 3 ng/g Pb, respectively.

lead in bones (femurs) following the clearance period, and the
lead concentration was still at a high level similar to that
immediately after 6 weeks of exposure.

In summary, lungs are cleared highly effectively so that the
S-week clearing period allowed the lungs to become
completely void of detectable PbO particles. The secondary
organs, instead, exhibited much less clearing activity, with long
bones showing no clearing of PbO particles at all.

Lead in Blood Was Decreased to Normal Values after
Clearance. The inhaled lead is transported from the lungs to
the secondary organs by the blood. The level of lead in the
blood reflects individuals' current exposure, and unfortunately,
today, humans working or living in some developing and
industrial countries where toxic metals such as lead are present
in the environment can have concentrations of lead in the
blood that are much higher than the level established as safe by
the World Health Organization (WHOQ). The whole blood
lead levels in adults and children residing in some locations in
Africa can reach 150 pg/dL, while the recommended WHO
value is § pg/dL.m‘“

In our experimental animals, the concentration of lead in the
blood continuously increased with the length of PhONP
inhalation. The lead concentration then increased only slightly
from 15 pg/dL to 17 ug/dL between the sixth and 11th week
of exposure (Table 3).

A similar pattern of concentration changes in lead level
during exposure progress was described after instillation of PbS
NPs in rats following four exposures.”

After 5 weeks of clearance, the lead concentration in the
blood decreased approximately five times in comparison to 6
weeks of exposure (Table 3) and reached values within
physiological limits of lead in the blood recommended by the
WHO (<5 pg/dL). This finding is in accordance with the
residence time of lead in blood, which was found to be around
4—6 weeks.*”

Lead Oxide Nanoparticle Inhalation Did Not Cause
Extensive Changes in Biochemical Parameters in
Experimental Animals’ Blood. The blood concentration
of total protein and albumin is usually used as a biochemical
marker, mainly to test hepatic function (albumin level also
reflects kidney function). The blood level of albumin was
significantly decreased after 2 and 6 weeks of inhalation, and
the level of total protein was significantly decreased after 2
weeks of inhalation. However, all these values were still in the
reference range for adult female mice (Table 4).

310

The level of total bilirubin was significantly decreased after 6
weeks of exposure. Blood levels of triglycerides and cholesterol
were in the physiological reference range; however, the
clearance visibly decreased their concentrations. The values
of specific hepatic enzymes, alanine aminotransterase (ALT),
aspartate aminotransferase (AST), and gamma-glutamyl trans-
ferase (GGT), were within physiological range. Thus, analysis
of biochemical parameters in blood revealed slightly impaired
hepatic function after subchronic PONP inhalation, especially
after 2 and 6 weeks of PbONP exposure. Our results are in
contrast to a previously observed high elevation of liver
enzymes and low-density lipoproteins, which were found in
some affected individuals after lead esposure.” One possible
explanation could be the use of relatively lower levels of lead in
our experiment, which may not significantly alter liver function.
Moreover, the nanoparticle form of lead seems to be less toxic
to the liver then its soluble form. In agreement with our
findings, another in vivo study with PbQ nanopartidles revealed
that almost all biochemical parameters after 6 weeks of metal
nanoparticle exposure were in physiological values for rats,
although the lead content in the blood reached 38,7 pg/dL
(0.387 pg/mL)." Interestingly, the same mass dose of CuQ
and ZnO nanoparticles used in this study exhibited more
distinctive, and negative effect on the biochemical parameters
in the blood than PbO nanoparticles.

Similar biochemical results to ours were reported also in an
in vivo study with Ag NPsand Au NPs in mice, where most of
the standard biochemical parameters (ALT, AST, albumin,
total bilirubin) between control and treated groups were not
significantly changed, and the level of alkaline phosphatase
(ALP) was significantly reduced only in the Au NPs-treated
g.l'DllP.F“

Biochemical markers of kidney function (predominanﬂy
urea and creatinine) were found to be within the standard
range in all animals, Also, glycemia was within physiological
limits in all groups. The levels of chloride also remained
unchanged in all animals,

Exposure to inhaled PhONPs did not influence the calcium
level in blood in any time point. Still, calcum levels were
altered with the length of the experiment (Table 4). At the end
of the experiment, calcium was at its highest level, w‘hmh
corresponds to completion of bone growth at this animal a,gc.11

Interestingly, blood levels of sodium and potassium in all
groups of animals in our experiment were lower than reference
values for female mice.™ While values for sodium level in all
observed groups were similar, the mean concentration of
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Table 4. Blood Biochemical Analysis Following PbONP Inhalation

etr /6w PO /6w e /1w

TP (g/L) range 5867 59—69 5762
mean 63 63 &0
sD 4 4 3

Alb (g/L) range 2-34 31-33 31-35
mean 3 32k i3
SD 1 1 1

Thil (mel /L) range L6-3.7 1.8-22 3343
mean 33 i Rl 18
sD 0.5 0z 0.4

Ca (mmal /L) range 130247 2.25-247 2.50-2.80
mean 139 234 168
sD 0.06 010 013

P {(mmol/ L) range L64—2.66 2.96—149 1LA2-2.95
mean 106 3.19 140
sD (42 0.24 0.62

ALP (paleat/L) range 06—27 1.1-19 12-23
mean 1.6 1.5 L5
sD 0.8 0.5 05

ALT (puleat/1} range 0.3-14 0.3-3.1 03-04
mean 0.6 12 03
sD 04 1.3 02

AST (pkeat/L) range 15-94 4.6-9.7 18-3.1
mean 4.9 73 13
sD 3l 2.8 0.6

urea (mmol/L) range 62-7.7 10.5—-14.3 76100
mean T2 119 &6
sD 0.6 L 10

crea (mmol/L) range 19.5—-36.5 292-38.8 33.5-395
mean Rz 337 70
sD L8 4.3 15

chal {mmol/L} range LB3—2.54 1.52—232 LAE—3,39
mean 223 1.80 166
5D 027 0.35 062

TAG (mmol/L)  range L41-1.99  1.57-232  L05-1.38
mean 172 1.80 L67
sD 021 0.35 0.64

Na (mmal/L) range 141-149 141-145 146—148
mean 144 143 147
sD 1 2 1

K (mmol/L) range 58-89 7.5-9.6 52—69
mean T2 8.3 62
sD L& 03 (]

C1 (mmol/L) range 115-121 114-119 112120
mean 118 117 116
sD 1 2 3

Glu (mmol/L) range  84-13.8 78-101 80—12.0
men 1no 92 o7
sD a1 1.1 L7

GGT (ukat/L) range <007 <0,07 <007

PHO/ 11w PLO /el ref values CD-1 (ICR)  ref values female mice

S6i—63 55—60 5360 45—62

38 57

3 2

30-34 0-33 36-43 2943

32 31*

1 1

3341 3438 1746 1.7-154
3.7 16

0.3 02

1.38-12.76 252-2.71 2.48-2.88 228-2.88
159 259

016 007

1.24-2.25 L14-2.56 230452 206—4.52
1.61° 2m

0.3 0.68

1.1-2.1 07-14 0.8-22 0741
1.6 10

03 03

0.3-0.6 03-0.6 0.3-0.7 02-45
[iE 04

0z ol

1355 L6-5.1 0.8-1.3 0.6—84
3.1 25

16 15

5.6-87 267 4.6-7.5 3.9-10.0
75 62

12 06

304332 33.6-36.3 265-354 17.7-354
323 35.0

1.1 13

1.46—2.68 1.16-2.90 1.84—13.81 1.45—3.86
219 1.89

0.49 0.68

1,03-3.52 0.68—1.42 0.27-2.44 027-3.30
1.86 112

0.9y 030

144-147 142—148 151-161 149161
146 146

1 2

4.4-7.0 5,0-9.0 8.1-122 73122
5.7 6.6

12 15

117-122 116—119 112-124 w2—120
118 118

7 1

96-114 #3-116 B0-17.8 457-17.8
10.6 9.7

ik L6

<0.07 <007

“Data were obtained from five animals per group; the values denote average + SD. bp < 0,05, cp < 0.01 compared with the corresponding control
group by unpaired f test, The values of female mice crl:CD-1 (ICR) BR were used as reference standards, and another reference values mentioned
in the table are the smallest and the highest values previously published for different strains of female mice.™ Reference biochemical values were

recounted to our used units.

potassium after 11 weeks of PRONP exposure was the lowest
in all studied groups of animals.

Exposure to inhaled PbONPs also affected the phosphorus
level in blood. After 2 and 11 weeks of exposure, phosphorus
concentration in the blood decreased; after 6 weeks of

exposure, in contrast, it was significantly increased. The value

for blood phosphorus following clearance returned to the
values of the respective controls. Moreover, ALP, regulating
the blood phosphorus level, was decreased in the clearance
group. A previously published study also detected significantly
decreased levels of ALP in the blood after 6 weeks of exposure
to PbO, Zn0, and CuQ and after their combinations.’
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Figure 3. Effect of PbONP inhalation and its clearance on the lung. (A) Lungs in control animals, (B, F) Lungs after 6 weeks of PBONP
inhalation exhibited peribronchiolar inflammatory infiltrates of leukocytes (il) and remodeling in alveolar areas (a). Alveolar septa were
thickened. (C, G} Remodeling of lung tissue was detected after 11 weeks of POONP inhalation. Arrows show bronchioles (b) filled with
mucous secretion. (D, H) Lung after 5 weeks of clearance without significant pathological changes. (E) Statistical evaluation of the

histopathological changes after 6 and 11 weeks of PBONP inhalation in the expe
ling group, (1-P) Collagen fibers (1-L, green; M—P, red) are detected only around

average + SD; #%p < 0,01 pared with the cor

riments according to Table 51, The graph values denote

blood vessels and bronchioles in all groups, (Q_—-T}l PCNA in lung tissue. Arrows show PONA-positive cells. There is a higher number of
proliferating cells after PhONP exposure in alveolar areas, (U—-X) Detection of CD68-positive cells {marker of macrophages) in the lungs.
The number of macrophages was increased in the PhONP groups {arrows). Scale bar in all panels = 100 gm.

However, the relationship of ALP to P and changes of
phosphorus level in blood during nanoparticle exposure have
not been carefully analyzed and explained yet.

We observed the decrease of ALP at the end of the
experiment in the clearance group, and the levels of
phosphomus were changed in PhONP-exposed groups during
the whole experiment, which can be associated with the
alteration in kidney function. During metal exposure, the

3103

kidney can display disruption of phosphate reabsorption in the
proximal renal tubules. The kidney damage inflicted by lead
poisoning has been previously described, and it is well
known.”" The proximal renal tubular dysfunctions decrease
phosphate levels in the blood, even reaching hypophosphate-
mia levels.”™ As we observed changes of Na—IK-ATPase
expression in these proximal canals, fluctuations in blood
phosphate level indicate functional alteration of proximal canal
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Figure 4. Effect of PHOND inhalation and its cl on the liver, (A) Liver in control animals, (B, F) I* of focal necrosis (fc),
karyomegaly (k), and dystrophy (d) of hepatocytes after 6 weeks of PRONP inhalation. (C, G) Focal necrosis (fc) and hemostasis (h) in
small veins and sinusoids after 11 weeks of exposure to PBONPs. { D, H) Liver without remodeling of parenchyma after 5 weeks of cleavance.
(E) Statistical evaluation of the histopathological changes after 6 and 11 weeks of PhONP inhalation in the experiments delineated in Table
$2. The graphs values denote average + SD. (I-L) Oil Red staining of lipid droplets (arrows). Only a small of lipid droplets was
detected in control ples. Microvesicular is was present after PbONP exposure, Liver after clearance exhibited a decreased level of
microvesicular steatosis. (M, 1) Sirius Red staining. Collagen fibers (red) were presented only around blood vessels (bv), There was no
change in location or amount of collagen in all groups. {Q~T) PCNA in the liver. Arrows show PCNA-positive hepatocytes and
macrophages. (T). There was no significant change in proliferation. {U—X) Detection of CDA8-positive cells (arrows) in the liver (marker of
5 ). The ber of 1 was similar in all groups. Scale bar in all panels = 100 gm.

| S -

1
macrophag

membranes and failure of phosphate reabsorption, although phosphorylation status of key signaling proteins in affected
significant morphological changes have not been observed cells.

following PbONP inhalation at this low concentration.” One However, the elevated phosphate level observed at 6 weeks
possible significance of low phosphorus level in blood can be of exposure could be caused by increased compensatory
related to the instability of cell membranes due to low ATP mechanisms of kidney function after subchronic exposure to
levels and/or the alteration of cell signaling through different metal nanoparticles. T'o follow these effects and significance of
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Figure 5. Effect of PBONP inhalation on selected biochemical parameters in the blood. The effect of PBOND inhalation and its clearance on
the liver. (A) Graph of liver weight coefficient at designated time points. Graphs of blood level of albumin, total protein, bilirabin,
triglycerides, calcium, phosphorus, and alkaline phosphatase at designated time points, Graph values denote average + SD for 5 mice/group,
Ep o< 0,05, ¥Fp < 0,00, and ¥¥¥p < 0,001 by unpaired { test. { B—1) Immunostaining of Na/K-ATPase, Arrows indicate areas without positivity
on membranes of hepatocytes in PBONP groups, Hepatocytes exhibited variability in size and irregular organization. (J-M')
Immunostaining of protein SOX9 (J=M: SOXY; '=M": SOX9/DAPI). SOX9-expressing cells were in portal areas and in bile ducts. A higher
number of SOX9-positive cells was detected after PhONP inhalation. bv: blood vessel. Scale bar = 100 gm.

metal nanoparticle exposure on blood, P and ALP levels will revealed no sign of inflammatory infiltration or increased
probably be a very attractive topic for further research. expression of any other analyzed markers of inflammation
Lung Tissue Exhibited Sufficient Ability to Repair the (Figure S1). Our analysis was focused on the determination of
Injury Caused by PbONP Inhalation. The histopathological the increased presence of mastocytes (detected by toluidine
analysis of the lung after 3 days of PbONP exposure (acute) blue labeling), immunchistochemical labeling of neutrophils
3105 nttpsy fdxdolon snana 9b08 143
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(detection of myeloperoxidase; MPQO), and macrophages
(CD68 detection). The number of mastocytes, neatrophils;
or macrophages was not changed after 3 days of exposure to
PbO nanoparticles.

After subchronic PBONP inhalation, morphological alter-
ations and tissue damage were observed mainly in the lungs as
a primary target. The level of pathological alteration increased
with the duration of inhalation and the amount of inhaled
PhONPs. The lungs of exposed animals exhibited several signs
of inflammation such as hyperemia, thickened alveolar septa
with increased cellularity, a higher number of macrophages
(often foamy macrophages were present), regions with
peribronchial and perivascular lymphocyte infiltrates, and
areas of atelectasis and focal bronchiolitis or alveolitis (Figure
3, Table S1). In some areas, serious damage of the lung
parenchyma with destroyed septa and initiated alveolar
emphysema were detected.

Despite severe alteration of lung tissue, fibrosis was not
detected by Sirins Red staining (Figure 3). The number of
TUNEL-paositive cells (apoptotic cells) in the lungs of contral
animals, animals undergoing 11 weeks of PbONP exposure,
and animals after clearance was not altered (data not shown).
The numbers of proliferating cells (PCNA-positive cells) and
CD68-positive  cells ('macrnphages) were significantly in-
creased, predominantly in the alveolar septa, after 11 weeks
of inhalation (Figure 3).

The decreased level of pathological changes in the lungs
after clearance was observed in all analyzed animals (Figure 3,
Table S1). The severity of bronchiolitis and peribronchial
infiltrates decreased. Alveolar emphysema destroying the
alveolar septa was not observed. The lungs of animals after
clearance exhibited mostly hyperemia in the alveolar septa and
the presence of perivascular infilirates. The lungs were evenly
ventilated in all parts. All these characteristics observed after
clearance were consonant with the sufficient ability of the lungs
to repair the injury caused by PbONP inhalation.

Our recent and previously published results indicate that the
lungs, after PbONP exposure, exhibit various signs of
inflammation and focal destruction of the lung parenchyma
depending on the nanoparticle concentration and exposure
time, similar to what has been found upon inhalation of TiO,
NPs or Co NP H5%%¢ Nevertheless, focal microscopic changes
in the lungs are often observed after exposure to different types
of inhaled pollutants of nonliving etiology, such as metal
nanopartices Ti0, NPs and NiO NPs as well as living
ctiology, such as bacteria or viruses. S5%7=60

Taken together, after clearance, all analyzed features
corresponded with sufficient ability of the lungs to repair the
injury caused by PbONP inhalation.

Clearance Period Increased the Amount of Progen-
itor Cells in the Liver. In our previous study, the liver was
identitied as the secondary target organ with the most
significant changes after subchronic inhalation of PhONPs (6
weeks) in \_omp:mstm to only a mild effect on the kidney,
spleen, or brain.”® After 11 weeks of inhalation, the most
significant alterations in the liver were remodeling of the
hepatic parenchyma and severe hemostasis (Figure 4).

Further, we observed hypertrophy affecting centrilobular
hepatocytes, an increased amount of binucleated and multi-
nucleated hepatocytes, and/or karyomegaly of hepatocytes.
Hematopoietic islands were present in a highcr amount
compared to controls. Hemostasis was seen in small veins and
liver sinusoids, while hemorrhages surrounded with necrotic
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cells developed in some areas. An increased number of
mononuclear cells was observed in portal areas. Microvesicular
steatosis was confirmed by the electron microscopy and Sudan
staining, Focal necrosis and dystrophy of hepatocytes were also
apparent. Despite severe alteration of liver tissues, liver fibrosis
was not detected (Figure 4M—P). Liver, after PbONF
exposure, exhibited various signs of tissue and cell nuclear
remodeling in relation to the duration of the experiment
(Table §2), similar to a study with CdO NPs.' After 5 weeks
of clearance, hemostasis retarned to a physiological level and
normal liver architecture was restored. Still, some hypertrophic
hepatocytes and small infiltrates in the portal area or liver
parenchyma remained present.

The number of proliferating (PCNA-positive cells) cells was
only slightly increased after 11 weeks of PhONP inhalation.
PCNA-positive cells were mainly Kupfler cells, myofibroblasts
in the portal area, cells in hematopoietic islands, or some
mononucleated or binucleated hepatocytes (Figure 4Q-T). A
similar number of PCNA-positive cells was detected in
clearance samples. The number of apoptotic cells (TUNEL-
positive cells) was found to be the same in controls and
PbONP-exposed animals (data not shown). Similarly,
clearance did not affect the number of TUNEL-positive cells
in the liver (data not shown). The number of Kupffer cells
detected by CD68 antigen (Figure 4U—X) was similar in all
analyzed groups, indicating only a mild bum in the liver caused
by lead exposure.

Na/K-ATPase is the enzyme in the plasmatic membrane of
animal cells that is responsible for ion transport and cell size
regulation. “ The expression of Na/K-ATPase was down-
regulated in PbO-treated animals, and the clearance did not
rescue the loss of its expression (Figure SB—I). This result
indicates functional changes in hepatocyte membranes
following lead exposure, which display no full repair of liver
tissue function even after § weeks of clearance,

The extent of progenitor cells in adult organs correlates with
an organ’s ability to replace damaged cells and thus repair an
injury. As markers of progenitor cells, we used SOX proteins,
which are transcription factors exhibiting tissue specificity in
their expression.™** In the liver, SOXY-positive progenitor
cells were found in the eplr.hell:d lining of the bile ducts, as was
previously described.”® SOX9-positive cells were also some
hepatocytes in the periportal ared, also called hybrid
hepatocytes or activated stellate cells.*™*” Here, we observed
a higher number of SOX9-expressing cells after PhONP
exposure at all time points in periportal areas and bile duct
epithelial cells (Figure 5J—M), which corresponds to higher
regeneration of liver tissue during the entire experimental
period. An increased number of SOX9-paositive progenitor cells
was also documented in other studies after varous liver
injuries.*>

Moreover, we noticed a significantly elevated weight of the
Tiver after 2 weeks of PBONP inhalation (Figure SA). Increased
liver weight correlated with a lower bload level of total protein
and protein albumin and indicated a higher burden on the liver
(Figure SA). Later (after 11 weeks exposure), levels of albumin
and total protein increased, and the values returned to their
physiological levels. However, it is necessary to note that all
values of total protein and albumin occurred in the reference
rnge for female mice at the analyzed time points. Taken
together, these observed liver features illustrate the ability of
this organ to effectively react to an increased lead load during
the time of the experiment. However, 5 weeks' clearance did
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Figure 6. Lead and iron distribution in the lung, liver, and kidney at designated time points after PhONP inhalation. (A-D) Lead
distribution in controls, PbO groups, and clearance group of animals analyzed in lung samples using laser ablation inductively coupled
plasma mass spectrometry {LA-ICP-MS). Control lungs (A} were without lead positivity. Distribution of lead was regular in all parts of the
lung after treatment (6 and 11 weeks (B, C). Clearance lungs (D) were without lead pos v. (E=H) Lead distribution in controls, PO
groups, and clearance group of animals analyzed in liver samples. Control liver (E) was without lead positivity. Distribution of lead was
irregular, with the highest content of lead in central areas of the liver lobule (white arrow) after 6 weeks of PhONP exposure (F}, while after
11 weeks, the lead was distributed rather in a symmetric manner in the liver lobule (G). In the dearance group { H), we observed a decreased

level of lead in the liver lobule. {1-L) Lead distribution in controls, PbO groups, and clearance group of animals analyzed in kidney samples.
Control kidney was without lead positivity {(1). After PhONP inhalation, lead was detected only in the kidney cortex {co ), not in the medulla
{me), The highest positivity for lead was detected after 11 weeks of PRONP inhalation in the kidney cortex (K}, Lead was still present in the
kidney cortex after 5 weeks of clearance (L), {A’=D') Iron distribution in controls, 'bO groups, and clearance group of animals analyzed in
lung samples. Distribution of iron depends predominantly on the vascularization in a given organ. The highest level of iron was in the
clearance group (D"); the distribution of iron was regular in all parts of the lung at all designated time points, (E'=H') Iron distribution in
controls, 'bO group, and clearance group of animals analyzed in liver samples. The distribution of iron in controls and dearance group was
regular in all parts of the liver parenchyma, contrary to an uneven and high allocation predominantly after 6 weeks of PhONP inhalation.
Interestingly, the highest positivity for iron was observed in the same area as for lead (F', G'). (1'=L")} Iron distribution in controls, PhO
groups, and clearance group of animals analyzed in kidney samples. The highest positivity for iron was observed in large branches of renal
vessels adjacent to the renal hilus (]'), followed by the kidney cortex at all designated time points. The higher content of iron was pre
the kidney cortex after 11T weeks of PBONP exposure (K') and after the clearance period (L'). *Missing tissue. Scale bar: 2 mm.
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Figure 7, Femur weight coefficient and the concentrations of selected elements in bone after PhONDP inhalation at designated time points,
The graph values denote average 4 SD, #p < 0,05, **p < 001, ¥*p < 0,001 by unpaired [ test.

not have an outstanding positive effect on hepatocyte function,
as shown by disrupted membrane function.

No Significant Changes in Kidney Morphology Were
Observed. The kidney was evaluated microscopically, as lead
is primarily excreted by this organ. We did not see damage in
either the glomerular or tubular parts of the kidney (Figure
5§2). In humans, there is well-known nephrotoxic effects of lead
at blood concentrations higher than 50 gg/dL in children or 40
pg/dLin adults*! However, in oar study, the lead in the blood
reached a maximum of 17 pg/dL, which corresponds to the
absence of significant morphological damage of kidney tissues
under our experimental conditions,

Lead Was Uniformly Distributed throughout Lung
Tissue. Further, we wanted to analyze the distribution of lead
throughout the exposed tissues and the possible differences in
lead accumulation in certain structures. Different analytical
methods such as atomic absorption spectrometry (AAS) or
inductively coupled plasma mass spectrometry (ICP-MS) were
previously recommended for lead analysis in tissue samples.™!

Elemental imaging (LA-ICP-MS) is a modem technigue of

elemental analysis, ideal for bicimaging of metals in tissues;
however, quantification of metal levels is sometimes difficult
due to a lack of standard reference material,””

The clemental imaging of mouse lungs after inhalation of
PBONPs (6 and 11 weeks) uncovered the presence of lead
evenly distributed throughout lung tissue (Figure 6B,C). The
regions with large branches of bronchi and vessels exhibited
the smallest lead content. The main destination areas, with the
highest concentration of lead, were small respiratory units such
as the alveolar ducts and alveoli. After the clearance period, a
reduced level of lead in the lungs was clearly observed, neardy
reaching the LOD (limit of detection) (Figure 6D). The
concentration of lead in the lungs after S weeks of clearance
measured by AAS was also below the LOD (26 ng/g), which
corresponded with the absence of lead detected by LA-ICP-
MS. Thus, this elemental analysis confirmed the efficient

clearing of PbONPs from the lungs, leading to a restoration of

normal state.

3108

LA-ICP-MS Analysis Revealed Uneven Distribution of
Lead in the Liver, In the liver, the analysis of elements
demonstrated a specific pattern of lead distribution at all

analyzed time points (i‘zgl.u‘e 6E—H). After 6 weeks of

exposure, the main amount of lead was located centrally in the
liver tissue with a decreasing level of lead concentration toward
the periphery. On the other hand, 2 more homogeneous
distribution of lead in the liver tissue was observed after 11
weeks of exposure, After the clearance period, a reduced level
of lead in the liver was distinctly detected, reaching almost the
LOD level (Figure 6H). The distribution of iron (Figure 6E'—
H') was similar to lead after PBONP inhalation. The highest
positivity of tissues for iron was observed in the same area as
for lead (compare Figure 6F,G and F',G").

Analysis of Lead Distribution Revealed Its Accumu-
lation in the Kidney Cortex. Elemental imaging revealed the
massive amounts of lead unevenly distributed in the kidney, A
high concentration of lead was found onlyin the kidney cortex
at all analyzed time points (Figure 6J—L), The kidney medulla

did not exhibit a detectable amount of lead. Five weeks of

clearance led to a reduction of lead amount in the kidney
(Figure 6L); however, the cortex remained positive for lead.
This finding is interesting in the context of the unchanged
morphology observed in the kidney cortex or extensive
ultrastructural alteration in the cortex tubules and/or
giomeruli. These are, however, in agreement with our previous
findings on kidney morphalogy upon 6 weeks of high
concentration of PbONP inhalation,”

Lead Oxide Nanoparticle Inhalation Significantly
Altered the Concentration of Calcium in the Liver and
Kidney. Previous studies documented that lead interferes with
calcium in various cells and tissues hecause of similarities in
ionic radii®®"®
essential metals in organs, including calcium, which also
depends on the route of lead administration. Intrapertoneal
application of lead was shown to cause an altercd level of
calcium in secondary target organs (liver, quney) However,
changes in the metabolism of calcium after lead inhalation have
not been extensively studied untl now.
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c caveolin 1 caveolin 2 clathrin
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Figure 8. Entry of nanoparticles into cells of lung, liver, and kidney. {A) Effects of PhONP inhalation on relative expressions of genes
involved in endocytic pathways (caveolin 1, caveolin 2, and clathrin) in the lung. The graph values denote average + SD for 3—35 mice/group,

#p o< 0L05, *#p < 0,01 by unpaired f test. (1) TEM images of alveolar epithelial cells type 1 (l‘hD‘\il’s gruup) with caveolae (white arrows),
clathrin-coated vesicles {(black arrows), and ¢l of particles (nps, arrowheads ) inside cytoj vesicles, (C, D) Effects of PhONP
inhalation on relative expressions of genes involved in endocytic pathways (caveolin 1, caveolin 2, and dathrin) in the liver (C) and kidney
(D). The graph values denote average + SD for 3-5 mice/group, *p < 0.05 by unpaired ¢ test. (1—:) TEM image of hepatocyte mitochondrion
{mi, PhONDPs group) with agglomeration of nanoparticles inside {nps, arrowhead). (F) TEM image of renal tubular epithelial cell (PhONPs
group) with isolated nanoparticle inside the cell cytoplasm (nps, arrowhead) adj t to a mitochondrion (mi).
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Here, we found that PbONP inhalation significantly altered
the concentration of calcium in the liver. After 2 weeks of lead
inhalation, the calcium concentration in the liver decreased
significantly, A similar calcium decrease was previously
observed following 3 wecks of intraperitoneal application of
cadmium, where the authors expected similarities between
cadmium and calcium.”* On the other hand, after 11 weeks of
PBONP inhalation, we observed significantly increased levels
of calcium in the liver in comparison to corresponding
controls. The indisputable reason for calcium increase,
however, remains unclear.

Similar to the liver, a statistically significant decrease (p <
0.01) in calcium concentration was observed in the kidneys
after 2 and 6 weeks of exposure. On the other hand, no
significant changes in calcium concentration were observed
after 11 weeks of exposure and in the clearance group (Figure
53). As calcium and lead are reabsorbed in the same tubule
segments, and lead may compete with calcium for
reabsorption, impaired calcium reabsorption can cause a
reduced level of calcium in the kidney after lead inhalation.
However, the opposite behavior was observed in another
study, where renal calcium levels increased after lead exposure
and were accompanied by higher calciuria™ Taken together,
due to diverse factors (route of application, the length of
exposure, used dose) influencing caldium concentration in a
given organ during lead inhalation, it is not passible to easily
explain the final effect of lead on metabolism of such essential
metals such as calcium in internal organs, and further analysis
will be necessary,

On the other hand, the levels of other analyzed clements
such as sodium and potassium in the liver and kidneys were
not affected by PBONPs inhalation (Figure 53).

Clearance Restored the Levels of Calcium and
Magnesium in Bones to Their Physiological Values.
The main target for lead deposition is the bone matrix, due to
its ablllty to substitute other bivalent cations in the body, such
as Ca* or Mg The accumulation of lead by replacing
calcium in hones was previously described upon exposure to
lead salts,”~7" However, to our knowledge, only a few studies
have analyzed the effect of inhaled lead in the form of
submicrometer-sized particles on bone™”*

Here, the content of lead in bones was the highest among
the studied organs (lung, liver, kidney, and spleen) at all time
points after PhONP exposure. These results document the
ability of PbONPs to incorporate lead into the bone matrix
(Figure 7).

After 2 and 6 weeks of POONP exposure, we did not observe
any variations in the content of elements such as calcium,
magnesium, sodium, or potassium in bones compared to the
respective controls. However, after 11 weeks of PbONP
inhalation, the concentrations of calcium (p < 0.01), potassium
(p < 0,001), and magnesium (p < 0.01) in bones were
significantly reduced in comparison to controls (Figure 7). The
level of sodium in bone was not affected by exposure to
PbONPs,

After 11 weeks of PBONP exposure, there were also
statistically significant differences in the weight of femurs
among the exposed, control, and clearance groups, and we
observed an unexpectedly higher weight of femurs in exposed
animals. In the interpretation of these results, it is necessary to
take into account that bone growth continues much longer
after sexual maturity in mlce and rats than in other animals
(e.g, cats, dogs, rabbits).”” Female mice achieve sexual
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maturity at about one month of age; however, growth plate
closure occurs much later, at about the age of five months.
There is no synchrony between the onset of puberty and
growth plate closure in female mice. At the end of our
inhalation experiment (after 11 weeks’ exposure), experimental
animals reached four months; thus, this time still falls into the
period of intensive growth (including the bones) (Figure 54).
This is physiologically accompanied by the increased storage of
elements (calcium, magnesium, potassium, sodium) into bone
tissue, as was also observed in our control animals and
clearance group. On the basis of our resalts, we assume the
association of higher deposition of elements into growing
bones, which is usual for this specific age, and an increased
level of calcium in the blood, which we observed.”' In our
study, the concentrations of analyzed elements (Ca, K, and
Mg) were restored to levels corresponding to the controls in
bones after § weeks of clearance, although the level of lead
remained the same.

Interestingly, several other studies with long lead exposure
did not find changes in element deposition in the femurs,
Following lead exposure of rats, calcium was only slightly
decreased after exposure and magnesium was unchanged, even
after 90 days.m Additionally, four months of lead exposure in
adult mice did not alter calcium levels in bones of controls and
lead-treated bones.”

Together, these data indicate that the effect of lead on bone
tissue depends on many factors and that not only the type of
lead exposure but also the characteristics of the exposed
population have to be considered.

Expression of Genes Controlling the Endocytic
Pathway Was Altered in the Lungs and Liver. The type
of NPs that enter mtn cells can influence their final effects on
cellular function,” The major process of endocytosis is
phagocytosis (ocaurring in specific inmune cells), nonspecific
pinocytosis, caveolae endocytosis, and clathrin-mediated
endocytosis, Here, we decided to evaluate the cellular
mechanisms involved in PbONP entry into cells and analyzed
the role of clathrin-mediated and caveolae-mediated endocy-
tosis in mice after 11 weeks of inhalation in primary (lung) and
secondary (kidney, liver) target organs.

Alveolar epithelium, especially pneumocytes type [, dis-
played abundant simple membrane-bounded vesicles and
scattered fuzzy clathrin-coated vesicles (CCV) (Figure 8B).
The majority of the VEGIL’IE‘E present in pneumocytes I are
considered as caveolae.” We observed nanoparticles mainly in
membrane-bounded vesicles—caveolae (any case in CCV), so
we expected the upregulation of caveolin 1 or 2 after PbO
inhalation, similar to that described in other studies®™*
Moreover, a high level of caveolin 1 is typical for differentiated
epithelial cells such as pneumocytes; endothelial cells, smooth
muscle cells, or bronchial epithelial cells in the lungs. On the
other hand, low levels of caveolin 1 can be observed in cancer
cell lines originating from lung or breast tumors.”*
Surprisingly, the relative expression of caveolin 1 in the lungs
was statistically significantly reduced after 11 weeks of PbONP
inhalation compared to the corresponding control (p < 0.05).
After dearance, the level of caveolin 1 increased to the level of
the control group of animals. We propose that the observed
low expression of caveolin 1 in exposed animals can be related
to the dedifferentiated state of lung epithelial cells after long-
term PhONP exposure and an increased number of progenitor
cells.
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Figure 9. RNA expression levels of ABC transporters in the lung, liver, and kidney after 11 weeks of PBONP inhalation. (A) Effects of
PBONP inhalation on relative expressions of transporters Abd la, Abec2, Abce3, and Abeg2 in the lung. (B) Effects of PBONP inhalation on
relative expressi of transporters Abcbla, Abec2, Abec3, and Abeg2 in the liver in the graphs and in the scheme of liver parenchyma. Abec3
protein is localized in the si idal {basolateral) 1; of hepatocytes, and transporters Abcbla, Abce2, and Abcg2 are proteins in the
canalicular membranes of bile canaliculus (b}, (C) Effects of PhONP inhalation on relative expressions of transporters Abcbla, Abcc2,
Abce3, and Abgg2 in the kidney. The graph values denote average + SD for 33 mice/group, *p < 0.05, #p < 0.01 by unpaired f test.

On the other hand, the relative expression of caveolin 2 in Clathrin-coated vesicles were present in alveolar macro-
lungs was increased after 11 weeks of exposure to PbONPs phages in higher quantities than in pneumocytes in our
(I*'igure 8A). The level of caveolin 2 after clearance was restored exposed animals, This finding corresponds to other previously
to the level typical for corresponding controls (caveolin 2 was published studies.”"™ In our animals, the relative expression of
suppressed significantly (p < 0.05)). This means that while dathrin was not changed after PbO inhalation; however,
PbO exposure caused upregulation of caveolin 2, the clearance clearance significantly downregulated clathrin expression.
significantly decreased its expression level Moreover, the These data demonstrate the possible role of lung macrophages,
expression of caveolin 2 in lungs did not correspond to the level which contain abundant CCV, during lung clearance.
of caveolin 1 previously described in cancer cell lines.™ The In the liver, PbONF exposure caused upregulation of
exact relationships between caveolin 1 and 2 are still not caveolin 2, and clearance statistically significantly decreased
completely understood. Today, some authors even denote its expression. The levels of caveolin 1 and dathrin were not
caveolin 1 and 2 as antagonistic partners in various processes significantly altered, similar to changes observed in lungs after
including endocytosis or the inflammatory response,” Our lead inhalation (Figure 8C). The effect of lead inhalation on
findings support this antagonistic relationship; however, the the level of caveolins in the liver does not offer a simple
exact molecular mechanism of their functions and response to explanation since caveolins modulate a wide range of cellular
lead exposure needs to be further investigated. events. Caveolins can be found not only in superficial caveolae
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group.

but also in cell compartments such as mitochondria, Golgj,
nucleus, or lipid droplets, and both caveolins participate not
only in endocytosis but also in lipid metabolism, inflammation,
and pmljferationm PbONPs in the liver were accumulated in
the mitochondria of the hepatocytes (Figue S8E). Thus,
reduced expression of caveolin 2 after clearance can indicate
altered trafficking of nanopartides through the hepatocyte
mitochondria. However, another cause of decreased expression
of caveolin 2 could be alteration of lipid processing and their
accumulation (steatosis) observed after PBONP inhalation, as
caveolin 2 is also involved in lipid metabolism.*

maz

PbONPs in the kidneys (Figure 8F, Figure 2) were found to
be located freely in the cytoplasm of the epithelial cells of
nephron tubules; thus, our data support the hypothesis that
PbONPs in this secondary organ probably do not need any
specific transport endocytic mechanism and pass easily through
kidney biological membranes, as was documented for other
types of metal 1'1.'111(::1:»3.rl:icles.M Here, no statistically significant
changes were observed in the expression of all analyzed genes
(caveolin I, cavealin 2, clathrin) among controls, PbO-exposed
groups, and dearance groups (Figure 8D).
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ABC Transporters Were Significantly Deregulated in
the Lungs of Animals Exposed to PbONPs. The family of
mammalian ABC transporters consists of 48 members, and
these can be expressed as channels, receptors, and transporters
and serve as efflux transporter proteins protecting cells,”™ ABC
transportess play crucial roles in detoxification by transporting
a wide variety of endogenous compounds and xenobiotics such
as drugs, toxic chemicals, or heavy metals,” They are
predominantly expressed in excretory organs (liver, kidney)
or physiological barriers such as the blood—brain barrier,
blood—placenta barrier, or blood—air barrier in the lungs. In
these barriers, ABC transporters function to limit the
accumulation of drugs.”’ Previous studies have demonstrated
that heavy metals can be eliminated from cells by some ABC
transporters; however, the precise role of ABC transporters in
heavy metal efflux or nanoparticle removal from cells has not
yet been analyzed.™

Here, we assessed the role of several ABC transporters
(ABCB1a, p-glycoprotein; ABCC2, MRP2; ABCC3, MRP3;
ABCG2, BCRP) in the clearance of lead nanopartides from
lungs, livers, and kidneys (Figure 9A—C).

ABCB1 (p-glycoprotein), several transporters from sub-
family “C”, and ABCG2Z2 (BCRP) belong to the main
transporters with large significance in drug efflux. In the
lungs, ABCC2 (MRP2) and ABCC7 (CFTR) were found to
be expressed in the apical parts of the epithelial cells, and
ABCG2 was found to be expressed as a transporter in the lungs
of dairy animals.”™” However, to our knowledge, the possible
involvement of any ABC transporter in lead clearance from the
lungs has not been studied yet.

In the lungs, the expression levels of Abcbla and Abce2 were
only slightly decreased without statistical significance among

controls, the 1l-week PbONP inhalation group, and the

clearance group (Figure 9A). Moreover, clearance partially
restored their expression to the level of corresponding controls,
Several single nucleotide polymorphisms were reported in
Abcb1; thus, more significant outcomes can be observed during
eriments with other isoforms of analyzed genes (such as
Abcb1b, Abcblc), which will require further :malysis.'m Also, the
protein analysis of ABCB1 in the lung exhibited a similar
expression pattern to the mRNA level (F-'igurc 104).

On the other hand, the mRNA expression level of Abcg2 was
statistically significantly upregulated (p < 0.05) after 11 weeks
of PbONP inhalation, and the expression level was rescued in
the clearance group (p < 0.05), while on protein level changes
were just minate (Figure 10A). Increased expression of protein
ABCG2 was previously found in lung stem cell populations.”*
Moreaver, increased levels of this protein were observed after
exposure to fine particulate matter (PM2.5), and it was used as
a marker of cancer stem cells in the ll.u'lg.'”i PM2.5 samples
were collected from polluted cities and displayed the abundant
presence of metal ions, such as Fe, Al, Cu, and Fb. In our
experiment, the gene Abcg2 was identified as being significantly
deregulated by PbONP inhalatien. Thus, the ABCG2 trans-
porter can be involved in lead transport from the pneumocytes;
however, a functional assay with specific ABC transporter
inhibitors has to follow these Andings in the future.
Unguestionably, the additional types of ABC transporters or
SLC transporters can also play a role in complex moalecular
processes contributing to efficient cellular mechanisms of lead
clearance from the lungs,

Different ABC Transporters Were Deregulated in the
Livers of PbONP-Exposed Animals. ABC transporters in
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the liver play crucial roles in bile formation and detoxification
of exogenous compounds. The function of ABC transporters in
heavy metal eftlux was studied predominantly in fish or in vitro
in cell lines”"?*~" The increase in metal drug efflux by ABC
transporters is also a major mechanism of multidrug resistance
in tumor cells. However, to our knowledge, the role of any
ABC transporter in lead clearance from the liver in mammals
has not been analyzed yet.

Here, we investigated the transporters ABCBla, ABCC2,
and ABCG2, which are proteins in the canalicular (or apical)
membranes of hepatocytes, and the ABCC3 protein localized
in the sinusoidal (basolateral) membranes of hepato-
cy'tes.w_'m In the liver, the expression level of Abcbla was
statistically significantly downregulated (p < 0.01) in the
clearance group (Figure 9B) at the RNA level; however protein
analysis did not exhibit significant changes (Figure 10B). The
Abcc2 gene in mouse liver was upregulated in the inhaled
group and statistically significantly in the dearance group
relative to the controls just on the RNA level (Figure 9B). This
was also observed in zebrafish liver exposed to lead for 24 h.”'
The Abec2 gene is predominantly invalved in bilirubin
excretion into the bile canaliculus; therefore lead efflux into
bile can represent one of the possible mechanisms involved in
their removal from hepatocytes.’w As lead can alter the
expression of this gene, changes in bile production could occur
following PBONP exposure. Interestingly, the alteration in
gene expression of Abce2 correlates with the observed
decreased level of bilirubin in blood after 6 weeks of PhONP
inhalation, which could be affected by the upregulation of this
gene.

The Abcc3 gene was significantly upregulated in the liver in
the clearance group at both the mRNA and protein level
(Figures 9B, 10B). This gene has been suggested as mediating
the removal of toxic anions from hepatocytes, predominantly
into sinusoidal blood due to its high affinity for glucuronide
conju&:}tes; however, its role in heavy metal clearance is less
clear.”™ On the other hand, the expression level of Abcg2 was
not altered in the liver parenchyma (Figures 9B, 10B).

Previously, the effects of gold nanoparticles on gene
expression of different ABC transporters (including ABCB1,
ABCC2, ABCC3, and ABCG2) have been investigated in
human hepatocellular carcinoma cell lines.'” Gold nano-
particle treatment significantly downregulated the levels of all
these genes. This is in contrast with our findings where
upregulation of several transporters was observed following the
inhalation of PhONPs. Thus, the results from our recent
analysis demonstrate that the upregulation of ABC transporters
in the liver can be an important mechanism for the clearance of
lead from this organ. It is possible that some ABC transporters
could be modulated by oxidative stress signaling, as proposed
in another study with heavy metals, which will be interesting to
fallow in the future,'"”

Expression of ABC Transporters in the Kidneys Was
Not Significantly Altered in Animals Exposed to
PbONPs. Previously, ABCC2 (MRP2) and ABCG2 (BCRP)
were proposed as being the main ABC transporters involved in
lead efflux from the k_idneys.h Following PBONP inhalation,
we identified only a small upregulation of Abcc2 gene
expression (Figure 9C) or protein level (Figure 10C). The
levels of gene expression of Abgg2 were practically unaltered.
Therefore, we also analyzed other members of these
transporters and observed increased expression levels of

Abec3 after PhONP inhalation, while clearance restored the
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lead level to that of the corresponding controls. However,
observed changes in gene or protein expression were not
statistically significant due to higher variability among animals
(Figures 9C, 10C).

As quantification of small expression changes from tissue
samples can be affected by high variability among biological
replicates, the involvement of ABC transporters in kidney lead
clearance will be essential to further follow.

CONCLUSIONS

The actual production and use of the enormous amount of
nanosized particles in all branches of human activities has
caused increased nanoparticle exposure to the human
organism. Research concerning the unique positive features
of NPs has the same priority as research regarding its possible
negative effects on live cells and tissues. The inhalation of NPs
is the most frequent route of exposure to NPs of all types,
including metal NPs. Understanding of mechanisms contribu-
ting to nanoparticle clearance represents a key question whose
revealing will enable the prevention of and/or eliminate the
damage resulting from exposure to metal NPs,

Here, we uncovered high variability in the ability to clear
inhaled lead nanoparticles among individual organs, with the
highest ability being found in the lungs and the lowest in long
bones. Our data suggested ABCC3 as a possible transporter
involved in clearance of Ph/PhONPs in the liver and ABCG2
transporter in the lungs. Moreover, the expression of caveolin 1,
caveolin 2, and clathrin demonstrated tissue-specific responses
to lead exposure and its clearance. Especially in the lungs,
caveolin 1 and caveolin 2 expression was partially rescued
during the clearance period. We envisage that a detailed
understanding of mechanisms by which individual organs
physiologically remove lead nanoparticles will help to design
advance strategies of how such mechanisms can be enhanced
to more effectively fight against increasing exposure to
environmental pollutants.

METHODS

Animals. Adult female mice (CD-1{ICR) BR strain) were
obtained from the Animal Facility of the Masaryk University (Brno,
Czech Ri-_'public') and were allowed to acclimatize to laboratory
conditions for at least 1 week before the inhalation experiments,
Commercial feed and drinking water were provided ad libitum.

Preparation of PbONPs. PbONPs were prepared in the same
way as in a previous smdy.‘w PbONPs were generated continuously in
situ in a hot-wall tube flow reactor using an evaporation—oxidation—
condensation technique in which a ceramic crucible containing a
small amount of lead wire was placed inside the ceramic work tube of
a vertically oriented furnace (Carbolite TZF 15/50/610). The molten
lead was evaporated at the center of the furnace at a temperature of
830 “C, The formed metal vapor condensed to form Pb NP, which
were carrfed out of the furnace by an inert nitrogen gas stream and
diluted with a stream of air, during which the lead was oxidized to lead
oxide. Both flow rates were set at 3 1./min using mass flow controllers.
Resulting PBONPs were diluted in the second step by a stream of air
(20 L/min) and used for whole-body inhalation experiments,

Exposure to PbONPs. The characteristics of the inhalation
chambers have been described in a previous .'.il‘n:]}-'.17 Aduolt female
mice, with an average weight of approximately 24 g, were
continuously exposed to PBONPs for 11 weeks {24 h/day, 7 days/
week), Control animals were exposed to the same air as treated
animals without the addition of nanoparticles.

The samples from the controls and the PbO-inhaled group of mice
were continuously analyzed during the whole duration of the | l-week
experiment. At the designated time points of the inhalation period (2
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weeks, 6 weeks), 10 biological replicates in the control (ctr/2w, ctr/
6w) and inhaled groups (PbCY2w, PbO/6w) were sacrificed, and
lung, liver, kidney, spleen, femur, and blood were weighed and
collected for chemical, biochemical, hismpathofcgical. ultramicro-
scopic, immunochistochemical, histochemical, and immunofluorescent
analyses, elemental imaging, and the study of gene expression of
selected markers,

Additionally, one group of mice inhaled air with PBONPs for 6
weeks (24 h/day, 7 days/week) and then inhaled clean air for the next
5 weeks (this group is annotated as the clearance group PbO/cl), At
the end of the inhalation period (11 weeks), 10 biological replicates in
the control {ctr/1iw), in 1’b0-expused (PbO/11w), and clearance
groups (PbO/cl) were sacrificed, and selected organs were examined
in the same manner as in previous groups of the experiment.

Characterization of Generated PbONPs. The main character-
ization of generated PbONPs is presented in Table 1,

The distribution of NP's concerning particle number concentration
was continuously measured directly inside the exposure cages using an
SMPS (model 3936L72, TSI Inc, Shoreview, MN, USA), The long-
term stability of PBONP generation was high, The mass concentration
of PhONDs was 780 gg PbO/m” during the inhalation experiment.
Mass concentration of generated PhONTs was calculated by dividing
the mass of PBONDs collected on the filter by the volume of the air
sample that passed through the filter,

Generted PBONPs were sampled on nitrocellulose filters (pore
size 043 pm, diameter 23 mm, .’\'iiﬂipure‘ Bedford, MA, USA). Filters
were dissolved in HNO; using a UniClever microwave mineralizer
{ Plazmatronika, Wroclaw, Poland ), and Pb content in the sample was
determined using AAS {AAnalyst 600, PerkinElmer Ine,, Shelton, CT,
USA).

The size and shape of generated PBONDPs were characterdzed by
electron microscopy  (EM), Immediately after generation at the
furnace output, PEONDs were collected by electrostatic precipitation
using a nanvmeter aerosol sampler {model 3089, TSI} on EM grids
(copper S160-4; 3 mm in diameter, 400 mesh grids, Agar Scientific,
Electron Technology, Stansted, Essex, UK), The samples were
analyzed using a Magellan 400 L XHR microscope (FEI Company,
Hillsboro, OR, USA), operating in the scanning transmission electron
microscope (STEM) mode, The STEM results show that the
PbONPs observed in the gas phase by an SMP'S were formed from
agglomerates (size range approximately <0-350 nm) of primary
particles of 0.4—0.5 nm in diameter (Figure 1E).

The estimated deposited dose corresponding to PO over the 1 1-
week inhalation period was (188 g of PbO per gram of mouse body
weight and 048 pg of PO per gram of mouse body weight for the
clearance group.

Histological Analysis. Samples of orgins (lung, liver, kidney, and
splzen) for histological analyses were fixed overnight in 10% buffered
neutral formaldehyde in a fridge and after that immersed in a series of
increasing concentrations of ethanol, xylene, and paraffin wax, Serial
histological sections of § pm thickness were prepared, and selected
slices were stained by hematoxylin~eosin, by Masson Green
Trichrome (GT), and Sirius Red—Alcian Blue for analysis of collagen
fibers. Toluidine Blue was used to detect mastocytes,

Samples of lung, liver, and kidney were immersed in 10% sucrose in
'BSina ﬁ"n_‘:ge overnight. The next day, samples were embedded into
O0.C.T. compound (Agar Scientific Gardena, CA, USA) and stored at
=25 °C for subsequent analysis. The cryosections of liver samples
were used for detection of lipids by the Qil Red staining method.
Further, the cryosections of 20 ym thickness of lung, liver, and kidney
samples were prepared and used for LA-ICP-MS imaging,

Photos of the slices were taken by a light microscope {Leica
DMS000 B, Leica Microsystem GmbH, Vienna, Austria) and a digital
color camera (Leica DFC480, Leica Microsystem GmbH, Vienna,
Austria),

Immunohistochemistry. After deparaffinization and rehydration
of the sections, citrate buffer {pH =6) was used as a pretreatment in a
97 °C water bath, For inhibition of nonspecific secondary antibody
binding sections were incubated with a blocking serum (Vectastain
ABC kit, rabbit 1gG, PK-001, Vector Laboratories, USA; Vectastain
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ABC kit, mouse IgG, PI-4002, Vector Laboratories, USA) for at least
20 min at room temperature (RT) and were then incubated with the
primary antibody (PCNA, SOX2, CD68, MPO; detailed information
in Table §3),

After application of biotinylated secondary antibody (Vectastain
ABC kit, rabbit IgG, PRE-4001, Vector Laboratories, USA; Vectastain
ABC kit, mouse IgG, PK-4002, Vector Laboratories, USA) for 30 min
at RT, slices were incubated with the peroxidase-conjugated avidin—
biotin complex {Vectastain ABC kit, rabbit 1gG, PK-4001, Vector
Laboratories, USA; Vectastain ABC kit, mouse [gG, PE-4002, Vector
Laboratories, USA) for 30 min at RT. Chmm:)gen substrate
diaminobenzidine {Liquid DAB+ substrate chromogen system,
K3468, DAKO, USA) was used for visualization of positive cells.
Counterstaining of slices with hematoxylin was then performed. A
negative control of the sample was obtained by omitting the primary
antibody from the labeling protocal.

Photos were taken by a light microscope (Leica DMS000 B, Leica
Microsystem GmbH, Vienna, Austria) and a digital color camera
(Leica DFC480, Leica Microsystem GmbH, Vienna, Austra).

Detection of Apoptotic Cells. The apoptotic cells were detected
by the terminal deoxynucleatidy! transferase dUTP nick end labeling
(TUNEL) method according to the manufacturer’s protocol
(ApopTag peroxidase in sifu apoptosis detection kit, S7100, Merck,
USA), Proteinase K was used as a pretreatment for 20 min at RT, For
visualization, chromogen substrate diaminobenzidine (Liquid DAB+
substrate chromogen system, K3468, DAKO, USA) was applied.
Slices were counterstained with hematoxylin. A negative control was
obtained by omitting the TdT enzyme from the protocol.

Photos were taken by a light microscope {Leica DMS0D00 B, Leica
Microsystem GmbH, Vienna, Austria) with the use of a digital color
camera (Leica DFC480, Leica Microsystem GmbH, Vienna, Austria).

Immunofluorescence, After deparaffinization and rehydration,
samples were pretreated in citrate buffer (pH = 6) in a 97 °C water
bath. Blocking serum (Vectastam ABC kit, rabbit 1gG, PK-001,
Vector Laboratories, USA) applied for at least 20 min at RT was used
for inhibition of nonspecific secondary antibody bindings.

After that, samples were mcubated with primary ankibu&y (SOX9,
Na' /K -ATPase; detailed information in Table 54) Secondary
antibody (goat anti-rabbit IgG {H+L), Alexa Fluor 488, R37116,
Invitrogen, USA) was applied for 40 min at RT. Sections were
covered with a coverslip in reagent containing DAP1 (Fluoroshield
with DAPL D936+, Sigma-Aldrich, USA), Photos were taken under a
fluorescence microscope (Leica DM LB2, Leica Microsystems GmbH,
Vienna, Austria) and a digital color camera (Leica DFCA80, Leica
Microsystems GmbH, Vienna, Austria).

Transmission Electron Microscopy (TEM). Samples of lungs,
livers, and kidneys were fixed in 3% glitaraldehyde for 24 h, washed
three times in (.1 M cacodylate buffer, and postfixed in 1% O0s0,
solution for 1.5 h. After washing in cacodylate buffer, all samples were
dehydrated in a seres of increasing concentrations of ethanal,
followed by acetone, and embedded in the epoxy resin Durcupan,
From selected parts of the samples, ultrathin sections {60 nm thick)
were prepared for TEM analysis, Sections were cut using a Leica EM
UC6 ultramicrotome (Leica Microsystem GmbH, Vienna, Austria)
and placed on Formvar-coated nickel grids.

Some sections were without further contrasting for analysis of
nanoparticles in TEM, The other sections were contrasted with uranyl
citrate and lead acetate for studying cell architecture. All sections were
observed using 1 Morgagni 268 TEM (FEI Company, Eindhoven,
The Netherlands), and designated structures were measured using
iTEM software, Photographs were taken using a Veleta CCD camera
(Olympus, Munster, Germany).

Biochemical Analysis of Blood. Blood samples (of the control
group of animals, the experimental group exposed to the PBONPs,
and the clearance group of animals at designated time points) were
collected by cardiac puncture into 1 mL lithinm heparin tubes
(TAPVAL, Dispolab, Czech Republi:). The blood samples were
centrifuged at 1000¢ for 15 min Biochemical parameters were
determined using a clinical chemistry analyzer, Abbott Architect
c4000 (Abbott Laboratories, 1L, USA), wet chemistry system.
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LA-ICP-MS Analysis. The cryosections of lungs, kidneys, and
livers were analyzed by laser ablation with LA-ICP-MS to get
elemental distributions in these sections. The LA-ICP-MS setup
consists of a UP213 laser ablation system ( NewWave Research, USA)
and an ICP-MS Agilent 7500ce (Agilent Technologies, Japan). The
laser ablation of the samples was done with a laser spot diameter of
100 gim, scan speed of 200 ym /5, repetition rate of 10 Hz, and a laser
beam fluence of 3 |/cm® The content of iron {Fe) and lead (Pb) was
quantified using a series of agarose gels doped with a known amount
of Feand Pb.

Imaging of PBONPs in tissue sections was done under different
LA-ICP-MS parameters than elemental imaging of tissues, For this
purpose, the laser beam diameter was diminished to 20 ym and the
scan speed was 200 gm/s. During this imaging, isotope **Pb with the
integration time of | ms was measured. The size of imaged kidney and
liver tissue .s‘:l.rnpies was 1.2 X 1.6 mm for e'xpusec] sumpfes. 0.8 x 04
mm for control kidney, and 1.0 % 04 for control liver.

Moreover, the filter with captured PBONDPs was ablated to uncover
the range of intensities of Pb, The intensities of Pk varied from 5
counts, and the maximal measured intensity on the filter was 770
counts (Figure 55),

Determination of Lead in Mouse Blood and Organs. Blood
samples (one-half of the analyzed group at each time point) were
collected by cardiac puncture into | mlL plastic Eppendorf tubes
containing a small amount of heparin. Whole blood was divided into
three fractions by centrifugation of blood cells, precipitation of
proteins using methanol (300 pL), and separation of the remaining
supernatant, Samples were stored at 5 “C for subsequent analysis,

In the a.n:llysis of Organs, the weighks of individual OTgans were
determined, and the values were recorded for later quantitative
evaluation.

The individual organs and blood fractions were decomposed by
microwave (MW }-assisted digestion in concentrated subboil grade
(gquartz distillation system model MSBQ 2, Maasen, Eningen,
Germany ) nitric acid, fe, liver in § mL, lung spleen, and kidney in
3 mL, blood cells in 2 mL, and femur and other blood fractions in 1
mL of acid. The samples were treated in precleaned quartz tubes of a
closed pressurized autocave system (UltraWave, Milestone srl,
ltaly ). The decomposition program consisted of four steps: first step,
10 min with a temperature ramp between 100 and 120 °C; second
step, 5 min with a temperature ramp between 120 and 200 °C; third
step, 3 min with temperature ramp between 200 and 250 °C; fourth
step, 5 min at 250 “C. After cooling (a duration of approximately 10
min), digests weére quantitatively transferred to high-density poly-
ethylene vials and diluted and adjusted with oltrapure water (Ultra
Clear system, SB Barsbiittel, Germany) to the final mass of 10 g for
organs, 4 g for blood cells, and 3 g for femur and other blood
components, respectively, Simultaneously, blank samples (typically n
= 30 per sampling series ) were processed analogously.

The content of lead in the digests was determined by electro-
thermal atomic absorption spectrometry employing AAnalyst 600
PerkinElmer (USA) instrumentation under recommended conditions.
A mixture of ammonium phosphate and magnesium nitrate was used
as a combined chemical modifier. The method of standard addition
calibration was appfied for quantitation.

Determination of Element Content (Na, K, Mg, Ca) in
Mouse Organs. The content of basic element components {Na, K,
and Ca) in mouse organs was determined in the same sample solution
prepared for determination of lead. After proper dilution of sample
solutions, the concentrations of Na, K, Mg, and Ca were determined
by flame atomic absorption spectrometry emploving ContrAA 300
Analytik Jena {'Genn;my} High Resolution Contimuum Source AAS
mstrumentation under recommended conditions, using acetylene—air
flame (Na, K, Mg} and acetylene—nitrous oxide fame (Ca),
respectively, Measurement was performed at prominent analytical
lines {Na $89.0 nm, K 766.5 nm, Mg 2852 nm, and Ca 422.7 nm,
respectively ). Quantitation calibration was based on certified analyte
standard solutions, Astasol (1 + 0.002 gfL) (Analytika Ltd. Prague,
Czech Republic),
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qRT-PCR Analysis. Total RNA was extracted using the RNeasy
mini kit {Qiagen), Complementary DNA was synthesized according
to the manufacturer’s instructions using a High-Capacity RNA-to-
cDNA kit {Applied Biosystems),

GRT-PCR was analyzed with a LightCycler 480 (Roche). The
number of analyzed cDNA samples was n = 3—5 for each group, Gene
expression values for each sample were expressed in terms of the
threshold cycle nomalized to glyceraldehyde-3-phosphate dehydro-
genase (Gapdh; 1D Mm99999915 ¢l) or beta-actin (Acth; 1D
MmD607939_s1 ) expression,

Abced was analyzed with the following program: initial activation
step at 95 “C for Smin, followed by 40 cycles at 95 °C for 105,
annealing temperature for 10s, and 72 °C for 10s. The sequences of
primers of gene Abced are in Table §3, Gene expression values were
normalized to Gapdh.

TagMan gene expression assays of Abcbla (1D
Mm00440761_ml ), Abec2 (1D MmO1199458 gl), and Abeg2 (1D
J\JimDD»?%ﬂ&'fA_mI} were performed with the following program:
initial activation step at 93 “C for 20 5, followed by 40 cycles at 95 °C
for 3 5, annealing temperature at 60 "C for 30 s Values of ABC
transporter expression were normalized to Gﬁpdh

Cavl (ID Mmﬂﬂ‘irﬂ}@ft?_m}.}, Car2 (1D MmD0516827_m1), and
Clte (ID Mm01303974_ml) were analyzed with the following
program: initial activation step at 95 “C for 10 min, followed by 40
cycles at 95 °C for 15 5, annealing temperatare at 60 "C for 60 5. Gene
expression values of these genes were normalized to Acth expression,

Western Blot Analysis. The dissected tissue was washed with ice
cold 1% PBS to remove blood and stored at —80 °C. The samples
with additional SDS lysis buffer were homogenized by needles with
decreasing diameter and by an ultrasonic homogenizer, The clear
sa.mples were obtained as supematant after centriﬁlgati{m {lysuk&s
were cleared by centrifugation).

Protein concentrations of all samples were determined using the
DC protein assay kit (Bio-Rad, USA). Lysates were supplemented
with Bromophenol Blue (0.01%) and f-mercaptoethancl {143 mM)
and incubated for 5 min at 95 °C. Equal amounts of total protein (10
ug) were separated with SDS-PAGE and transferred onto a
polyvinylidene difluoride membrane {Immobilon-I' PVDE Mem-
brane, Merck Millipore, Germany) using established procedures, The
membranes were blocked in TBS (20 mM Tris-HCl pH 7.2, 140 mM
NaCl, 0.1% Tween 20} with 5% nonfat milk. Proteins were
immunodetected using appropriate primary and secondary antibodies
and visualized by ECL-Plus reagent { Amersham Pharmacia Biotech,
Piccataway, NJ, USA) according to the manufacturer’s instructions,
Primary antibodies were used as follows: rabbit polycdonal antibody
against BCRP (5c-25822, Santa Cruz Biotechnology), mouse
monoclonal antibody against MDR1 {P7965, Sigma-Aldrich), rabbit
polyclonal antibody against MEPZ (24893-1-AP, Proteintech), mouse
monoclonal antibody agamst MRI3 (ab3375, Abcam), and rabbit
pcf}‘dcnn[ ankibody against GAPDH (5c-25778, Santa Cruz
Biotechnology ).
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