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Hereditary hemochromatosis is the most common autosomal recessive genetic disorder of the iron metabolism.
Iron accumulation in various organs, especially in liver and pancreas leads to diseases and may cause organ
failure. In this study, methods for elemental bioimaging by means of quantitative micro X-ray fluorescence
analysis (uXRF) and laser ablation-inductively coupled plasma-triple quadrupole mass spectrometry (LA-ICP-
TQMS) were developed and applied to investigate the pathophysiological development of iron accumulation in
murine tissue based on animals with an iron-overload phenotype caused by a hepatocyte-specific genetic mu-
tation. The use of an external calibration with matrix-matched gelatin standards enables the quantification of
iron by means of pXRF without the typically used fundamental parameters method or Monte Carlo simulation,
which becomes more imprecise when analyzing thin tissue sections. A fast, non-destructive screening of the iron
concentration and distribution with a spatial resolution of 25pm in liver samples of iron-overload mice was
developed. For improved limits of detection and higher spatial resolution down to 4 um, LA-ICP-TQMS was used
with oxygen as reaction gas. By monitoring the mass shift of >°Fe to *°Fe'®0, a limit of detection of 0.5 pg/g was
obtained. With this method, liver and pancreas samples of iron-overload mice as well as control mice were
successfully analyzed. The high spatial resolution enabled the analysis of the iron distribution in different liver
lobules. Compared to the established Prussian blue staining, both developed methods proved to be superior due
to the possibility of direct iron quantification in the tissues.

1. Introduction hereditary hemochromatosis: mutations in the genes involved in reg-

ulation of the expression of hepcidin such as HFE, hemojuvelin (HJV) or

Hereditary hemochromatosis is an autosomal recessive inherited
disorder of the iron metabolism characterized by unlimited absorption
of iron in the intestine and an accumulation of excess iron in iron sto-
rage organs [1,2]. Iron is an essential trace element, which plays an
important role in the body. With about 70%, the most common form of
iron in the organism is hemoglobin with its important role in oxygen
transport and several enzymes. About 30% of the iron is stored in the
liver, spleen and muscle tissue as the iron storage form ferritin. Besides
this, many other protein-bound forms of iron exist [2,3]. The systemic
iron homeostasis is mainly regulated by the hepatic hormone hepcidin
[4]. Up to date, there are five known genetic mutations that lead to

transferrin receptor 2; mutations in hepcidin transcription itself; or
mutations of the iron absorption channel ferroportin FPN [5,6]. If the
induction of hepcidin is hindered, iron is accumulated unregulated in
various organs, especially in the liver and pancreas [7,8]. Since the
bone morphogenetic protein (BMP) type I receptor ALK3 is essential for
the hepcidin expression, hepatocyte-specific Alk3 deficient mice, pre-
sent with severe iron overload [9]. The BMP receptor ALK2 plays a
minor role, as mice with hepatocyte-specific Alk2 deficiency maintain
baseline hepcidin expression, but fail to induce hepcidin in the in-
flammatory setting [10].

To gain more information

about the pathophysiological
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development of the iron overload when both receptors are deficient
(hepatocyte-specific Alk2/Alk3 double knock-out), the iron distribution
and concentration in various organs of these model animals in com-
parison to control animals needs to be analyzed. In this paper, two
different quantitative elemental bioimaging approaches for the in-
vestigation of iron in tissue are presented as advantageous addition to
the typically used Prussian blue staining, which can only provide
qualitative information about the iron distribution [1].

Elemental bioimaging is an emerging field to analyze the con-
centration and distribution of essential or toxic metals in the organism
or for studying the distribution of drugs in the tissue [11]. Micro-X-ray
fluorescence analysis (uUXRF) is an elemental imaging approach based
on the detection of characteristic secondary X-rays from the material
after excitation with high energy X-rays [12]. With this method, a fast
and non-destructive analysis of elemental distributions in arche-
ological, geological and biological samples is possible [13-15]. In
human liver biopsy samples, uXRF analysis was used to analyze copper
with a spatial resolution of 25um [15]. In addition to the non-de-
structive nature of this method, multi-element analysis is possible
[16,17]. To obtain quantitative results by means of uXRF, mathematical
approaches are typically used. One example for such a mathematical
quantification is the fundamental parameters method, in which the
physical processes leading to emission of fluorescence radiation are
described by analytical equations [18]. Using this method, essential
elements in brain tissue were quantified [19]. By using Monte Carlo
simulations, variable parameters such as the distance between sample
and detector, sample thickness, sample inhomogeneities or different
surfaces are better compensated [20]. For example, Padilla et al. used a
Monte Carlo approach to simulate the radiation transport from the
output of the lens to the detector active volume for the quantitative
analysis of archaeological pottery samples [21]. However, not exactly
approximated parameters may lead to false results. The assumption of
infinite thick samples can deliver sufficient results for thick geological
samples, but for thin tissue sections, the thickness-dependent analyte
fluorescent radiation intensity needs to be taken into account [20]. To
overcome those problems, reference standards as similar as possible to
the unknown sample can be used [14]. The use of matrix-matched re-
ference materials has been used for the analysis of plant material [22].
Nevertheless, the limit of detection (LOD) of the benchtop uXRF is re-
latively high compared to other methods, due to the higher penetration
depth of the X-rays and thereby increased matrix effects and lower
signal-to-noise ratios.

To obtain lower LODs and a higher spatial resolution, laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) can be
used for elemental bioimaging [11]. With this method, laser spot sizes
down to 1pm can be achieved [23]. By using a triple-quadrupole in-
strument (ICP-TQMS), polyatomic interferences on the analytes of in-
terest can be significantly decreased to improve the LOD even further
[24]. The quantification by means of matrix-matched reference stan-
dards is much more popular for this method and was previously used
for the quantification of copper in liver tissue samples [25,26].

In this paper, a novel quantification approach for pXRF analysis is
presented. Matrix-matched gelatin standards were used to quantify the
iron distribution in liver tissue of a murine iron-overload model. To the
best of our knowledge, there is no benchtop pXRF quantification
strategy described for metals in thin tissue samples based on matrix-
matched external calibration. To verify the results, comprehensive LA-
ICP-TQMS analysis with the same spatial resolution of 25 um was used
for liver, small intestine and pancreas samples. In addition to that, high
spatial resolution LA-ICP-TQMS results obtained with a laser spot size
of 4 um are presented. With this resolution, periportal and centrilobular
liver lobules can be differentiated, which is needed to analyze the pa-
thophysiological development of the iron overload. The combination of
non-destructive quantitative uXRF imaging with high spatial resolution
LA-ICP-TQMS imaging is an advantageous addition to the typically used
staining procedure and offers new insights into the iron accumulation
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mechanisms of the hemochromatosis animal model.
2. Materials and methods
2.1. Chemicals

All chemicals were used in the highest quality available. Arsenic ICP
standard (1000 mg/1), aluminum sulfate, nitric acid (69%), potassium
ferrocyanide trihydrate, ethanol and xylene were obtained from Merck
(Darmstadt, Germany). Iron(II) sulfate heptahydrate and hydrochloric
acid (37%) were purchased from VWR Chemicals (Haasrode, Belgium).
Gelatin was obtained from Griissing (Filsum, Germany). Doubly dis-
tilled water was freshly prepared daily using an Aquatron Water Still
purification system model A400D (Barloworld Scientific, Nemours
Cedex, France).

2.2. Animal study

The study was carried out in accordance with the recommendations
and approval of the institutional ethics committee of the North Rhine-
Westphalian Agency for Nature, Environment, and Consumer
Protection (permit no. Az.84-02.05.2012.181). Mice with homozygous
loxP-flanked (“floxed”) Alk2 (Ak2"™) [27,28] and Alk3 alleles (Alk3"/
fly [27-29] on a C57BL/6 background were bred with B6.Cg-
TgAP=Cre)2IMen /5 mice to obtain homozygous animals (Alk2/371)
with and without a Cre recombinase driven by the hepatocyte-specific
albumin promoter. Mice were held in individually ventilated cages and
fed a standard diet with an iron content of 198 ug/g (Altromin Spe-
zialfutter GmbH & Co. KG, Lage, Germany). Twelve-week-old male
mice with hepatocyte-specific Alk2 and Alk3 (Alk2/3% ﬂ; Alb-cre) defi-
ciency and control mice (Ak2/3%"") were included in this study.

2.3. Sample preparation

Tissue samples were harvested and incubated in 4% paraformalde-
hyde overnight. Liver, small intestine and pancreas samples were em-
bedded in paraffin and cut into 5pm thin sections using a rotary mi-
crotome Autocut 1140 (Reichert-Jung, Wetzlar, Germany) with Feather
Typ S35 stainless steel blades. Afterwards, the thin sections were
mounted on Starfrost® microscope slides (Engelbrecht, Edermiinde,
Germany) at the Institute of Neuropathology at the University Hospital
in Miinster. Prior to the analysis, the sample sections were depar-
affinized and rehydrated (10 min xylene, 2min 100% ethanol, 2 min
90% ethanol, 2 min 70% ethanol, 2 min bidest. H,O). Bright field mi-
croscopic images of the unstained tissue samples were captured with a
BZ-9000 microscope (Keyence, Osaka, Japan).

2.4. Prussian blue staining and tissue iron content

Prussian blue staining on paraffin-embedded tissue samples was
used to detect non-heme iron accumulation. Tissue sections were in-
cubated in 5% potassium ferrocyanide trihydrate with 5% hydrochloric
acid for 15 min and washed with aqua bidest H,O. Microscopic images
of the stained samples were obtained with the same microscope as
described for unstained samples.

Non-heme tissue iron content was determined in duplicates using
the assay protocol described by Torrance and Bothwell [30]. Tissue
samples digested in 100l acid (3M hydrochloric acid, 0.61 M tri-
chloracetic acid at 65 °C and 550 rpm for three days) as well as standard
solutions were incubated with 50 ul chromagen solution (one part
chromagen stock solution containing 1.86 mM bathophenantroline
sulfonate, 143 mM thioglycolic acid, one part saturated sodium acetate
solution and five parts of water) for 10 min at room temperature in the
dark. Samples were diluted with the same acid solution used for di-
gestion of the tissue and the absorbance at 540 nm was determined with
a BioTek plate reader.
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2.5. Preparation of matrix-matched standards

For quantification, an external calibration with matrix-matched
gelatin standards was performed. Gelatin (10% w/w) was spiked with
aqueous solutions of iron(II) sulfate heptahydrate in a concentration
range from O up to approx. 30 mg/g. The gelatin mixture was homo-
genized at 37 °C and 5 pm thin sections, according to the thickness of
the samples, were prepared using a cryomicrotome (CryoStar NX70,
Thermo Scientific, Waltham, MA, USA). The standard sections were
mounted on the same microscope slides as the samples to reduce var-
iations in background intensities. Especially for uXRF measurements,
those differences may change the results, because of the relatively high
penetration depth of the X-ray beam.

For pXRF analysis, a region of (1 X 1) mm of each standard was
scanned with the same setup as for the sample. For LA-ICP-TQMS
analysis, ten lines with 50 data points per line were recorded for each
standard. The averaged intensities were then used to calculate a cali-
bration curve for both methods.

2.6. Bulk analysis of matrix-matched standards

Bulk analysis after digestion with nitric acid was used to validate the
iron concentration in the gelatin standards. Exactly 100 mg standard
was digested with 1 ml conc. nitric acid and then diluted with bidest.
H-0 to concentrations around 10pg/g. 100l of this solution was
mixed with the same amount of arsenic (10 ug/g in 20% HNO3, diluted
from 1000 pg/g ICP standard). Since arsenic has a characteristic emis-
sion line near the emission line of iron without overlapping of the
signals and in addition to that, no background signal of arsenic was
detected in the tissue samples, this element can be used as internal
standard. Aliquots of 5pl were dried onto quartz glass discs (Bruker
Nano, Berlin, Germany) for total-reflection X-ray fluorescence analysis
(S2 Picofox, Bruker Nano). The instrument was equipped with a mo-
lybdenum X-ray tube, which was operated at a power of 37.5W
(750 pA, 50kV). An energy-dispersive, Peltier-cooled silicon drift-de-
tector (SDD, XFlash) was used and the analysis time per sample was set
to 500s. For data evaluation, the software Spectra Picofox Version
7.2.5.0 (Bruker Nano) was used.

2.7. uXRF analysis

For puXRF analysis, the M4 Tornado (Bruker Nano) with the Esprit
Software (Version 1.2) was used. The system was equipped with a Rh X-
ray tube, which was operated at 30 W (50 kV, 600 pA). To minimize
interferences with elements in the air, the analyses were carried out at a
reduced pressure of 20 mbar. To find the best compromise between
analysis time, signal-to-noise ratio and standard deviation in the stan-
dards, the number of scan cycles as well as the analysis time per pixel,
were variated. The fastest analysis with the lowest standard deviation
for each standard was achieved with a single scan and analysis time of
100 ms per pixel. Those parameters were used for all further analysis.
The distance between the spots was set to 25 pm, to ensure a complete
scan of the sample with the approximately 25 um large X-ray spot of the
instrument.

2.8. LA-ICP-TQMS analysis

The LA-ICP-TQMS analysis was carried out with an iCAP TQ in-
strument (Thermo Fisher Scientific, Bremen, Germany) coupled to a
LSX213 G2* laser ablation system (Teledyne CETAC Technologies,
Omaha, NE, USA). The laser ablation system was equipped with a
Nd:YAG laser with a wavelength of 213 nm. The shot frequency was set
to 20 Hz and laser spot sizes of 25 and 4 uym were chosen with scan
speeds of 50 and 8 um/s for line-wise ablation. The laser energy was
adjusted for samples and standards individually to ensure complete
ablation of the material. The HelEx Active 2-Volume cell (Teledyne
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CETAC Technologies) was flushed with a helium gas flow of 0.8 1/min.
For plasma stability, an additional argon gas flow (0.9 1/min, daily
tuned) was added after the cell with a T-piece. The ablated aerosol was
transported into the ICP-MS via Tygon" tubing. For sample introduction
into the plasma, a quartz injector pipe with an inner diameter of 3.5 mm
was used. The ICP-MS was equipped with nickel sampler and skimmer
cones. The torch position and lens voltages were tuned daily with re-
spect to best sensitivity. To reduce polyatomic interferences, the ICP-
MS was operated in the triple quadrupole mode with oxygen as reaction
gas (0.39ml/min). The intensities of the isotopes 3'P, 325, >*Fe, “Fe
and *’Fe were recorded as their corresponding '°0 cluster ions with
dwell times of 100 ms each. The following ICP-MS parameters were
used: rf power 1550 W, cool gas flow 14 1/min, auxiliary gas flow 0.81/
min.

2.9. Data evaluation

The puXRF raw data sets were converted into csy files using an in-
house developed software, which allows to extract the data of the
corresponding channels for each element of interest. For each element,
arange of = 15kV was selected. To determine calibration curves from
the uXRF data, the converted data sets were evaluated using Microsoft
Excel 2016° (Microsoft Corporation, Redmond, WA, USA). The csv files
of the samples as well as the LA-ICP-TQMS data sets were converted
into 2D images with another in-house developed software.

3. Results and discussion
3.1. Non-heme tissue iron content

To analyze the total non-heme tissue iron content of the samples,
tissue was digested and the absorbance after complex formation with
bathophenantroline sulfonate was determined. Table 1 summarizes the
results for the investigated liver samples. Due to the small size of the
pancreas and its utilization for imaging analysis, no quantification of
the bulk iron content could be performed of these samples.

The hepatocyte-specific Alk2/3 deficient animals (Alk2/3"%; Alb-
cre, animals with expression of the Cre recombinase driven by the hepato-
cyte-specific albumin promoter) that present with severe iron overload
showed significantly increased iron concentrations around 1500 pg/g in
the liver, whereas the iron concentration in the liver of control animals
(Alk2/3"1 floxed animals without expression of the Cre recombinase)
was below 200 pg/g. These values correlate well with the normal levels
for iron in the liver of mice, which has been described to be approx.
150 ug/g [32]. The differentiation between the hepatocyte-specific
Alk2/3 deficient and control animals was easily possible, but a rela-
tively high biological variation between the analyzed samples of one
genotype can be observed. For example, the iron concentration of
sample 1d was approx. 1.9 times higher than the iron concentration
found for sample 1a. The same biological variation can be found for the
two control samples. However, the differentiation of control and Alk2/3
deficient animals is easily possible despite the high biological variations
since the diseased animals have an approximately 12 times higher iron
content found in the liver. To obtain more information about the

Table 1
Overview of analyzed samples with genotype [31] and determined non-heme
liver iron content.

1

Sample ID Genotype c(Fe)/ pgg~
Sample 1a Alk2/3ﬂ/ﬂ; Alb-cre (Alk2/3 deficient) 1098
Sample 1b Alk2/3V%; Alb-cre (Alk2/3 deficient) 1491
Sample 1c Alk2/3ﬂ/ﬂ; Alb-cre (Alk2/3 deficient) 1409
Sample 1d Alk2/3V1; Alb-cre (Alk2/3 deficient) 2076
Sample 2a Alk2/3" (control) 51

Sample 2b Alk3"® (control) 196
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Fig. 1. a) pXRF sum spectrum of liver sample 1a with enlarged section of the region of interest and labels for the fluorescence peaks of phosphorous, sulfur and iron,
b) uXRF calibration curve of iron for matrix-matched gelatin standards with calibration function and standard deviations.

phosphorous

Fig. 2. Microscopic images (upper row) and pXRF data of the qualitative elemental distributions of phosphorous (green) and sulfur (yellow) as well as the quan-
titative iron distribution for a) hepatocyte-specific Alk2/3 deficient liver sample 1la and b) control liver sample 2a. The black scale bar indicates 1 mm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

pathophysiological development of the iron overload in the liver and in the liver or pancreas.
other organs, quantitative bioimaging methods were applied in a next
step in addition to the established staining procedures, since the bulk
analysis is not able to account for inhomogeneous iron distributions in
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3.2. Quantitative bioimaging by means of uXRF

Since benchtop uXRF is a non-destructive and fast method, which
requires only minimal sample preparation, an easy quantification ap-
proach was developed to analyze the elemental distribution in the
tissue samples. In Fig. 1a, the sum spectra for the liver of the hepato-
cyte-specific Alk2/3 deficient sample la are shown. The K, emission
lines, caused by an electron transition from the 2p orbital (L shell) to
the 1 s orbital (K shell), were observed due to the high intensity of these
lines for the analyzed elements. The signal of the K,; emission line of
phosphorous at 2.01 keV showed a slight overlap with the high signal
from the K,; signal of silicon (1.74 keV) from the microscopic glass
slide. In contrast to that, the sulfur K,; signal at 2.31 keV was higher
and better separated than the phosphorous signal. Both elements could
be used to visualize the tissue, due to the endogenous occurrence of
phosphorous and sulfur in for example amino acids or phospholipids.
The K,; emission line of iron has an energy of 6.4 keV. In this region,
the background signal is increased due to the Bremsstrahlung of the X-
ray tube. Thus, the signal-to-noise ratio for iron is not as high as for
sulfur, which adversely affects the LOD.

To determine the LOD for iron by means of uXRF, an external ma-
trix-matched calibration was performed. The calibration curve for iron
in gelatin standards is shown in Fig. 1b. The actual concentrations after
bulk analysis of the standards are used for generation of the calibration
curve. With those values, a good linearity over a wide concentration
range could be observed with a coefficient of determination of
R? = 0.9995 over all calibration points. Even with an iron concentra-
tion of approx. 30 mg/g in the highest matrix-matched standard, the
linear dynamic range of the detector was not reached, since no decrease
of the slope of the calibration curve can be observed. The standard
deviation between the 40 analyzed lines for each concentration was
calculated and was sufficiently low for all matrix-matched standards
with values under 5%, as shown in Fig. 1b. In contrast to ICP-MS, for
which the torch and lens settings are tuned daily to obtain the best
signal intensities, the settings of the X-ray tube are constant. Thus, the
day-to-day variation between the obtained calibration curves was
below 2%, even when the X-ray tube was turned off between the
measurements. Therefore, a daily external calibration of the uXRF was
not required. This leads to an overall shorter analysis time compared to
LA-ICP-TQMS analysis.

The low slope of the calibration curves indicated that the sensitivity
of the method is relatively low (Fig. 1b). In addition to that, the LOD
and LOQ, calculated according to Boumans [33], were 970 ug/g and
3230 ug/g, respectively, for iron in a 5 um thin tissue section. This can
be explained by the elevated background signal for iron caused by the
Bremsstrahlung in the energy region of the iron K,; emission line.

In Fig. 2a, the phosphorous, sulfur and iron distributions of the
hepatocyte-specific Alk2/3 deficient liver sample 1a are shown. The
distribution maps of phosphorous and sulfur showed a very homo-
genous distribution without variations in the tissue density. In this
setting, the blood vessels and bile ducts in the liver sample can be
identified. Hence, the tissue can be easily visualized with pXRF. The
lower limit of the concentration scale for the iron distribution was set to
the LOQ to remove the background signal. Iron concentrations up to
10 mg/g were found with a relatively inhomogeneous distribution in
the tissue of the hepatocyte-specific Alk2/3 deficient liver. Highest
concentrations were observed at the lower sample edge, whereas lower
concentrations were located in the upper region of this liver section.
Nevertheless, despite the high LOD, the iron concentrations for the
hepatocyte-specific Alk2/3 deficient liver sample were high enough to
be quantified with the developed method.

In addition to the successful quantification of high iron concentra-
tions, the developed uXRF method allowed the analysis of paraffin-
embedded as well as deparaffinized tissue samples. For LA-ICP-TQMS
analysis, paraffin had to be removed because the spatial resolution is
destroyed when the embedding medium melts during ablation. For
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uXRF analysis, this effect should be irrelevant and therefore, a com-
parison of the same sample with and without paraffin was possible. The
average iron concentration in the tissue was less than 5% lower after
the deparaffinization process, and the distribution appeared to be al-
most identical (images not shown here). These results indicate that the
analysis of paraffin-embedded samples is also possible. This minimizes
the sample preparation time and can be an advantage for the in-
vestigation of water-soluble analytes.

Despite the positive results for the hepatocyte-specific Alk2/3 defi-
cient sample, the quantitative uXRF approach also has some limitations.
In Fig. 2b, the phosphorous, sulfur and iron distributions for the liver of
the control animal are shown. Again, the tissue could be visualized
using the endogenous elements phosphorous and sulfur, but the iron
distribution was not distinguishable from the background signal. As
expected from the bulk iron analysis, the iron concentration for this
animal was much lower than the concentration found for the hepato-
cyte-specific Alk2/3 deficient sample and lower than the LOD of the
UXRF method. To determine the iron concentration and distribution in
control animals, a more sensitive method was needed.

3.3. Quantitative bioimaging by means of LA-ICP-TQMS

LA-ICP-TQMS was selected as more sensitive method for the ana-
lysis of iron-overload as well as control tissue samples. With this es-
tablished elemental bioimaging method, the results from the puXRF
analysis could be verified. Due to many polyatomic interferences (e.g.
40Ar160+, 40Ca160+’ 40Ar15N1H+, 38Ar180+, 3871701+ [34],
especially affecting the most abundant iron isotope *°Fe (rel. abundance
91.75%), the triple quadrupole mode with oxygen as reaction gas was
used. Again, matrix-matched gelatin standards were used to simulate
the tissue matrix with respect to potential matrix effects influencing the
ablation and atomization behavior. A laser spot size of 25 pm was ap-
plied to obtain a spatial resolution comparable to uXRF analysis. The
external calibration showed low relative standard deviations between
the ablated lines of 6% and lower, as well as a good linearity of
R? = 0.9989 and better over the wide concentration range. LOD and
LOQ for *°Fe as *°Fe'®0 of 0.5ug/g and 1.5 ug/g, respectively, were
obtained. With this superior LOD compared to pXRF analysis (LOD
970 ug/g), the same liver tissue sections were analyzed. Since the iso-
tope °°Fe had the lowest LOD compared to the two other analyzed
isotopes (5.7 ug/g for >*Fe and 2.1 pg/g for >’Fe), only the results for
S®Fe are presented in the following. However, the obtained images for
the other isotopes showed identical iron concentrations and distribu-
tions. The LA-ICP-TQMS results for the hepatocyte-specific Alk2/3 de-
ficient and control liver samples 1a and 2a are shown in Fig. 3. Again,
the sulfur and phosphorous distributions could be used to visualize the
tissue structure and for monitoring of the plasma stability. The use of
the TQ-O, mode was inevitable when analyzing sulfur by means of ICP-
MS, because of interferences with dimeric oxygen species.

As already observed with pXRF, the tissue samples were homo-
geneous without significant variations in the tissue density. For the
hepatocyte-specific Alk2/3 deficient animal, the same concentration
scale as for the pXRF results was used. The iron concentration de-
termined with LA-ICP-TQMS was lower compared to the uXRF results,
which could be explained with a decrease of possible interferences
when using the LA-ICP-TQMS method. Moreover, the higher sensitivity
of LA-ICP-TQMS compared to pXRF caused better contrasts in the
tissue. Therefore, the inhomogeneous iron distribution especially in the
upper part of the tissue could be better visualized with LA-ICP-TQMS.

Another advantage of the significantly improved LOD of the LA-ICP-
TQMS method is the possibility to analyze control samples that contain
substantially lower levels of iron. The iron concentration of sample 2a
could not be analyzed using pXRF (compare Fig. 2b) due to the high
LOD. With LA-ICP-TQMS, in contrast, iron concentrations up to 500 pug/
g were found (Fig. 3b). With an average tissue concentration of 60 ug/g,
the iron values found in the analyzed thin section were in good
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Fig. 3. LA-ICP-TQMS results obtained with a laser spot size of 25 um for a) hepatocyte-specific Alk2/3 deficient liver sample 1a and b) control liver sample 2a. The

black scale bar indicates 1 mm.

accordance with the bulk iron concentration determined in the liver
(compare Table 1). Again, the iron distribution was not homogeneous.
The highest concentrations in control samples were found directly
around the blood vessels and could be traced back to blood depositions.
Comparing the LA-ICP-TQMS results for both samples, the iron con-
centration of hepatocyte-specific Alk2/3 deficient animals was around
70 times higher than for the control tissue.

To further investigate the iron distribution in the murine model of
hereditary hemochromatosis, the small intestine and pancreas samples
of control and hepatocyte-specific Alk2/3 deficient animals were ana-
lyzed. Since the pancreas is also affected by iron accumulation in her-
editary hemochromatosis, high iron concentrations were expected in
this tissue. With uXRF, the iron distribution in the pancreas was vi-
sualized, but the intestine region of the tissue section could not be
analyzed due to the high LOD. Thus, only LA-ICP-TQMS was used for
these tissue samples. The phosphorous, sulfur and iron distribution of
the intestine and pancreas of hepatocyte-specific Alk2/3 deficient an-
imal 1a and control animal 2a obtained with a laser spot size of 25 ym
are shown in Fig. 4. The phosphorous and sulfur distributions could be
used to visualize the structure of the intestine and the pancreas, which
is divided in many small lobules.

For the hepatocyte-specific Alk2/3 deficient animal, iron con-
centrations up to 5000 pug/g were found almost exclusively in the
pancreas. Only the outer part of the intestinal wall showed slightly
increased iron levels. The average concentration in the intestine region
was only 496 ug/g compared to an average iron concentration in the
pancreas of 1608 ug/g. This shows that the developed LA-ICP-TQMS
method can be used to analyze the significant extrahepatic iron over-
loading in the pancreas as well. The iron concentration found in the
pancreas of the control sample was much lower compared to the he-
patocyte-specific Alk2/3 deficient sample with an average iron con-
centration of 284 ug/g. Interestingly, the iron concentration in the in-
testine was significantly higher with an average of 776 ug/g. In
addition, the iron in the control intestine was primarily found in the
circular folds. In an intact iron homeostasis, the distribution of iron
from the enterocytes into the circulation is blocked, if the iron supply is
sufficient. Hepcidin is secreted and leads to an internalization and de-
gradation of the sole known iron exporter ferroportin. On the other
hand, through the regular renewal of the enterocytes, excess iron is
excreted [2,8]. Because of this mechanism, the observed iron distribu-
tion can be expected for control mice. In contrast to that, the iron up-
take from enterocytes into the circulation is not blocked in hepatocyte-
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Fig. 4. Bright field microscopic image (upper row), and phosphorous (green), sulfur (yellow) and quantitative iron distribution (LA-ICP-TQMS, 25 pm laser spot size)
of the intestine and pancreas of a) the hepatocyte-specific Alk2/3 deficient sample 1a and b) the control sample 2a. The pancreas is marked with a black dotted line;
the scale bar indicates 1 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

specific Alk2/3 deficient animals, which leads to lower iron con-
centrations inside the intestine.

To conclude, the developed LA-ICP-TQMS method is a useful tool to
analyze the iron distribution and concentration in the liver, pancreas
and intestine of an iron overloaded phenotype as well as in non-over-
loaded, control tissue. Significant iron overload was detected for he-
patocyte-specific Alk2/3 deficient liver and pancreas samples, whereas
the iron concentration in the intestine was slightly reduced compared to
control samples.

3.4. High spatial resolution imaging

The structural organization of the liver can be described by the
hepatic lobule model. In a hexagonal region around the central vein,
portal triads, composed of the portal vein, hepatic artery and bile ducts,
are located. Thus, the hepatic parenchyma can be divided into the
centrilobular region close to the central vein and the periportal region
near the portal triads. Oxygen and nutrition-rich blood enters the liver
through the portal vein before draining via the central vein [35]. To
further analyze the pathophysiological development of the iron
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Fig. 5. Bright field microscopic images (upper row), Prussian blue staining (second row) and high spatial resolution LA-ICP-TQMS data (4 um spot size) of phos-
phorous (third row) and iron (lower row) of the liver of a) hepatocyte-specific Alk2/3 deficient sample 1a, b) hepatocyte-specific Alk2/3 deficient sample 1b, c)
control sample 2a and d) control sample 2b. The scale bar indicates 100 um; the periportal (PP) and centrilobular (CL) regions are labeled. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

accumulation phenotype in the liver of hepatocyte-specific Alk2/3 de-
ficient animals, the periportal and centrilobular regions need to be
differentiated. Different iron-overload animal models present a distinct
hepatic iron accumulation pattern in the centrilobular, periportal, or
both areas [6,36]. To distinguish the periportal lobules from the cen-
trilobular regions, small parts of the liver samples were analyzed with a
higher spatial resolution of 4 um. The ablated areas were chosen after
uXRF analysis, where regions of interest were defined. Because the
ablated sample volume per shot on the 5 pm thin tissue with the spatial
resolution of 4 um was only 80 fL, the low LOD realized with the TQ-O,
mode was necessary. The LOD of *°Fe'®0 determined with a 4 um spot
size was 9.7 ug/g compared to an LOD of 158 pg/g for > Fe in the single
quadrupole kinetic energy discrimination (SQ-KED) mode. Moreover,
the sensitivity in the TQ-O, mode was 14 times higher than in the SQ-
KED mode (slope of the calibration curve: 2.8 cps-gug~' and 0.2
cps'gug !, respectively). The results for the high spatial resolution
imaging are shown in Fig. 5. The three vessels in the periportal region
and the single vessel in the centrilobular region could be easily assigned
in the microscopic image. The images of the Prussian blue stained he-
patocyte-specific Alk2/3 deficient samples (Fig. 5a and b) showed a
bright blue color, indicating the formation of the iron(III) ferrocyanide
complex. The iron distribution of sample la seemed to be more

inhomogeneous compared to the distribution found for sample 1b. In
contrast to that, the images of the control samples after staining showed
no indication for the formation of the blue complex. Similar to the uXRF
results, the LOD of the Prussian blue staining method was not sufficient
to detect iron in the control samples. Moreover, the staining led to only
qualitative information. Differences in the blue color brightness could
be caused by different iron concentrations in the tissue, but they may
also be caused by variations in the complex agent distribution. There-
fore, LA-ICP-TQMS with a high spatial resolution of 4 pm is a useful tool
for the determination of the iron distribution and concentration in the
liver tissue (Fig. 5, lower two rows). As it can be seen in the phos-
phorous distribution, the spatial resolution of 4 um is required to suf-
ficiently differentiate between the periportal and centrilobular liver
region. For all four samples shown here, the phosphorous distribution
was very homogeneous and no variations in the tissue density was
observed. As it was expected from the Prussian blue staining, the iron
distribution for sample 1a was relatively inhomogeneous compared to
sample 1b. The comparison between the stained sample and the LA-ICP-
TQMS results were in good accordance, especially with respect to the
fact, that parallel slices were used for both methods. As the staining is
performed with an iron salt and LA-ICP-TQMS cannot differentiate
between iron(I) and iron(Ill), the stained samples cannot be used for
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LA-ICP-TQMS. Nevertheless, both parallel sections of sample 1a showed
the highest iron concentrations in both, the periportal and centrilobular
region. This result showed that there were only minor differences be-
tween non-heme iron (visualized by Prussian blue staining) and total
iron (determined by means of LA-ICP-TQMS). Therefore, the developed
LA-ICP-TQMS method can be used to complement the established
procedures for tissue iron determination. With LA-ICP-TQMS, iron
concentrations up to 15,000 ug/g were found. This increase of the
maximum concentration compared with the LA-ICP-TQMS analysis
with a laser spot size of 25 um could be explained with less averaging
over the iron hotspots when a smaller spot size is used. For sample 1b,
the iron concentration was in the same range with a more homogenous
distribution in the whole tissue section. When comparing the staining
results, sample 1b seemed to have higher iron concentrations compared
to sample la, due to the more consistent blue color in the tissue.
However, the concentrations determined by means of LA-ICP-TQMS
show, that sample 1b has a slightly lower iron concentration of around
5380 g/g compared to an average concentration of 5770 ug/g found
for samplela. Since only small sections of thin tissue slices were ana-
lyzed with the laser spot size of 4 um, these values cannot represent the
bulk iron concentration in the liver. However, the comparison in-
dicates, that the optical impression of the stained samples could be
misleading regarding the actual concentration, but the iron distribution
observed after the staining was in good agreement with the LA-ICP-
TQMS results.

In contrast to the hepatocyte-specific Alk2/3 deficient samples, the
iron distribution in the control samples were much lower, as expected
from the negative staining results. Nevertheless, with LA-ICP-TQMS, the
iron distribution primary around the blood vessels can be visualized.
Here, average concentrations of 186 ug/g and 114 pg/g for the samples
2a and 2b, respectively, were found. Again, the significantly better LOD
of the LA-ICP-TQMS method compared to the staining procedure led to
more detailed information about the quantitative iron distribution in
the tissue, especially regarding the control sample.

4. Conclusion

To conclude, both developed methods for quantitative elemental
bioimaging present an advantageous addition to the established
staining procedures. We were able to analyze the iron concentration
and distribution in liver tissue samples of hepatocyte-specific Alk2/3
deficient mice by using a novel quantification approach for pXRF
analysis. By means of external calibration with matrix-matched gelatin
standards, the iron overload in hepatocyte-specific Alk2/3 deficient
mice was successfully analyzed. The phosphorous and sulfur distribu-
tion can be used to visualize the tissue. For iron, a LOD of 968 ug/g was
found, which was sufficient to analyze the iron-overload phenotypes
but not the control samples. To obtain a better LOD and to verify the
UXRF results, LA-ICP-TQMS with a laser spot size of 25 pm was used in
the triple quadrupole mode with oxygen as reaction gas. With this
method, polyatomic interferences, especially on the main iron isotope,
were significantly reduced, so that a LOD of 0.5pug/g for iron was
achieved. In addition, the phosphorous and sulfur distributions could be
used for tissue visualization again. The comparison of both methods
shows a slightly lower iron concentration determined by LA-ICP-TQMS,
which can be explained with reduced interferences. However, due to
the non-destructive scanning, minimal sample preparation without the
requirement for deparaffinization and no need for daily calibration,
UXRF can be used as quantitative pre-screening method. Especially the
fast analysis and the lower acquisition and operating costs are an ad-
vantage of the developed pXRF method compared to LA-ICP-TQMS
analysis.

In addition to the liver samples, small intestine and pancreas sam-
ples of hepatocyte-specific Alk2/3 deficient mice as well as control
samples were successfully analyzed with LA-ICP-TQMS. As expected,
the iron concentration in the liver and pancreas of hepatocyte-specific
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Alk2/3 deficient animals were much higher than for the control ani-
mals. However, the iron concentration in the small intestine was
slightly higher for control phenotypes, due to the reduced uptake of
iron into the organism.

Moreover, LA-ICP-TQMS enabled high spatial resolution analysis
with a laser spot size of 4 um. With this resolution, the periportal and
centrilobular liver regions could be differentiated. The complementary
use of staining techniques, quantitative pXRF analysis and LA-ICP-
TQMS allows to combine the advantages and overcome the challenges
of each method and can lead to new insights in the development of iron
accumulation in hereditary hemochromatosis.
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