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A B S T R A C T   

Heavy metals have been extensively used by humans and are still present in many aspects of modern-day life. 
Such elements tend to accumulate, degrading the quality of air, soil, and water, negatively affecting the living 
organisms. As such, it is of paramount importance to understand the environmental risks of heavy metals, 
including their bioaccumulation capacity in organisms, since they are associated with several harmful health 
effects, such as neurological damages. The Zebrafish (Danio rerio) has been shown to be an excellent animal 
model to understand physiological responses in mammals and consequently to perform toxicological studies due 
to characteristics such as the high genetic and physiological similarity with humans. 

In this work, a Full-Field Energy Dispersive X-ray Fluorescence (FF-XRF) imaging system, based on the 2D- 
THCOBRA micropattern gas detector, was used to monitor heavy metal accumulation in Zebrafish during a 
water borne exposure bioassay. The distributions of Mn, Se, and Pb in Zebrafish, exposed to different concen
trations of the heavy metal compounds during different time intervals, were mapped. The results show a pref
erential accumulation of Mn, Se, and Pb in the Zebrafish’s visceral region and highlight the suitability of the FF- 
XRF imaging system for quick screening of metal accumulation in fish bioassays.   

1. Introduction 

Some metals, such as sodium (Na), potassium (K), magnesium (Mg) 
or calcium (Ca), are essential to the proper functioning of an animal’s 
body [1]. On the other hand, organisms are also exposed to non-essential 
metals (e.g., lead (Pb) or mercury (Hg)) through environmental pollu
tion (generated by mining, industrial wastewaters, or incorrect treat
ment of electronic waste, for example) or occupational exposure. If their 
concentrations exceed pre-defined safety values, they can become toxic. 
Many of these values have already been studied: for instance, the USA’s 
Centers for Disease Control and Prevention (CDC) has set the standard 
elevated blood lead level for adults to be 10 μg/dL and for children 5 μg/ 
dL of the whole blood [2]. Still, no known safe blood lead concentration 
can be considered, as even low concentrations may be associated with 
several health problems, such as abdominal pain or alterations of the 
nervous system; in children, lead poisoning is also associated with 

learning and concentration difficulties [3]. Depending on the level of 
exposure, some signs and symptoms of heavy metals accumulation can 
take years to develop as is the case of arsenic (As) poisoning [4]. Man
ganese (Mn) is essential for intracellular activities, but overexposure 
may lead to accumulation in the bones, liver, or brain [5], causing 
several pathologies, e.g., manganism (a disorder that resembles some 
symptoms of Parkinson’s disease) and hepatic encephalopathy, both 
associated with motor and psychiatric disturbances [6]. 

Regardless of the acute or chronic exposure to essential and non- 
essential metals, they are associated with several health problems 
when their concentrations exceed safe values. Thus, it is necessary to 
understand the mechanisms of accumulation of metals and the areas/ 
organs where they accumulate depending on their concentration and 
exposure time, and to comprehend how they may affect the behaviour of 
living beings. Different animal models have been used to investigate the 
toxicity of various heavy metals. However, the Zebrafish (Danio rerio) 
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has become the preferred model for in vivo assays [7–9] due to several 
advantageous characteristics such as the fully sequenced genome, that is 
70% homologous to the human genome [10]; and its small size and low 
maintenance costs. Moreover, fish and mammals present many 
anatomical and physiological similarities – for example, they have 
common organs like the brain, heart, intestine, kidney, liver, pancreas, 
and nervous system [11]. 

Zebrafish have been extensively used in studies pertaining to the 
characterization of heavy metal accumulation. Usually, studies are more 
focused on certain organs through the analysis of biomarkers, and only a 
small number of studies are dedicated to the evaluation of the elemental 
concentration and distribution of heavy metals in the whole sample. M. 
L. Carvalho et al. [12] determined the concentrations of essential and 
toxic elements in different fish using energy dispersive X-ray fluores
cence (EDXRF) and flame atomic absorption spectrometry (FAAS). Bilo 
et al. [13] studied the accumulation of lead and zinc in Zebrafish em
bryos using total reflection X-ray fluorescence (TXRF), concluding that 
XRF analysis was advantageous in determining bioaccumulation and 
that its application in small-sized organisms might be useful. Korbas 
et al. [14], using synchrotron X-ray fluorescence mapping, examined the 
uptake and localization of mercury in Zebrafish larvae, and Leitão et al. 
[15] used the micro EDXRF technique (μ-EDXRF) to map the distribution 
of Hg and other trace elements to assess toxicity and bioaccumulation in 
adult Zebrafish organs. 

EDXRF is becoming a standard technique for qualitative and quan
titative elemental analysis of different samples, in various fields such as 
environmental analysis, biological samples’ analysis, and study of 
paintings and other cultural heritage pieces [16–19]. This technique 
presents many advantages, namely the simultaneous identification of 
several elements, its non-destructive character (i.e., samples are unal
tered after the analysis), and the simple sample preparation [16,18]. 
Many EDXRF spectrometers also allow mapping the elemental distri
bution of samples. For example, micro-XRF spectrometer systems scan a 
desired region of interest, point by-by-point, and register the emitted 
radiation using a silicon drift detector (SDD) [20]. 

On the other hand, full-field of view spectrometers can be employed, 
based on 2D detectors (pixel detectors [21] or gaseous detectors [19]), 
both position and energy sensitive. Full-field of view systems have the 
advantage of requiring less analysis time compared to scanning systems, 
especially on large area samples; they are also less complex and can be 
manufactured at a fraction of the cost of scanning systems based on 
SDDs. In this work, we highlight full-field imaging systems based on 
micropattern gas detectors, such as the Micro-Hole and Strip Plate 
(MHSP) [19] and the 2D-THCOBRA [22], because of the detectors’ ad
vantageous characteristics, such as the absence of background due to the 
electronic noise by setting a threshold, high-rate capability (> 1 MHz/ 
mm2), room temperature operation and low cost [23]. Conversely, pixel 
detectors like CCDs show good position and energy resolution, but 
present higher complexity of the system for imaging readout and multi- 
pixel events can occur, which can lead to distortions in the energy 
spectrum [24]. 

Silva et al. [19] carried out work with an EDXRF imaging spec
trometer based on a Micro-Hole and Strip Plate (MHSP) gas detector. 
The detector has a 75 μm thick Kapton window with an area of 3 × 3 
cm2. The energy resolution calculation yielded values of 14% at 8 keV, 
whilst position resolution values as low as 50 μm could be achieved. The 
system capabilities for biomedical applications were evaluated by 
measuring the drift of the major constituents of a dental amalgam 
throughout restored teeth. 

Silva et al. [22] proposed an imaging system with an active area of 
10 × 10 cm2, based on a THCOBRA structure, an ionizing radiation 
source, and a pinhole camera. The detector operates with a gas mixture 
of Ne/CH4 (95/5) in continuous flow, and is sensitive to the position and 
energy of incident photons, which allows mapping the sample. It has a 
detection efficiency of about 75% at 5.9 keV, an energy resolution of 
approximately 1 keV FWHM at 5.9 keV, and position resolution values of 

400 μm FWHM. This system was used to investigate the elemental dis
tribution of pigments in a contemporary Indian miniature, and later, it 
was used by Carvalho et al. [25] to analyse and map decorative glazed 
ceramic pieces. 

In this work, the FF-XRF spectrometer based on the 2D-THCOBRA 
was employed to investigate heavy metal accumulation in Zebrafish 
during a water borne exposure bioassay. The distribution of Mn, Se, and 
Pb in different Zebrafish specimens was mapped with the aforemen
tioned spectrometer and validated with the M4 TORNADO. Hence, the 
suitability of the FF-XRF system based on the 2D-THCOBRA for 
biomedical applications was verified. 

2. Materials and methods 

2.1. Zebrafish assay 

For the purposes of this study, Zebrafish (Danio rerio) maintained at 
the bioterium of the Biology Department of University of Aveiro (Aveiro, 
Portugal), were used. The specimens were kept under controlled envi
ronmental conditions in a ZebTEC recirculating system: culture water 
was obtained by reverse osmosis and activated carbon filtered tap water, 
adjusted for a pH level of 7.5 ± 0.5, temperature of 27 ± 1 ◦C, and 
dissolved oxygen saturation ≥ 95%; a photoperiod of 12 h light and 12 h 
dark was defined. 

A total of 12 adult Zebrafish (eight to ten months old) were selected 
for the experimental assay: 3 sets of 3 specimens were exposed to 
different contaminants (82 mg/L of manganese sulphate monohydrate – 
MnSO4•H2O, 15.8 mg/L of selenium metal powder - Se, and 3 mg/L of 
lead sulphate – PbSO4), and an additional set of 3 specimens was added 
to a controlled clean water treatment. The heavy metal compounds were 
available in powder form and were diluted in the water of the Zebrafish 
environment. The concentrations were chosen considering reported 
values that showed behavioural effects on zebrafish, and also, each 
metal’s lethal concentration [26]–[28]. 

During the assay, semi-static conditions were maintained, i.e., every 
five days the media were renovated; the fish were fed, daily, with 
commercial dry food (Gemma Micro 500), and the mortality rate was 
monitored. 

The acute bioassay, represented in Fig. 1, had a duration of 12 days, 
with 3 sampling points after 5, 10, and 12 days of heavy metal exposure. 
At each sampling point, 1 fish was removed from each medium, 
euthanized by anaesthetic overdose (tricaine methanesulfonate – 
MS222), snap-frozen at − 80 ◦C, and freeze-dried for 56 h. After sample 
preparation, for EDXRF analysis, each Zebrafish was glued onto a Mylar 
film and placed on a sample holder. Thus, a total of 4 specimens were 
analysed at each sampling point. 

2.2. EDXRF imaging systems 

2.2.1. Full field-XRF system based on a gaseous detector 
The FF-XRF imaging system based on a gaseous detector consists of 

Fig. 1. Experimental design of the heavy metal exposure bioassay.  
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an X-ray tube with a molybdenum (Mo) anode (series 5000 Apogee from 
Oxford Instruments), a pinhole camera attached to a stainless-steel 
structure covered with a lead foil, and a 2D-THCOBRA detector, as 
shown in Fig. 2. The working principle of this system relies on the 
irradiation of the whole sample simultaneously. The originated char
acteristic radiation photons are emitted isotropically, but only the 
photons that go through the pinhole aperture are detected with the 
THCOBRA based detector. 

The THCOBRA is a Micropattern Gaseous Detector (MPGD) capable 
of recording both the energy and the position of interaction of each 
incident photon. Thus, it is suitable for the identification and mapping of 
the distribution of elements present in the studied samples. The 2D- 
THCOBRA structure consists of a PCB board made of a 0.4 mm thick 
G10 plate, coated with a 50 μm copper layer on both sides and it is 
responsible for the charge multiplication (detector gain) and signal 
readout. It exhibits a pattern of round holes in an hexagonal geometry in 
the whole active area (10 × 10 cm2) similar to other MPGDs concepts (e. 
g., Gas Electron Multiplier - GEM or Thick GEM (THGEM)), and a pattern 
of tops electrodes, orthogonal to the anodes and cathodes electrodes, on 
the top and bottom face of the structure, respectively [29]. 

The detector’s working principle is based on the interaction of X-ray 
photons with the filling gas, that leads to ionization and consequent 
production of ion-electron pairs. Due to an electric field in the drift re
gion, these electrons are directed towards the structure’s holes, where 
the first stage of charge multiplication is induced by a voltage difference 
applied between the top and cathode electrodes. A second charge 
multiplication stage occurs in the vicinity of the anode strips, as a 
voltage difference is applied between the cathode and anode electrodes 
[29]. The bulk of the generated electric charge is finally collected at the 
anode strips. 

One of the main features of the THCOBRA is the ability to not only 
determine the energy of the incident photons, but also the corresponding 
position of interaction. For that, two resistive lines are used, one for each 
dimension, X and Y, each connecting the anode and the top electrodes, 
respectively. The induced charges on the electrodes are read at both 
ends of each resistive line, and the interaction position is determined 
according to the principle of resistive charge division, in which a signal 
generated closest to one end of the resistive line will produce a higher 
amplitude signal at that end than the other end. The energy of each 
incident photon is determined by summing the signals at the ends of a 
single resistive line. 

A thorough description of the THCOBRA structure can be found on 
works by Silva et al. [30] and Carramate et al. [31]. 

2.2.2. Image acquisition and processing parameters 
The analysis of the samples was carried out with the FF-XRF system 

operating in a continuous flow of Ne/CH4 (25 mL/min), and a 500 μm 
diameter pinhole was used. Acquisition parameters are shown in 
Table 1. Acquisitions were performed on different days, so it was 
necessary to adjust the voltage difference between the electrodes to 
obtain similar gains. 

Data acquired from the FF-XRF spectrometer was processed with 

fluoRADIX, a dedicated software based on MATLAB, thoroughly 
described in [32]. The software allows visualizing the fluorescence 
spectrum associated with the sample and the intensity map of the 
sample, and selecting energy ranges of interest, thus obtaining RGB 
images where only the corresponding photons are represented. 

It must be noted that the output images present some background 
noise and pixelization, that may hinder the correct discrimination of 
features within the samples. As such, a simple image processing algo
rithm, based on MATLAB, was developed to remove background noise 
and smooth pixelation. It consists on converting the original image to a 
greyscale one, to which a contrast adjustment is applied. Then, a mask is 
created by converting the greyscale image to a matrix of ones and zeros 
(binary image). The reconstructed image is obtained by multiplying the 
mask by the original image, which was previously filtered with a median 
filter. Finally, the morphological image is overlaid on the reconstructed 
image. This process is shown in Fig. 3. 

2.2.3. Limits of detection 
Limits of Detection (LoD) of the FF-XRF spectrometer, for the ana

lysed elements, were determined as: 

LoD (μg/g) = 3ci

̅̅̅̅̅̅
NB

√

NP  

where ci is the elemental concentration; NB is the background peak count 
rate; and NP the net peak count rate [33]. 

The LoDs for the analysed elements are presented in Table 2. 
The relatively high limits of detection, when compared to spec

trometer systems based on solid state detectors, are in line with the 
detection efficiency of a gas detector filled with Ne/CH4 [23]. In the case 
of Se and Pb, the detection efficiency is lower for the energy ranges of 
the corresponding emission lines, thus decreasing count rates and LoDs. 
Still, in the presented study, the elemental distributions were success
fully mapped, with the identified regions of Se and Pb accumulation 
confirmed with maps obtained with the benchtop spectrometer M4 
TORNADO (shown in sections 3.1.2 and 3.1.3). 

2.2.4. Micro-XRF - M4 TORNADO 
To validate the results obtained with the experimental FF-XRF im

aging system, the M4 TORNADO system (Bruker®, Germany), a com
mercial micro-XRF spectrometer, was used. It is an imaging 
spectrometer based on scanning, where a region of interest (ROI) of the 
sample is irradiated point by point with a micro-focused X-ray beam. 

Fig. 2. Left: schematic representation of the FF-XRF spectrometer. Right: photograph of the 2D-THCOBRA based detector.  

Table 1 
Acquisition parameters: voltage difference applied between the anode and 
cathode electrodes (VAC) and the cathode and top electrodes (VCT); voltage (V) 
and current (I) of the X-ray tube; acquisition time (ta); sample magnification (M).   

VAC (V) VCT (V) V (kV) I (μA) ta (min) M 

Mn 185 650 45 450 120 6 
Se 180 610 40 336 105 5.2 
Pb 195 610 45 362 100 6  
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The M4 TORNADO uses an X-ray tube with a rhodium (Rh) target 
(operated at 50 kV, 400 μA) to excite the samples, and a polycapillary is 
used to achieve a spot size down to 25 μm for Mo-Kα radiation. The 
fluorescence radiation is detected by an energy dispersive silicon drift 
detector (SDD) with a 30 mm2 sensitive area and an energy resolution of 
142 eV for Mn-Kα (5.9 keV). 

Elemental mappings were performed under vacuum (20 mbar), using 

a composition of filters (100 μm Al/50 μm Ti/25 μm Cu) at the X-ray 
tube’s output to reduce background, and with a lateral step size of 35 μm 
and time per pixel of 10 ms, resulting in a total measurement time of 
about 80 min for the analysed samples. 

2.3. Morphological images of Zebrafish 

Morphological images of the various Zebrafish were acquired with a 
digital radiography system, composed of an X-ray tube (Castellini Vic
tory X 50), commonly used in dental clinics, and an X-ray image detector 
based on CMOS technology from Hamamatsu® (S11685–12). The 
specimens were analysed under the same experimental conditions: 
exposure time was of 1 ms, and the images were acquired without 
magnification, with a distance source-detector of 48 cm. 

The radiographs of each Zebrafish were overlayed with the 

Fig. 3. Image processing algorithm.  

Table 2 
Limits of Detection for the analysed elements.  

Element LoD ± Δ (μg/g) 

Mn 70 ± 6 
Se 120 ± 10 
Pb 95 ± 10  

Fig. 4. Left: Photography of the experimental setup of the morphological imaging system. Right: morphological image of a Zebrafish from the control group, sampled 
after 10 days. 
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corresponding elemental distribution maps, obtained with the FF-XRF 
spectrometer, to precisely assess the region of heavy metal accumula
tion. In Fig. 4, a radiograph of a Zebrafish belonging to the control group 
is shown, where regions of high density corresponding to the skeletal 
frame are identified. 

3. Results and discussion 

Samples of Zebrafish exposed to different heavy metals were ana
lysed with the FF-XRF spectrometer, to identify the elements present in 
the Zebrafish organism (e.g., Ca and Zn) and to determine if and where 
heavy metals (Mn, Se, and Pb) accumulate. To validate the results, the 
specimens were analysed with the micro-XRF M4 TORNADO spec
trometer. Moreover, radiographs of all Zebrafish were obtained to pre
cisely determine the regions of accumulation. 

3.1. Elemental mapping of heavy metals in Zebrafish 

Results of the analysis of the different Zebrafish showed an increased 
manganese accumulation over time; in the case of selenium, there was 
also a continuous accumulation of the metal over the course of the assay, 
but after only 5 days of exposure its accumulation was unequivocally 
observed. Regarding lead, there was a significant accumulation after 5 
days, which became more evident after 12 days. Still, the spatial dis
tribution of lead was similar at all sampling points. 

In this section, results are presented for Zebrafish exposed to 82 mg/ 
L of manganese for 12 days, to 15.8 mg/L of selenium for 5 days, and to 
3 mg/L of lead for 10 days. 

3.1.1. Manganese 
Fig. 5 shows the results from the analysis of a zebrafish exposed to 82 

mg/L of Mn for 12 days, with the FF-XRF system, and Fig. 6 shows the 
overlay of the morphologic image with the manganese distribution map. 
The EDXRF spectrum, the individual spatial distributions of manganese, 
calcium, and zinc in the zebrafish, and the combined elemental distri
butions of calcium with manganese, and of calcium and zinc are pre
sented in Fig. 5. Three characteristic peaks are identified on the 

spectrum, that match the characteristic X-ray peaks of calcium, man
ganese, and zinc. If the energy ranges of these elements are selected, the 
corresponding distribution maps are obtained. The distribution of cal
cium is observed to be uniform over the fish body, being the main 
constituent of the skeleton and fins, and zinc showed the highest con
centration in the eye area, as reported in other works [14,15]. As for 
manganese, it is possible to see its accumulation in a small area of the 
visceral region, which is validated by the mapping obtained with the M4 
TORNADO spectrometer, shown in Fig. 7. The mappings shown in the 
Fig. 7 also confirm the higher Zn concentration in the eye as well as the 
presence of Mn and Zn throughout the specimen, but in lower 
concentrations. 

Manganese (Mn) is an essential metal for organisms, however, 
overexposure to it can cause serious neurological damages as it accu
mulates in the brain [34,35]. In fact, several studies indicate that 
zebrafish exposed to manganese show behavioural changes that can be 
related to the accumulation of the metal in the brain [26,36–38]. 
Altenhofen et al. [26] conducted a study where adults and larvae 
Zebrafish were exposed to MnCl2, during 4 and 5 days, respectively, 
with concentrations ranging from 0.1 mM to 1.5 mM. The results have 
shown, for example, that exposure to these concentrations lead to al
terations in distance travelled or motion time compared with a control 
group. Bakthavatsalam et al. [36] used zebrafish larvae from 3.5 days 

Fig. 5. Results from the analysis of the Zebrafish exposed to Mn during 12 days, with the FF-XRF imaging spectrometer: fluorescence spectrum, raw intensity map, 
and distribution maps of calcium (red), manganese (green) and zinc (blue). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 

Fig. 6. Overlay of the morphological image of the Zebrafish exposed to Mn 
(pink) with the elemental distribution map of Mn (green). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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post-fertilization that were treated with MnCl2 in concentrations below 
2 mM during 48 h, to assess morphological and behavioural effects of 
Mn exposure. Defects such as underdevelopment of swim bladder or a 
tendency to float sideways in comparison with the control group were 
observed; postural abnormalities and impaired swim motor patterns 
were exhibited by the Mn-treated larvae. Contrary to these reports, our 
results showed no accumulation in the brain, which may be due to a) the 
use of a different Mn compound (MnSO4•H2O instead of MnCl2) in a 
lower concentration; or b) the different duration of the bioassay. The 
accumulation in the visceral area could be because this area contains the 
organs (e.g., liver) involved in the excretion of xenobiotics [39]. 

3.1.2. Selenium 
Selenium (Se) is an essential trace element but at elevated levels 

becomes toxic. For instance, its excessive intake can lead to gastroin
testinal disturbances and neurological diseases [40]. In fish, elevated Se 
levels manifest through developmental abnormalities or ocular prob
lems, for example. Concerning the accumulation of the metal in zebra
fish, it’s reported the preferential accumulation in the eye lens’ of 

zebrafish larvae [27,41]. 
Here, results from the analysis of a zebrafish exposed to 15.8 mg/L of 

Selenium metal powder for 5 days are presented. It must be noted that 
during the assay, the Se powder did not dissolve completely in water, 
and precipitation was visible on the bottom of the aquarium. As such, 
small Se particles may have been ingested by the zebrafish. 

Results from the analysis with the FF-XRF spectrometer are pre
sented in Fig. 8. In the fluorescence spectrum, no peak corresponding to 
the fluorescence energy of Se (Kα ≈11.2 keV) stands out. However, if the 
corresponding energy range is selected, the distribution mapping is 
obtained and accumulation of the metal in the visceral area of the fish is 
verified. Also, in the raw image, higher intensity is visible in that area. If 
this high intensity area is selected, the area sum spectrum of the visceral 
region of accumulation is obtained, and it is possible to identify more 
clearly a peak corresponding to the Se Kα fluorescence energy (Fig. 9). In 
the morphological image (Fig. 8), a region of high density is observed 
(highlighted by the red circle) in the visceral area, corresponding to the 
region of Se accumulation. This confirms the hypothesis that the fish 
ingested Se particles that did not fully dissolve, not excreting them 

Fig. 7. Elemental maps of the zebrafish exposed to Mn, obtained with M4 TORNADO. Left: calcium (red) and manganese (green); right: calcium and zinc (blue). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Results from the analysis of the Zebrafish exposed to Se during 5 days, with the FF-XRF imaging spectrometer: fluorescence spectrum, raw intensity map, 
distribution maps of calcium (red) and selenium (green), and overlay of the morphological image of the Zebrafish exposed to Se (pink) with the elemental distribution 
map of Se (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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during the assay. The image acquired with the M4 TORNADO, shown in 
Fig. 10, confirms the preference of selenium accumulation in the visceral 
area, validating the results obtained with the FF-XRF system. 

3.1.3. Lead 
Lead (Pb) is one of the most toxic nonessential heavy metals, having 

been associated with a wide range of harmful effects in humans and 
animals. Lead poisoning affects the development of children’s nervous 
system, causing irreversible damage [42]. Studies on Zebrafish embryos 
and adult specimens indicate its negative effect on their behaviour, such 
as an increase in stress and anxiety levels, for example [43–45]. Pb 
accumulation is expected to be found in the gills as they are in constant 
contact with contaminated water, and also in the brain and intestines as 
predicted by Zhang [46]. 

In this work, zebrafish were exposed to a concentration of 3 mg/L of 
Pb for 12 days, with 3 sampling points, to determine the region where 
lead preferentially accumulates. It was verified that the distribution of 
lead in all the analysed specimens was more or less constant, i.e., lead 
accumulated in a similar area of the visceral region. Here, a more 
detailed elemental analysis is shown after 10 days of exposure to the 
contaminated medium. 

The results obtained with the FF-XRF spectrometer, and the 
morphological image of the exposed Zebrafish are shown in Fig. 11. A 
high intensity peak, corresponding to the K energy range of Ca is present 
on the EDXRF spectrum, whilst no peaks corresponding to the Pb fluo
rescence peaks are observed. However, if an energy range around the Lα 
energy (≈10.5 keV) is selected, the Pb distribution map is obtained and 
shows no trace of metal accumulation in the gills; no accumulation was 
detected in the brain either, contrasting with the outcomes of Zhang 
[46]. Still, accumulation in the intestinal region was verified in the 
analysis with both systems, the FF-XRF and M4 TORNADO, as can be 
seen in Fig. 11 and Fig. 13. Moreover, the selection of the accumulation 
area gives rise to an area sum spectrum where a small peak corre
sponding to the Lα fluorescence energy of Pb can be identified, as shown 

in Fig. 12. 
By merging the image of lead distribution in the zebrafish with the 

morphological image, the accumulation of this metal in the visceral area 
was verified. Fig. 13 shows the elemental maps acquired with the M4 
TORNADO, that confirm the presence of lead in the zebrafish and its 
accumulation in the visceral region. 

With the M4 TORNADO system, it is also possible to observe lower 
accumulation of calcium in the operculum area. This small feature is 
harder to identify with the FF-XRF system, because of its worse position 
resolution, but it still can be inferred from the Ca intensity profile along 
the length of the Zebrafish and from the 3D intensity map, both shown in 
Fig. 14. When the operculum area is selected in the calcium intensity 
map, a sharp decrease in intensity is observed corresponding to the 
lower concentration of calcium. The 3D intensity map highlights the 
intensity gap in the operculum area. 

This indicates the potential of the experimental system for analyses 
where it may be necessary to map samples in more detail. 

4. Conclusions 

In this work, a bioassay was conducted, in which Zebrafish were 
exposed to elevated concentrations of Mn, Se, and Pb, to monitor heavy 
metal accumulation through elemental distribution mapping. An 
experimental FF-XRF imaging system, based on the 2D-THCOBRA 
micro-pattern gas detector was employed for this purpose, having the 
obtained results been validated with a commercial spectrometer, the 
micro-XRF system M4 TORNADO. 

We have verified the suitability of the FF-XRF imaging system based 
on the 2D-THCOBRA for detecting and mapping the accumulation of 
different heavy metals on zebrafish. Zebrafish were exposed to 3 con
taminants for 12 days with 3 sampling points and the results obtained 
for exposures of 12 days for Mn, 5 days for Se and 10 days for Pb are 
shown. The results of the FF-XRF system clearly show the accumulation 
of Mn, Pb and Se on the visceral region. 

Comparing the two systems used, FF-XRF and micro-XRF (scanning 
system), it can be seen that the latter shows higher position and energy 
resolution – 25 μm for Mo-kα vs 400 μm FWHM @ 5.9 keV, and 142 eV 
vs 1 keV FWHM @ 5.9 keV, respectively. However, it can present limi
tations regarding, for example, sample size (e.g., when using a system 
with a closed and unalterable geometry, such as the M4 TORNADO, only 
samples with areas up to 360 mm × 260 mm can be analysed), scanning 
complexity (use of expensive optical components, such as pollycapilla
ries, to focus the X-ray beam for localized irradiation, scanning mech
anisms to cover the entire region of analysis), increased acquisition time 
for large area samples, and large quantities of data to store and analyse. 
Moreover, semiconductor detectors (such as silicon drift detectors) are 
quite costly, further increasing the total cost of the system – in the case of 
the M4 TORNADO, hundreds of k€, versus the more cost-effective FF- 
XRF system based on the THCOBRA detector (estimated at less than tens 

Fig. 9. Visceral region of Se accumulation and corresponding area sum spectrum.  

Fig. 10. Elemental map of the zebrafish exposed to selenium, acquired with M4 
TORNADO. Calcium is shown in red and selenium in green. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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of k€). The presented FF-XRF system allows obtaining qualitative in
formation on the elemental distribution in samples, with short acquisi
tion times and without restriction on the size and appearance/type 
(rough and/or irregular surface) of the sample. It must also be noted that 
the performance (e.g., detection efficiency, position resolution) of the 
THCOBRA-based system can be improved with different filling gases, 
such as heavier pure noble gases (e.g., krypton or xenon) or mixtures of 
such gases [22,23]. 

Despite the apparent limitations of the FF-XRF spectrometer based 
on the 2D-THCOBRA gas detector, we verified that the elements of in
terest (Ca, Zn, Mn, Pb, and Se) are detected and the corresponding 
elemental distribution maps are obtained with enough detail to identify 
the region of accumulation and features of the specimens’ body. For 
instance, a higher concentration of Zn in the Zebrafish’s eye was 
determined, as well as lower Ca concentration in the operculum. 
Moreover, the acquisition time was similar for both spectrometers, 
100–120 min for the FF-XRF system and about 80 min for the M4 

Fig. 11. Results from the analysis of the Zebrafish exposed to Pb during 10 days, with the FF-XRF imaging spectrometer: fluorescence spectrum, raw intensity map, 
distribution maps of calcium (red) and lead (green), and overlay of the morphological image of the Zebrafish exposed to Pb (pink) with the elemental distribution 
map of Pb (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 12. Visceral region of Pb accumulation and corresponding area sum spectrum.  

Fig. 13. Elemental map of the zebrafish exposed to Pb, obtained with M4 
TORNADO. Calcium is shown in red and lead in green. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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TORNADO. It is possible to reduce the acquisition time for the FF-XRF 
system with some changes to the experimental setup, such as the use 
of different optical components (e.g., multi-hole collimators). 

In conclusion, the applicability of the FF-XRF imaging system based 
on the 2D-THCOBRA for studies related to heavy metal accumulation on 
biological samples was shown, being capable of detecting reduced 
amounts of these metals. Moreover, the system has shown to be ad
vantageous for quick preliminary assessments of bioaccumulation. 
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