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Report:

Engineered, manufactured, or synthesized nanomaterials (NMs) have unique properties that will
likely lead to their widespread commercial use in near future. For example, silver nanoparticles have already
found many applications.

NMs will enter the environment through the air, water and sediment during the commercial life cycle,
from synthesis to disposal. Embryonic development of the sea urchin are of vast interest for ecotoxicology,
cell biology, embryology and for biomineralization. In this work Paracentrotus lividus sea urchin have been
exposed to silver nanoparticles, in order to investigate the influence of the nanomaterials on skeletogenesis in
late stage and the fate of Ag nanoparticles in sea water. As control embryos reached the pluteus stage, treat
embryos with silver showed an inhibition of skeletal elongation and patterning. The submicro imaging
technique, the X-ray fluresence microscopy, Fourier transform infra red (FTIR) microscopy and submicro
X-ray absorption near-edge structure spectroscopy (XANES) at beam line ID 21 were used to make detailed
chemical maps of malformation in sea urchins.

Experimental methods

The image contrast in the scanning transmission X-ray microscope (STXM) is due to absorption of
the incident X-rays. Experiments were carried out in which sample regions were first imaged with X-ray
flouresence mapping (XRF) was tuned to 3.56 keV the Ag Ls- edge using a fixed-exit double crystal Si(111)
monochromator. Typical size of the beam spot on the sample was 0.2um x 0.8um. Locally, in situ X-ray
Absorption Near Edge Structure (XANES) spectra were collected in focused mode on selected points of the
sample to asses Ag speciation at high spatial resolution (the spatial resolution is given by the size of the pixel
which is 250nm x 250nm).XANES spectra were acquired in fluorescence mode (3.32 keV to 3.47 keV, 600
points) with 0.225 eV energy steps and 0.1s dwell time.



Although the primary beam energy was set to around that of the Ag Ls- edge energy region, elements with
absorption edges at lower energies were also subject to excitation and emission of fluorescence photons, and
could therefore be determined. Thus, element maps of Mg, Cl, Si, P, S and Na were obtained simultaneously
with the Ag map.

The synchrotron micro Fourier transform IR (FTIR) microscopy was performed on the IR end-station
of the ID21 beam line at ESRF in transmission mode. The beamline is equipped with a Continuum IR
microscope (Thermo Nicolet) coupled to a Nexus Fourier transform IR bench (Thermo Nicolet). The
microscope operates in confocal mode, where the focusing Schwarzschild objective and the collection
Schwarzschild objective have a magnification of x32 (numerical aperture 0.65). Owing to its reduced source
size and high collimation properties, a synchrotron IR source is more efficiently coupled to the low
acceptance of confocal microscope, while its higher spectral luminescence (brightness) allows signal-to-noise
ratios to be kept at diffraction-limited resolutions. The microscope is equipped with a computer-controlled
xly stage allowing acquisition of profiles or maps of the sample. The spot size of the beam was 6um x 6um.
Samples were deposited on 0.2mm thin BaF, window.

Synthesized silver nanoparticles solution was prepared by chemical reduction following the method
used by Link et al. with minor changes [1]. Dynamics light scattering (DLS) was used for size and size
distribution of silver NPs by Malvern HPPS 3.3 instrument. In addition, size was also checked by
Transmission Electron Microscope (TEM, JEOL 2100F FGETEM, Durham University). The Cu grid with
lacey carbon film (300 mesh, Agar Scientific) was added by 3 drops of each sample and was dry in the air at
room temperature in TEM sample preparation. The HRTEM images show that average size of Ag
nanoparticles (AgNPs) is average size ~40-60nm. The sea urchins were exposed to concentrations of AgNPs
of 0.3 ug/ml in sea water.

Figure 1 show X-ray flouresence maps for Ag, Mg, Cl, P, S and Na of Paracentrotus lividus sea
urchin exposed to average size ~40-60 nm Ag nanoparticles, with concentrations of 0.3 ug/ml in sea water.
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Figure 2 a) group of 8 Paracentrotus lividus sea urchins exposed to ~40-60 nm large Ag nanoparticles, with
concentrations of 0.3 pg/ml in sea water after 51 hour of growth (scale bar is 100umx100um) b) show
Control sea urchin ¢) XANES spectra at Ag L, 3 edge at darkest area within the circle drawn in d). The beam
spot size during XANES was collapsed to 0.2 um x 0.8 um (the size of the whole image is 100um x 100um
). d) the X-ray flouresence map for Ag of sea urchin exposed to AgNPs as under a).

When we compare figure 2a with 2b, sea urchins exposed to AgNPs and control, respectively, we
note that treated embryos showed a vast deficiency in skeletogenesis and arm elongation, in similar way as it
has been observed when early blastule were exposed to antibody of an extracellular matrix (ECM) protein,
I.e. anti-fibronecitin [2]. Figure 1 shows X-ray flouresence maps for Ag, Mg, ClI, P, S and Na of sea urchin
exposed to ~40-60nm Ag nanoparticles, with concentrations of 0.3 ug/ml in sea water. Clearely the
agglomeration of Ag nanoparticles in upper part of the sea urchin has been detected. The XRF maps of
different elements show different distributions which demonstrates that present thickness of the sample does
not hinder chemical mapping of the sea urchin. In particular it is interesting to observe ‘spoty’ type
distribution of P over sea urchin embryo. The same ‘spoty’ type distribution has been observed for control
sample (not shown here) and therefore this is not due to presence of AgNPs itself but rathe related to
pluteous developmental stage of the sea urchin. It is known from biomineralisation that the P plays an
important role in early stages of the growth of skeletogen so we suggest that the observed *spoty’ distribution
of P is a precursor for growth of the spikules on the surface of the sea urchin.

The silver agglomeration in XRF maps has been detected in every specimen which has been mapped
(6 in total), but in control samples there was no Ag agglomeration (not shown here). In Figure 2d) we see
large accumulation of Ag, and it is mainly concentrated in the upper part of the sea urchin as in Figure 1.
Similar observation on other specimens have been done and therefore it is very likely that this Ag
agglomerates are placed within the sea urchin and related to its stomac which is in the upper part. This would
imply that AgNPs uptake in sea urchin occurs through the ingestion rather than through the skin. However
further experiments such as tomography ae needed in order to confirm this assumption.

In figure 2c) the distinctive edge peak appearing at the Ag L3 X-ray absorption edge is observed at
3.359 keV and according to recent work can be formally assigned to 2p to 5s transition [3]. It has been
suggested that although the 2p-to-5s transition in itself is weak, the intensity is borrowed from 4d through the



5s-4d hybridization and that the edge peak intensity is directly related to the covalence between Ag and the
ligands, which enhances the 5s-4d hybridization [3]. Since the shape of the edge is similar to Ag,O [3], this
indicates that agglomerates of Ag in silver urchin are in hybridized form of Ag and O.

To investigate the detailed chemical changes in sea urchin we measure uFTIR of sea urchins exposed
to AgNPs and control samples.
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Figure 3. uFTIR map in transmission mode of a) 864 cm™ in control sea urchin and in b) 864 cm™ enlarged
section of Control sea urchin c) 866 cm™ in sea urchin exposed to ~40-60 nm large AgNPs after 51 hour
(image size is 108um x 80um). Samples were deposited on 0.2mm thin BaF, window. The mapping was
carried with 4um step size.

Vibrations at 1794 cm™, 1465cm™ and 864 cm™ have been clearly observed in area over arms of sea urchin
control sample and assigned to the calcite [4]. 864 cm™ which is carbonat out-of-plane bending (v, mode) in
calcite [5], has been plotted in Figure 3 for both control sample (Figure 3b) and sea urchin exposed to
AgNPs (Figure 3c). We see that calcite is most strongly located over arms in sea urchin, but that the
thickness of the arms in sea urchin exposed to AgNPs is much less pronounced indicating that the
biomineralisation in sea urchin is strongly affected by presence of AgNPs during embryonal development.
The integrated spectra over area of arms of sea urchin (not shown here) diminishes in intensity of all calcite
related vibrations (1794cm™, 1465cm™ and 864 cm™). The band observed in control sample at 1070cm™ is
missing in the sea urchin exposed to AgNPs but a new band at 1093cm™ appears. The band at 1093cm™ is
likely to be due to larger presence of Amorphous Calcium Carbonate (ACC) phase [5]. In addition a new
strong vibrational band at 1030 cm™ has been observed in sea urchin exposed to AgNPs.
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