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Abstract- Silver nanoparticles (AgNPs) are one of the most
important nanomaterials for toxicological study due to their
extensive use in consumer products and their potential effects
on both human and animal health, and the environment. There
is, however, insufficient information on their impact on the
marine environment. Here, we study the effect of AGNPs in sea
urchin  (Paracentrotus lividus) development by X-ray
absorption near edge structure (XANES) and Fourier transform
infrared (FTIR) spectroscopy. Agglomerated AgNPs were
observed in sea urchin larva at 51 h after exposure to AgNPs
with a concentration of 0.3 mg/L. XANES shows that
agglomerated AgNPs contain oxidized Ag species complexed
with S and O/N ligands. FTIR results confirm the presence of
additional sulphur compounds suggestive of a biological
response to the toxicity of AgNPs in the sea urchins.
Additionally, it could be concluded from the FTIR results that
there is a loss of calcite in the sea urchins exposed to AgNPs.
Keywords: Silver Nanoparticles, Sea Urchins,
XANES, XRF, FTIR
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1. Introduction

In recent years there has been extensive use of
nanomaterials in various consumer products, including silver
nanoparticles (AgNPs); due to their specific and beneficial
properties, it is likely that their consumption will continually
rise in the future. AgNPs have significant use as an
antimicrobial agent, being coated on medical devices, wound

dressings and textile fabrics, and they can be added in
sanitary processes for antimicrobial purposes (Rai et al,
2009; Drake and Hazelwood, 2005). However, there is
growing concern about their toxicity to humans and animals
when released into the environment by several routes, such
as from synthesis/manufacturing processes and the use of
products containing AgNPs (Fabrega et al., 2011).

At present, the mechanism of toxicity from AgNPs is not
fully understood. This has stimulated research on the
influence of AgNPs on the environment, especially the effect
on several kinds of animals such as zeabrafish embryos
(freshwater organism). The results from these studies show
that AgNPs cause mortality of zebrafish embryos when
exposed to high concentration of AgNPs, while exposure with
low  concentrations causes various morphological
malformations such as abnormal body axes, twisted
notochord, damaged eyes and curved tails, together with
developmental delay of the embryos (Bar-Ilan et al., 2009;
Asharani et al, 2008; Powers et al., 2010; Yeo and Kang,
2008). In addition, it was found that AgNPs can be distributed
in different organs of zebrafish (brain, heart, yolk, blood)
(Asharani et al., 2008). AgNP toxicity has also been studied in
other aquatic animals, including Japanese medaka (Chae et
al,, 2009), oyster embryos (Ringwood et al., 2010), rainbow
trout (Farkas et al, 2010) and blue mussels (Zuykov et al,,
2011).

Sea urchins are one of the more important marine
animals in the ecosystem and are often used as model
biological system for toxicological studies: they regulate the
growth of algal biomass in the sea and also form a source of
food for several predators in the aquatic ecosystem.
Additionally, sea urchins (such as red sea urchins) are
important fishery resources for humans (Pearse, 2006). Sea
urchins are one of the most favourable biological systems
used in toxicity experiments for a variety of reasons: 1) they
spawn a large number of gametes which can be easily



obtained and externally fertilized; 2) their fertilization can be
properly manipulated and carried out in the laboratory; 3)
the embryo development can be studied within a few days; 4)
embryos in the beginning of the development stages are very
sensitive to pollutants and different kinds of stresses and; 5)
they provide a suitable model organism for both
ecological/developmental studies and biomineralization
processes (Pesando et al,, 2003; Agnello and Roccheri, 2010;
Kobayashi, 1991; Jasny and Prunell, 2006; Wilt, 2005). Sea
urchins also offer a cost-effective experimental tool for
toxicological studies in biological systems.

There have been several reports published on the use
of sea urchins as a biological model to study the influence of
toxic materials in the environment. Most of these concern
biomineralization, focusing on calcification, which is
prominent in the construction of skeletons (Bonucci, 2009).
The development of sea urchin embryos after fertilization
was found to be affected by different types of toxic factors,
such as heavy metals (Kobayashi and Ogamura, 2004),
pesticides (Pesando et al., 2003) and acidic seawater (Moulin
et al,, 2011) as well as UV-B (Bonaventura et al., 2006) and
different gravitational conditions (Marthy et al., 1996), all of
which cause abnormal skeletal shapes. Qiao et al. (2003) also
demonstrated that sea urchins could serve as a model for
mammalian developmental neurotoxicity.

In this work, the Paracentrotus lividus sea urchin is
chosen as the biological model system, and we present the
first reported study of AgNPs therein. We used synchrotron
radiation as X-ray source in the measurement, for a number
of reasons: it provides much higher intensity than
conventional X-ray tubes (resulting in reduced measurement
time) and it offers tuneability of the X-ray energy with high
collimation (Ide-Ektessabi, 2007), useful for X-ray absorption
near edge structure (XANES) spectroscopy to be undertaken
in micro-analyical mode. XANES was used to prove the
presence and distribution of agglomerated AgNPs which
were detected via X-ray fluorescence. When the incident X-
ray has an energy equal to that of the binding energy of a
core-level electron, there is a sharp rise in absorption. By
varying the X-ray energy, the peak of absorbance obviously
rises at a particular energy, referred as absorption edge. The
exact position of an X-ray core-level absorption edge depends
on the chemical environment of an element such as oxidation
state, site symmetry, ligands and the nature of bonding (West,
1999). Therefore, XANES 1is a wuseful technique for
discriminating between Ag present within AgNPs, and its
presence in other chemical bonding environments within the
sea urchin larva. To complement the XANES work, infrared
light from the synchrotron was also used for Fourier
transform infrared (FTIR) micro-spectroscopy, which can
detect the vibrational bands of functional groups of
compounds (Robinson et al, 2005). With the FTIR
measurements made in raster-scan mode, several compounds
within sea urchin larva can be mapped and characterized in
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order to compare the chemical change in the skeleton
between AgNP-exposed and control samples.

2. Experimental Section
2. 1. Preparation of Silver Nanoparticles

The silver nanoparticles used in this study were
prepared by chemical reduction of silver compounds,
following a method used by Link et al. (1999) with a minor
modification. 0.0043 g silver nitrate (AgNOs, from Sigma-
Aldrich, ACS reagent) was dissolved in 95 mL de-ionised
water (Millipore, 18 MQ-cm). The resulting solution was
heated by a hot plate to boiling point whereupon 5 mL of
sodium citrate (1% w/v, from BDH Chemicals) was added.
The solution was then refluxed for 30 minutes and turned
into the AgNP suspension. After the suspension temperature
decreased to room temperature, it was stored in the dark at
4-8 OC before use. AgNPs produced by this method were
found to have a lateral size in the range of 5-35 nm,
determined from the images from a high resolution
transmission electron microscope (HRTEM) (JEOL 2100F
FGETEM) at Durham University.

2. 2. Preparation of Sea Urchin Specimens

Sperm and eggs (Gametes) were collected from adult sea
urchins (Paracentrotus lividus) inhabiting the Adriatic Sea at
Limski kanal, Croatia. Fertilization, using 0.5 M KCl injection
to induce spawning of gametes, was carried out in natural
seawater filtered through a 0.22 um membrane filter. For
AgNP-exposed samples (in contrast to the control), about 2 h
after fertilization, AgNPs were added to the sea urchin larvae
at a concentration of 0.3 mg/L. In both cases, the larvae were
collected at 51 h after fertilization by fixing with 100%
ethanol. The samples were washed with DI water several
times before any measurements.

2. 3. XANES and FTIR

XANES and FTIR measurements were performed at
beamline ID21 of the European Synchrotron Radiation
Facility (ESRF), Grenoble, France. XANES spectra were
collected in fluorescence mode on selected points of the
sample with the beam size of 0.2 pm x 0.8 um. Measurements
were made using X-rays with tuneable energy in the range
from 3.32 to 3.47 keV, with a 0.225 eV energy step and 0.1 s
dwell time.

FTIR spectra were collected in transmission mode, with
a resolution of 4 cm'l. The beam size was 6 pm x 6 um,
imprinting on specimens deposited on 0.2 mm thickness BaF;
windows. Specimens were scanned with steps of 4 um in both
directions. For each spectrum, 64 scans were accumulated
from 4000 to 500 cm? and averaged. Background spectra
were collected every 30 minutes.

3. Results and Discussion
A typical XANES spectrum is shown in fig. 1a. The
spectrum was acquired over the black spot encircled in the



image in fig. 1b (which is an X-ray fluorescence map of the
sea urchin larva, recorded at 3.56 keV). The XANES spectra
show that the black spots are associated with the presence of
agglomerated AgNPs in the sea urchin larvae. The presence of
a peak at 3.359 keV in the XANES spectrum, assigned to the
2p to 5s transition of silver (Miyamoto et al., 2010) indicates
that the black features are agglomerated AgNPs.
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Fig. 1. (a) XANES spectra of the Ag L23 edge in the region of the sea
urchin embryo indicated by the black circle in (b), using a beam spot
size of 0.2 um x 0.8 pm, with the pixel size 0.5 pm x 0.5 pm. (b) the
XRF map in reversed grayscale of a sea urchin exposed to AgNPs at
concentration of 0.3 mg/L after 51 h of growth. The size of sea
urchin larva image is 100 um x 100 pm. The encircled black spot
(around 2-5 um) indicates the presence of agglomerated AgNPs in
sea urchin.

In fig. 2 the XANES spectrum from agglomerated AgNPs
in the sea urchins (bottom) is compared with reference
spectra from AgCl, Ag foil, AgNO3, Ag.0, AgO and Ag,S (Yin et
al,, 2011). The data show that the edge of the spectrum from
AgNPs in the sea urchins is clearly associated with Ag, but
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does not correspond to the reference spectra. Although there
is some resemblance of the AgNPs spectrum with that from
silver foil, the energy offset of Ag L3 edge of nanoparticles
and the Ag foil is not the same. There is also a more
pronounced peak denoted by dot-dash line (see fig 2) which
is not present for Ag foil, so there is additional chemical
bonding to the silver present in the AgNPs within the sea
urchin. Thus, the agglomerated AgNPs are unlikely to be
composed of a single stoichiometric compound.

Comparing the XANES spectrum across the Ag L»; edge
(fig. 3) from the AgNP exposed sea urchin (red) with the
spectrum of AgNPs within Lolium multiflorum plants (black)
(taken from Yin et al.,, 2011), it is observed that the lowest
energy peak of both spectra is similar. This peak is assigned
to oxidized Ag species complexed with S and O/N ligands (Yin
et al, 2011). Therefore, the agglomerated AgNPs in sea
urchins are likely to contain similar compounds of silver, as
observed by Yin et al. (2011).

5 — [} —

Absorption

T T T T 1
3.36 3.38 3.40 3.42

Energy (keV)

Fig. 2. XANES spectra across the Ag L23 edge from a sea urchin
exposed to AgNPs at a concentration of 0.3 mg/L after 51 h of
growth (bottom), compared with spectra of AgCl, Ag foil, AgNOs,
Ag20, AgO and AgzS (The Ag:S spectrum was taken from Yin et al.
(2011)).
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Fig. 3. XANES spectra across the Ag L23 edge from a sea urchin
exposed to AgNPs at a concentration of 0.3 mg/L after 51 h of
growth (red), compared with the spectrum of AgNPs taken from
Lolium multiflorum plants (black) from Yin etal. (2011).
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Fig. 4. (a) Control sample at 51 h of growth. (b) A sample exposed to
0.3 mg/L AgNPs after 51 h of growth. (c) FTIR spectra from the
control sample (top) and AgNP-exposed sample (bottom) over the
regions within the yellow rectangles in (a) and (b), including the
reference spectra of calcite (blue), sodium sulphate (red) and
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sodium thiosulphate (green). (d) The FTIR spectra in the range from
900 to 1300 cm-! are enlarged to enable comparison with the
spectra of the AgNP exposed sample (black), sodium sulphate (red)
and sodium thiosulphate (green). In (c) and (d), FTIR measurement
was operated in transmission mode.

The FTIR spectrum was obtained on the selected regions
marked in yellow rectangles, seen in fig. 4a (control sample)
and in fig. 4b (exposed sample); for comparison, fig. 4c shows
reference spectra of calcite (blue), sodium sulphate (Na2S04)
(red) and sodium thiosulphate (Na;S,03. 5H,0) (green). In fig.
4c, the peak at 864 cm'! assigned to calcite in exposed sample
is weaker than in control sample, indicating loss of calcite in
the exposed sea urchins. One explanation is that silver might
inhibit the activity of the carbonic anhydrase enzyme that is
responsible for calcite formation in living organisms
(Bianchini et al., 2005). Comparison of the FTIR spectra (fig.
4d) of the exposed sea urchin (black) with sodium sulphate
(red) and sodium thiosulphate (green) indicates the presence
of sulphur-containing compounds. We suggest that the
presence of excess sulphur might be the results of a biological
response to reduce the concentration of Ag ions (Liu and
Hurt, 2010; Ayata and Yildiran, 2005; Feng and van Deventer,
2010). These results correspond to those from XANES
discussed above confirming the oxidized Ag species observed
are complexed with both S and O/N ligands in AgNP-exposed
sea urchins. Further detailed study of FTIR results will be
published elsewhere.

4. Conclusion

On exposure of sea urchins to AgNPs at a concentration
of 0.3 mg/L for 51 h, agglomerated AgNPs were observed
within them. XANES results show that the agglomerated
AgNPs might be oxidized and complexed with S and O/N
ligands. FTIR measurements confirm the presence of excess
sulphur in nanoparticle exposed sea urchins, which is likely
to be due to biological processes. In addition, FTIR results
illustrate that there is calcite loss from the skeleton of sea
urchins, which can be attributed to the inhibition of calcite
formation in the presence of AgNPs.
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