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• Both zinc forms are able to alter FA com-
position inM. galloprovincialis.

• Even small concentrations in longer expo-
sures can have an impact.

• Possible consequences on the feasibility of
contaminated mussels as a food source

• FA profile changes were used as a bio-
marker for zinc nanotoxicity in mussels.
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The introduction of waste containing heavy metals into the marine environment has been increasing for the past few
decades, yet there are still several pending questions regarding how it impacts aquatic fauna. This study compared the
effects of zinc exposure in its ionic- and nanoparticle forms on the mussel Mytilus galloprovincialis and sampled at dif-
ferent time-points. Zinc accumulation was observable after one week. Exposure to 100 μg L−1 of either form for
28 days also resulted in the higher depletion of fatty acids, lipid peroxidation products accumulation, and changes
in the fatty acid profiles. This was also observed for lower concentrations, although to a smaller extent. Given the im-
portance of fatty acids in the marine trophic chains, these zinc-induced alterations have significant potential of intro-
ducing negative impacts on the ecosystem and ultimately on human nutrition. Finally, we show that fatty acids may be
used as efficient biomarkers of zinc-induced stress.
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1. Introduction

Waste containing metals is often discharged into the marine environ-
ment, imposing severe wellness hazard to living organisms (Nadella et al.,
2009). Tracemetal elements can cause varying degrees of toxicity inmarine
biota, highly dependent on their physical and chemical characteristics
(Bhatt and Tripathi, 2011), and once inside an organism, metals can
cause a plethora of damages, often due to the triggering of an excess of re-
active oxygen species (ROS) through Fenton-type reactions, that will target
lipids, proteins and DNA (Baker et al., 2014).

While already many biochemical and physiological issues are known to
be induced in living organisms by the ionic form of metals, less information
is available regarding their nanoparticulate form, although a similar or
even higher potential for damage is predicted due to their small dimensions
(1–100 nm per dimension) (Organisation for Economic Co-operation and
Development - OECD, 2009; Franzitta et al., 2020). These particles are
some of the most important anthropogenically produced nanomaterials
nowadays due to their wide commercial use (Baker et al., 2014). As such,
they also present rather unique risks due to their size as opposed to their
larger ionic counterparts: their small surface to volume ratio and surface
charge (which increase both their reactivity andmobility) are often deemed
highly likely to induce harm within the natural environments they are in-
troduced into, if in excess of this same environments' needs for this metal
(Schrand et al., 2010).

However, due to the difficulties associated with the detection and quan-
tification of very small yet highly reactive particles, there is still a consider-
able lack of data on the exact impact of metal nanoparticles and dissolved
metal pollution: as such, nanotoxicity researchers have begun prioritizing
alternative ways to characterize the presence and impact of these in the en-
vironment: so far one of the best candidates is the surveillance of signs of
abiotic and biotic changes in the environment (Ofiara and Seneca, 2006;
Fox et al., 2016; Avila et al., 2018), through the use of biomonitors. The
vast majority of studies using this method inmarine research focus on crus-
taceans andmolluscs as biomonitors (e.g. Zamuda and Sunda, 1982; Chong
and Wang, 2009; Nadella et al., 2009; Fabrega et al., 2012; Taze et al.,
2016), but occasionally fish are used as well (e.g. Sunda et al., 1978;
Vignardi et al., 2015; Li et al., 2018). By using biomonitors, researchers
can look at biomarkers, which are measurable biological parameters at
the subindividual (genetic, enzymatic, physiological, morphological) level
where functional or structural changes occur, that can indicate general en-
vironmental influences (Markert et al., 2003).

Zinc was highlighted by the OECD as one of the metals introduced an-
thropogenically with the highest interest as a construction material due to
its widespread use and commercial importance and inherent properties
(OECD, 2009). Zinc presents strong adsorption ability and is noted for its
chemical stability (Osmond and McCall, 2010). Zinc nanoparticles are
found in paints, cosmetics, animal feeds and fertilizers, and they are com-
monly components of sunscreens, as they are able to block UV light thus
protecting skin cells (OECD, 2009). Widespread and ever-expanding pro-
duction and use of zinc has compelled some researchers to quantify it in
aquatic media: Keller et al. (2013), who modelled world-wide releases of
several metal nanoparticles, estimated that zinc alone would contribute
170–2985 tons/year to receiving water bodies of all kinds. In 2020 zinc
NP concentrations in European surface waters were predicted to be
around 1 mg L−1 by Coll et al. (2016), while Gottschalk et al. (2009) re-
ported also for Europe nano‑zinc concentrations of 10 ng/L in natural
surface water and 430 ng/L in treated wastewater, and lastly Van
Sprang et al. (2009) measured concentrations in river waters that
went up to 71.4 ng/L. Previous studies have shown that zinc in moder-
ate/low concentrations is beneficial for most living organisms, however
in high concentrations it is toxic to microorganisms, plants, aquatic
biota and rodents (Brayner et al., 2006; Lin and Xing, 2007;
Premanathan et al., 2011; Reddy et al., 2007; Wang et al., 2008;
Santos et al., 2014; Duarte et al., 2021b). Zinc nanoparticles have also
been often used in studies related to nanotoxicology in marine fauna
(e.g. Wong et al., 2010; Manzo et al., 2013; Wong and Leung, 2014).
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To conduct the present study, a common biomonitor was used: the mus-
sel Mytilus galloprovincialis. Sessile filter-feeders are often used as
biomonitors due to their sessile nature and ability to accumulate toxins in
their tissues (Rainbow and Phillips, 1993) and often they act as the most ef-
fective sinks for metals in the estuarine and marine food webs (Parks et al.,
2013). The bivalve taxa have been used as common choice biomonitors for
many years (Rainbow et al., 2002), and mussels in particular are capable of
tolerating significant fluctuations in temperature, salinity and oxygen con-
centrations, which combined with their abundance and annual availability
makes them excellent bioindicators (Goldberg, 1986). Several experimen-
tal and laboratory studies have demonstrated that mussels also accumulate
trace metals proportionally to their environmental availability (e.g.
Boening, 1999). Among the available tissues, the mantle was chosen as
the target tissue for this experiment for two reasons: this tissue is the first
point of contact with pollutants, and while it serves as a protective layer
for most of other organs, if it is negatively affected then the rest of the
body is equally compromised (Mansom and Grover, 2018); and lastly
there are very few studies that focus specifically on this tissue (Roma
et al., 2020), which is why more information is needed in order to under-
stand the full scope of how pollutants affect the musselM. galloprovincialis.

Furthermore, seafood, where mussels are included, represent not only
an important trophic segment of the marine food webs (Nielsen and
Maar, 2007), but also an important aspect of a healthy human diet, as a pro-
tein, vitamin and mineral source (Monroig and Kabeya, 2018). They are
also rich in the so-called “omega-3” (n-3) long-chain (C20–24) polyunsatu-
rated fatty acids (PUFAs), which have been shown to be beneficial to sev-
eral conditions including cardiovascular disease, many inflammatory
illnesses, and some types of cancer (Brouwer et al., 2006).

In order to understand the impact of metal pollution, specific biomark-
ers such as accumulation of the metal on animal tissue, as well as lipid per-
oxidation and changes in fatty acid profiles are often used. In our study we
have chosen fatty acids as biomarkers as they are still understudied namely
on marine biota, despite being considered highly relevant for human diet.
This study can serve as a stepping-stone for similar studies regarding
changes in fatty acids in marine biota and how these can be critical bio-
markers in pollution studies. Recent studies by our team have used these
same biomarkers in several studies with other species (Duarte et al.,
2021a, 2021b).

Starting with accumulation of pollutants inside an organism, the vast
majority of ecotoxicity studies look at this factor as a common endpoint
of toxicity, as metals may easily bind to the surface of or enter cells through
endocytosis, for particles up to 100 nm in size (Iversen et al., 2011).

It is alsowell established that pollutants are capable of inducing changes
in lipid metabolism and fatty acid profiles (Berge and Barnathan, 2005;
Dailianis, 2011), such as alterations in the proportion of saturated vs unsat-
urated fatty acids as well as LC-PUFA contents (Labarta et al., 2005;
Rocchetta et al., 2014). Lipid peroxidation occurs due to the interaction
of metal-generated ROS and PUFAs, resulting in oxidative damage to
these molecules and production of malondialdehyde (MDA) as the most
abundant lipid peroxidation product (Pryor and Stanley, 1975). Changes
to phospholipids and triglyceride synthesis and mobilisation (Viarengo
et al., 2007), as well as membrane fluidity (Hannam et al., 2010), are also
seen as viable indicators of toxicity.

To date no study has been carried out comparing the effects of zinc on
both nanoparticle and ionic forms on the mussel M. galloprovinciallis. This
study does that, while also testing long-term exposure time with different
endpoints. In fact, the majority of metal ecotoxicity studies found in the lit-
erature last less than 2weeks and seldom investigate several exposure inter-
vals outside that range, which does not inform about realistic longer-term
exposure to, for instance, effluents containing these metals that invade nat-
ural habitats for weeks and sometimes months at a time, continuously.
Thus, there are still quite a few gaps in literature relating to long-term con-
tinuous exposure and the evolution/progression of the nanotoxicity in-
volved.

This study evaluated and compared the impact of different concentra-
tions of zinc, both the dissolved metal and the nanoparticles form, on
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lipid peroxidation and fatty acids contents and profiles, in the mussel
M. galloprovinciallis during a 28-day period, as well as identified potential
biomarkers of exposure to different forms and concentrations of zinc in a
marine sentinel organism. The hypothesis here tested is that elevated con-
centrations of zinc in ionic and nanoparticulate forms can cause accumula-
tion in tissue which will then in turn cause damage to lipids and fatty acids.
In order to test this, we performed total X-ray fluorescence spectroscopy el-
ement analysis to observe the rates of metal accumulation, quantification of
lipid peroxidation products through the thiobarbituric acid reacting sub-
stance protocol, and finally fatty acid profiling using gas chromatography.

2. Materials and methods

2.1. Experimental setup

Mytilus galloprovincialismussels were provided by Testa& Cunhas, a certi-
fied seller, which farms this species in oceanic rafts, offshore, in pristine wa-
ters (37°04,200′N 8°42,800′W, 37°04,200′N 8°41,000′W, 37°03,400′N
8°41,000′W, 37°03,400′N 8°42,800′W) at Ponta da Piedade, Lagos, Algarve
region in Portugal. Two hundred mussels (mean length of 5.6 ± 0.38 cm
and a mean weight of 16.6 ± 0.3 g) were immediately transported to a wet
lab at Faculdade de Ciências da Universidade de Lisboa (FCUL) and evenly
distributed into 12 acclimation aquaria (12 L each) on a closed water circula-
tion system for a week, both to acclimatise them and to ensure that no mus-
sels in poor physical condition would be used for the experiment. The
water temperature was between 21 and 21.5 °C (±0.5 °C), the photoperiod
was 12 h light/12 h dark and salinity was maintained at 35 ppm.

After acclimation, mussels were distributed into individual experimen-
tation aquaria (10 individuals in each 12 L aquaria). Temperature, salinity
and photoperiod during experimentation were similar to the acclimatiza-
tion period. Immersible air bubblers stones, connected to air pumps by
clear tubes, ensured both proper oxygenation as well as homogenous
mixing of the water inside the aquaria to avoid the formation of metal de-
posits. During the experiment mussels were fed with Phaeodactylum
tricornutum Bohlin (Bacillariophyceae; strain IO 108–01, IPMA) cells, cul-
tured in our laboratory (Feijão et al., 2020), ad libitum every 3 days. Am-
monia levels were monitored daily to guarantee that the mussels
remained in good physical condition.

In order to verify the effects of zinc, 9 treatments were performed, with
4 aquaria per treatment, as such: 4 aquaria had no metals added (control
treatment), 4 aquaria had 1 μg L−1, 4 had 10 μg L−1, and 4 had
100 μg L−1 of zinc. This experimental setup was used with ionic zinc and
with nano‑zinc. At days 0, 7, 14, 21 and 28 of the experiment, 2 mussels
were collected from each aquarium (for a total of 10 per treatment), dis-
sected and their mantle edge tissue immediately frozen in liquid nitrogen
and stored at −80 °C for later analyses. The mantle edge was chosen as
the target tissue, instead of the entirety of the mantle, to avoid gonadal tis-
sue, as both of these tissues are connected except at the very edge of the
mantle.

Ionic zinc was supplied in the form of ZnSO4 (Sigma-Aldrich, Catalogue
number 1724769),while nano‑zincwas supplied as ZnOnanoparticleswith
a particle size less than 50 nm and a surface area of 10.8 m2g−1 (Sigma-Al-
drich, Catalogue number 677450). Zinc was added to the aquariums in tar-
get concentrations, starting from ZnSO4 and ZnO stock solutions
(10 mg L−1 of zinc) using the proper volumes to attain the target desired
concentrations. Zinc concentration in the stock solutions were confirmed
by Total Reflection X-ray Fluorescence (TXRF) spectroscopy (data not
shown). The low volumes transferred from the stock solution to the aquar-
iums, to attain the desired Zn concentrations, compared to the total aquar-
ium volume were found to be very reduced and without effects in the pH of
the system.

2.2. Zinc nanoparticle characterization

ZnO nanoparticles, dissolved in distilled water in a final concentration
of 40 mg L−1, were sonicated for 30 min, prior to dropcasting on 40 nm
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gold sputtered silicon substrates. Samples were air dried and thenmounted
on microscope stubs and grounded with Electrodag silver paint and copper
tape. A dual-beam focused ion beam scanning electron microscope (SEM;
FEI, Oregon, USA) was used to record zinc nanoparticles. Particle zeta po-
tential was determined in experimental concentrations of zinc dissolved
in seawater at the Nanophotonics and Bioimaging Facility of the Interna-
tional Iberian Nanotechnology Laboratory (Braga, Portugal), using a Dy-
namic Light Scattering System (DLSS; model SZ-100Z, Horiba Seisakusho,
Japan). Zinc particle size distributionwas surveyed usingDLSS and through
SEM (Suppl. Fig. S1A–D). Particle elemental composition and X-ray fluores-
cence spectra was obtained from the ZnO nanoparticles in seawater using
TXRF as abovementioned (S2 PICOFOX, Bruker, Germany) (Suppl.
Fig. S1E).

2.3. Element analysis and quantification

About 100 mg of sample were lyophilized and submitted to an acid di-
gestion in digestion reactors (Teflon bombs) in the presence of 0.2 mL
HClO4 and 0.8 mL HNO3 at 110 °C for 3 h (Sghaier et al., 2016). Once
cooled, 496 μL of the digested samples were recovered and 4 μL of Ga
(final concentration 1 mg L−1) added as the internal standard for heavy
metal quantification (Towett et al., 2013), and stored at 4 °C until analysis.

Heavy metal quantification was achieved with the aid of Total Reflec-
tion X-ray Fluorescence (TXRF) spectroscopy element analysis. Cleaning
and preparation of the TXRF quartz glass sample carriers were performed
according to Towett et al. (2013), with 5 μL of the digested sample added
to the centre of the carrier. The carriers with the samples were aligned in
a support containing a carrier with arsenic for gain correction (mono-ele-
ment standard, Bruker Nano GmbH), a carrier with a nickel standard for
sensitivity and detection limit (mono-element standard, Bruker Nano
GmbH), and a carrier with amulti-element kraft for quantification accuracy
(Kraft 10, Bruker NanoGmbH). Elementmeasurementsweremade in a por-
table benchtop TXRF instrument (S2 PICOFOX™ spectrometer, Bruker
Nano GmbH) for 800 s per sample. The accuracy and precision of the ana-
lytical methodology for elemental determinations were assessed by repli-
cate analysis of certified reference material BCR-146. Blanks and the
concurrent analysis of the standard reference material were used to detect
possible contamination/losses during analysis. The TXRF spectra and data
evaluation interpretation were performed using the Spectra 7.8.2.0 soft-
ware. The efficiency of the extraction and analytical procedurewas ensured
through the analysis of certified reference material (Mussel tissue ERM-
CE278k provided from the Institute for Reference Materials and Measure-
ments, Zn extraction and analysis efficiency between 97.7 and 109.4%).

2.4. Quantification of lipid peroxidation products

Quantification of lipid peroxidation products was performed through
the thiobarbituric acid (TBA) reacting substance (TBARS) protocol
(Hodges et al., 1999). One hundred mg of frozen mussel mantle edge was
homogenized with quartz sand in 80% ethanol (v/v) and centrifuged at
4 °C for 5 min at 14,000 ×g. The supernatants were mixed with a TBA so-
lution in the presence of butylhydroxytoluene and heated at 95 °C for
30 min. Once cooled, samples were centrifuged at 14000 ×g for 10 min,
and the supernatant was collected and analysed in a spectrophotometer.
Absorbance was recorded at 532 nm wavelength and used to calculate
the concentration of TBARS, using a calibration curve prepared with
1,1,3,3-tetraethoxypropane and expressed in nmol of MDA equivalents
per g of fresh mussel tissue.

2.5. Fatty acid profiles

Total lipids were extracted from 400mg of mussels' mantle edge pooled
from 4 individuals for the same experimental condition. Three replicates
per treatment were performed. Samples were homogenized with quartz
sand in a mortar and pestle and extracted with a methanol/chloroform/
water (1:1:1) mixture (Feijão et al., 2020). Samples were vortexed and
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centrifuged at room temperature for 10min at 1800×g. The organic phase
containing the lipids was recovered. The upper phase was re-extracted by
adding chloroform and repeating the above-described process. Both lipidic
fractions were combined and dried under a stream of nitrogen at 37 °C.
Lipids were re-suspended in an ethanol-toluene solution (1:4) under nitro-
gen atmosphere at −20 °C until analysis. Fatty acid profiling was per-
formed by trans-esterification of lipid samples in methanol‑sulfuric acid
(97.5%, v/v) at 70 °C for 60 min, as described in Feijão et al. (2018) and
Duarte et al. (2019), with pentadecanoic acid (C15:0) used as an internal
standard. Fatty acid methyl esters (FAMEs) were recovered with petroleum
ether, dried under an N2 flow and re-suspended in an appropriate amount
of hexane. One microliter of the FAME solution from each sample was
analysed in a gas chromatograph (430 Gas Chromatograph, Varian)
equipped with a hydrogen flame ionization detector set at 300 °C. The tem-
perature of the injector was set to 270 °C, with a split ratio of 50. The fused-
silica capillary column (50m×0.25mm;WCOT Fused Silica, CP-Sil 88 for
FAME;Varian)wasmaintainedat a constant nitrogenflowof 2.0mLmin−1,
and the oven temperature was set at 190 °C. FA identification was per-
formed by comparing retention times with standards (Sigma-Aldrich),
and chromatograms analysed by the peak surface method using the Clarity
7.4 software (DataApex), permitting us to obtain fatty acid profiles for the
28th day of the treatments nano‑zinc and ionic zinc at 10 and 100 μg L−1

as well as control. Furthermore, specific relevant indexes resulting from
the characterization of fatty acids were calculated, as thesewere the Double
Bond Index (DBI), IT (Index of Thrombogenicity) and IA (Index of
Atherogenicity), the formula for the first was taken from Fonseca et al.
(2021) and the formulas for the last two Indexes were taken from the
work of Ulbricht and Southgate (1991). These were calculated as follows:

DBI ¼ ð2� ð Σ FAs with one double bondð Þ þ 2� Σ FAs with two double bondsð Þ
þ 3� Σ FAs with three double bondsð Þ
þ 4� xΣ FAs with four double bondsð ÞÞÞ=100

IA ¼ C12þ 4� C14 : 0þ C16 : 0ð Þ= MUFAþ Σ n−6ð Þ þ Σ n−3ð Þ½ �

TI ¼ C14 : 0þ C16 : 0þ C18 : 0ð Þ=½0:5�MUFAþ 0:5� n−6ð Þ þ 3

� n−3ð Þ þ n−3ð Þ= n−6ð Þ�
Fig. 1. Zinc concentration in mussel mantle edge exposed to zinc (Zn) and nano-zinc (nZ
Lowercase letters denote significant differences (p-value < 0.05) between different da
differences (p-value < 0.05) within a specific day of the experiment, but between differ
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2.6. Statistical analysis

Due to the lack of normality and homogeneity, Kruskal-Wallis non-
parametric tests followed by Dunn's pairwise comparisons tests were em-
ployed to test for significant differences among sample groups (treatments
type, dose and timepoints). Once a statistically significant result was found,
Dunn's Test was performed to analyse pairwise comparisons between each
independent group. Pairwise comparisons were performed for all compari-
sons possible. Spearman's correlations were also executed to test for signif-
icance between zinc concentrations in water and MDA concentrations as
well as zinc found within animal tissue. Significance was set at p < 0.05.
These analyses were all executed with the R Studio software v. 1.3.1093
(The RStudio Team).

Primer 6 software (Clarke and Gorley, 2006) was used to carry out mul-
tivariate statistical analyses using non-parametric multivariate analysis
packages. The resemblance matrix of fatty acid concentrations (based on
Euclidean distances) was analysed using SIMPER (Similarity Percentage
package in Primer 6 software), to disclose the effects of each of the analysed
variables in the sample grouping (Clarke and Gorley, 2006). Canonical
Analysis of Principal coordinates (CAP) was used to generate statistical
multivariate models based in the elemental concentrations, and to classify
and separate the different geographical origin groups. This multivariate ap-
proach is insensitive to heterogeneous data and frequently used to compare
different sample groups using the intrinsic characteristics (elemental con-
centrations) of each group (Cruz de Carvalho et al., 2020; Duarte et al.,
2020). Chord diagram was performed using the average square distance
(d2) between sample groups obtained from the SIMPER analysis and plotted
using the circlize package in R.

3. Results

3.1. Nanoparticle characterization

The zeta potential of the Zn nanoparticle determined by DLSS was
found to be−3.6 ± 1.2 mV. Zinc nanoparticle size distribution could not
be determined with DLSS due to agglomeration of the particles. However,
electron micrograph confirmed size distribution as indicated by the
n) (0, 1, 10 and 100 μg L−1) for day 0, day 7, day 14, day 21 or day 28 (N= 175).
ys, within the same experimental treatment. Uppercase letters denote significant
ent treatments. Values correspond to average values ± standard error, n = 5.



Table I
Pairwise comparisons matrix regarding zinc concentration in mussel mantle edge exposed to zinc (Zn) and nano-zinc (nZn) (0, 1, 10 and 100 μg L−1) for day 0, day 7, day 14, day 21 or day 28 (N = 175). Orange cells denote
significant differences (p-value < 0.05) between different treatments, quantities or days of exposure.

Treatment
Concentra�on (ug/L)

Day 0 7 14 21 28 0 7 14 21 28 0 7 14 21 28 0 7 14 21 28 0 7 14 21 28 0 7 14 21 28 0 7 14 21 28
0 0.77 0.71 0.89 0.18 1.00 0.27 0.93 0.07 0.04 1.00 0.62 0.03 0.04 0.34 1.00 0.03 0.01 0.00 0.00 1.00 0.87 0.23 0.31 0.60 1.00 0.23 0.09 0.26 0.17 1.00 0.02 0.00 0.00 0.00
7 0.06 0.41 0.02 0.73 0.01 0.32 0.02 0.02 0.92 0.04 0.04 0.01 0.86 0.64 0.01 0.01 0.00 0.00 0.94 0.35 0.04 0.50 0.57 0.70 0.04 0.03 0.46 0.04 0.71 0.01 0.00 0.00 0.00

14 0.81 0.78 0.99 0.59 0.99 0.46 0.98 0.85 0.83 0.34 0.99 0.79 0.61 0.02 0.02 0.01 0.01 0.33 0.25 0.57 0.10 0.42 0.73 0.77 0.46 0.76 0.84 0.88 0.08 0.00 0.00 0.00
21 0.49 0.43 0.67 0.86 0.64 0.02 0.42 0.67 0.04 0.02 0.79 0.47 0.01 0.02 0.00 0.00 0.54 0.72 0.95 0.24 0.77 0.90 0.28 0.98 0.79 0.40 0.71 0.00 0.00 0.03 0.00
28 0.35 0.70 0.32 0.76 0.73 0.41 0.54 0.43 0.83 0.39 0.90 0.01 0.01 0.00 0.01 0.96 0.33 0.75 0.32 0.46 0.55 0.36 0.45 0.54 0.46 0.42 0.02 0.00 0.00 0.01
0 0.27 0.93 0.07 0.04 1.00 0.62 0.03 0.04 0.34 1.00 0.03 0.01 0.00 0.00 1.00 0.87 0.23 0.31 0.60 1.00 0.23 0.09 0.26 0.17 1.00 0.02 0.00 0.00 0.00
7 0.35 0.36 0.58 0.42 0.67 0.80 0.65 0.72 0.56 0.01 0.01 0.01 0.00 0.23 0.38 0.52 0.93 0.67 0.28 0.27 0.68 0.91 0.46 0.57 0.00 0.04 0.03 0.01

14 0.25 0.53 0.84 0.80 0.47 0.33 0.16 0.71 0.01 0.01 0.00 0.00 0.91 0.53 0.41 0.52 0.64 0.84 0.68 0.84 0.74 0.15 0.65 0.00 0.04 0.01 0.00
21 0.17 0.99 0.34 0.74 0.42 0.78 0.73 0.01 0.01 0.00 0.01 0.96 0.07 0.32 0.63 0.52 0.31 0.32 0.78 0.72 0.52 0.89 0.00 0.03 0.02 0.01
28 0.01 0.20 0.40 0.49 0.47 0.02 0.01 0.02 0.00 0.01 0.03 0.05 0.59 0.42 0.78 0.04 0.43 0.79 0.79 0.28 0.71 0.00 0.02 0.02 0.00
0 0.62 0.03 0.04 0.34 1.00 0.03 0.01 0.00 0.00 1.00 0.87 0.23 0.31 0.60 1.00 0.23 0.09 0.26 0.17 1.00 0.02 0.00 0.00 0.00
7 0.06 0.07 0.24 0.45 0.02 0.02 0.00 0.01 0.31 0.68 0.52 0.37 0.23 0.52 0.59 0.76 0.42 0.29 0.67 0.00 0.02 0.02 0.01

14 0.23 0.34 0.03 0.01 0.01 0.00 0.01 0.03 0.04 0.39 0.14 0.31 0.02 0.57 0.45 0.90 0.05 0.03 0.00 0.02 0.02 0.00
21 0.97 0.04 0.01 0.03 0.01 0.00 0.03 0.05 0.57 0.35 0.11 0.02 0.62 0.43 0.71 0.06 0.01 0.00 0.03 0.01 0.01
28 0.35 0.02 0.02 0.00 0.00 0.32 0.65 0.61 0.64 0.48 0.53 0.34 0.49 0.35 0.48 0.54 0.00 0.02 0.02 0.01
0 0.03 0.01 0.01 0.00 1.00 0.87 0.63 0.61 0.50 1.00 0.73 0.59 0.76 0.87 1.00 0.00 0.02 0.02 0.00
7 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.01 0.24 0.02 0.00

14 0.05 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.65 0.78
21 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.25
28 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.01 0.01
0 0.87 0.23 0.31 0.60 1.00 0.23 0.09 0.26 0.17 1.00 0.02 0.00 0.00 0.00
7 0.14 0.35 0.10 0.59 0.47 0.12 0.61 0.48 0.67 0.01 0.01 0.00 0.00

14 0.78 0.76 0.41 0.61 0.51 0.66 0.74 0.38 0.02 0.02 0.01 0.00
21 0.29 0.35 0.48 0.57 0.36 0.72 0.32 0.01 0.01 0.01 0.00
28 0.59 0.41 0.43 0.54 0.59 0.44 0.02 0.01 0.00 0.00
0 0.23 0.09 0.26 0.17 1.00 0.02 0.00 0.00 0.00
7 0.71 0.86 0.33 0.14 0.04 0.03 0.01 0.00

14 0.72 0.31 0.13 0.05 0.03 0.01 0.00
21 0.30 0.05 0.04 0.03 0.01 0.00
28 0.29 0.01 0.00 0.00 0.00
0 0.02 0.00 0.00 0.00
7 0.11 0.03 0.00

14 0.26 0.03
21 0.11
28
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supplier (Suppl. Fig. S1A–D). Particle elemental composition and X-ray
fluorescence spectra was obtained from the ZnO nanoparticles in seawater
by TXRF as abovementioned (S2 PICOFOX, Bruker, Germany) (Suppl.
Fig. S1E). X-ray fluorescence spectrum analysis revealed high amounts of
Zn in ZnO nanoparticles suspension as well as of other minor elements, de-
rived from the seawater composition.

3.2. Zinc analysis and quantification

Results for zinc concentrations in mussel mantle edge (Fig. 1) indicate
that statistical differences are due to time of exposure (χ2 = 56.4,
p < 0.05), particle form (χ2 = 18.8, p < 0.05), and concentration of the
metal (χ2 = 58, p < 0.05). The matrix generated by Dunn's pairwise com-
parisons (Table I) was concurrent with these results as well: When looking
at comparisons between all days, treatments and concentrations case-by-
case, all the results from the control treatment were clearly significantly dif-
ferent from results pertaining to zinc treatments (control results were only
occasionally statistically different at 1 and 10 μg L−1of zinc treatments, but
completely statistically different of all results of zinc treatments at
100 μg L−1), and both zinc treatments had often significantly different re-
sults between each other at 100 μg L−1, but when comparing the lowest
two concentrations (1 and 10 μg L−1) of both zinc forms directly against
each other this was rarely the case. Regardless of treatment, the highest
concentrations were always discernibly different from the lowest concen-
trations. Finally, in all zinc treatments time was also a significant factor of
accumulation, although this was almost only obvious in the highest concen-
trated zinc treatments. As is, the longer and more concentrated the metal,
the higher the accumulation, and nano‑zinc accumulated to higher concen-
trations than ionic zinc.

When comparing to day zero, accumulation was first detected 21 days
after of exposure for 1 μg L−1 nano‑zinc, 14 days for 10 μg L−1 nano‑zinc,
and 7 days of treatment for 100 μg L−1 nano‑zinc and for 100 μg L−1 ionic
zinc. Lower concentrations of ionic zinc revealed no significant accumula-
tion of this element. Nano‑zinc at the two lowest concentrations at the
most lead to a rise compared to control between 45 and 80%, however
this was greatly surpassed at the highest concentration (rises of 281% at
Fig. 2. Lipid peroxidation products concentration inmusselmantle edge exposed to zinc (
day 28 (N=210). Lowercase letters denote significant differences (p-value< 0.05) betwe
significant differences (p-value < 0.05) within a specific day of the experiment, but betw
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day 7, 545% at day 14, 1090% at day 21 and 2418% on the 28th day).
Ionic zinc at the highest concentration comparatively to the same concen-
tration on nano‑zinc was not quite as high in its rise, but compared to con-
trol, on day 7 it rose 155%, on day 14 it rose 236%, on the 21st day it rose
473% and on the last day it rose 691%.

Spearman's correlations between zinc foundwithin themantle edge and
the zinc concentration used in the experiment were significant (p < 0.05)
for nano‑zinc at day 7, 14, 21 and 28 of the experiment (Spearman's ρ =
0.861, 0.814, 0.915 and 0.651, respectively) and ionic zinc at day 7, 14,
21 and 28 of the experiment (Spearman's ρ = 0.861, 0.760, 0.814 and
0.504, respectively).

3.3. Lipid peroxidation

Results for the concentrations of lipid peroxidation products (Fig. 2) re-
vealed that these were significantly dependent on the metal concentration
(χ2 = 78.6, p < 0.05) and time (χ2 = 63.7, p < 0.05). There were also sta-
tistical differences between control and treatments (χ2 = 42.1, p < 0.05),
but not between the two zinc forms tested. According to thematrix generate
with Dunn's test (Table II), indeed if the concentration and day were the
same, there were very few instances where both zinc treatments were sig-
nificantly different fromeach other, however, the opposite scenariowas ob-
served when either treatment was compared to control. Furthermore, we
saw that concentration was a very significant contributor for statistical dif-
ferences in many treatments and days, once again, especially at the highest
zinc concentration compared to the two lowest. The contribution of time as
a factor for our results is also observable throughout the matrix, except for
the highest concentrations where there are marked differences between all
days, the lowest concentrations only exhibit significant differences between
day 0 compared to all other days. In sum, the higher the concentration and
time of exposure, the more MDA was accumulated.

Significant increases of lipid peroxidation products were detectable
7 days after the beginning of the exposure to the higher concentrations
tested of both nano- and ionic zinc. A similar tendency was also observed
for the lowest concentrations of zinc.MDA levels between control and treat-
ments rose between 46 and 115%. At the highest concentration of
Zn) and nano-zinc (nZn) (0, 1, 10 and 100 μg L−1) for day 0, day 7, day 14, day 21 or
en different days, within the same experimental treatment. Uppercase letters denote
een different treatments. Values correspond to average ± standard error, n = 6.



Table II
Pairwise comparisons matrix regarding lipid peroxidation products concentration in mussel mantle edge exposed to zinc (Zn) and nano-zinc (nZn) (0, 1, 10 and 100 μg L−1) for day 0, day 7, day 14, day 21 or day 28 (N= 210).
Orange cells denote significant differences (p-value < 0.05) between different treatments, quantities or days of exposure.

Treatment
nmol MDA/g mussel �ssue

day 0 7 14 21 28 0 7 14 21 28 0 7 14 21 28 0 7 14 21 28 0 7 14 21 28 0 7 14 21 28 0 7 14 21 28
0 0.48 0.76 0.96 0.89 0.66 0.23 0.06 0.27 0.27 0.73 0.02 0.04 0.05 0.03 0.82 0.01 0.00 0.00 0.00 0.83 0.05 0.11 0.41 0.03 0.69 0.05 0.02 0.00 0.00 0.58 0.02 0.00 0.00 0.00
7 0.46 0.61 0.57 0.44 0.78 0.30 0.73 0.23 0.85 0.03 0.03 0.04 0.03 0.89 0.01 0.00 0.00 0.00 0.71 0.04 0.15 0.30 0.02 0.53 0.03 0.00 0.00 0.00 0.31 0.01 0.00 0.00 0.00

14 0.75 0.51 0.62 0.28 0.14 0.24 0.18 0.39 0.03 0.05 0.07 0.04 0.68 0.01 0.00 0.00 0.00 0.85 0.16 0.21 0.40 0.05 0.77 0.04 0.01 0.00 0.00 0.46 0.00 0.01 0.00 0.00
21 0.72 0.84 0.28 0.17 0.26 0.17 0.63 0.01 0.02 0.04 0.02 0.46 0.01 0.00 0.00 0.00 0.68 0.04 0.12 0.40 0.02 0.46 0.04 0.04 0.02 0.00 0.30 0.02 0.00 0.00 0.00
28 0.70 0.13 0.05 0.21 0.04 0.71 0.02 0.03 0.03 0.02 0.81 0.01 0.01 0.00 0.00 0.55 0.04 0.06 0.10 0.03 0.59 0.03 0.03 0.02 0.00 0.83 0.01 0.00 0.01 0.00
0 0.29 0.18 0.26 0.18 0.65 0.01 0.03 0.04 0.02 0.48 0.01 0.01 0.00 0.00 0.69 0.04 0.13 0.41 0.02 0.48 0.04 0.04 0.02 0.01 0.30 0.02 0.00 0.01 0.00
7 0.69 0.85 0.66 0.17 0.20 0.32 0.91 0.60 0.22 0.03 0.00 0.00 0.00 0.47 0.62 0.50 0.42 0.46 0.53 0.48 0.23 0.21 0.18 0.05 0.03 0.00 0.00 0.00

14 0.65 0.96 0.07 0.78 0.62 0.72 0.76 0.08 0.23 0.03 0.02 0.01 0.19 0.42 0.60 0.95 0.76 0.28 0.73 0.65 0.58 0.46 0.04 0.07 0.02 0.03 0.01
21 0.75 0.25 0.65 0.46 0.48 0.35 0.51 0.04 0.02 0.00 0.00 0.38 0.61 1.00 0.61 0.22 0.43 0.66 0.35 0.28 0.22 0.19 0.04 0.01 0.00 0.00
28 0.16 0.27 0.26 0.28 0.79 0.08 0.25 0.02 0.02 0.00 0.28 0.59 0.79 0.74 0.81 0.29 0.57 0.54 0.42 0.22 0.04 0.88 0.04 0.01 0.00
0 0.03 0.03 0.04 0.03 0.89 0.01 0.00 0.00 0.00 0.71 0.04 0.15 0.30 0.02 0.53 0.03 0.00 0.00 0.00 0.31 0.01 0.00 0.00 0.00
7 0.89 0.86 0.82 0.03 0.15 0.01 0.01 0.00 0.04 0.42 0.39 0.26 0.69 0.02 0.99 0.37 0.26 0.40 0.02 0.05 0.02 0.02 0.00

14 0.76 0.89 0.04 0.16 0.01 0.01 0.00 0.04 0.63 0.40 0.33 0.69 0.04 0.99 0.37 0.26 0.47 0.02 0.05 0.01 0.02 0.00
21 0.70 0.03 0.05 0.04 0.01 0.00 0.09 0.75 0.60 0.44 0.59 0.11 0.89 0.70 0.52 0.88 0.03 0.03 0.02 0.02 0.00
28 0.04 0.16 0.01 0.01 0.00 0.04 0.63 0.40 0.33 0.69 0.04 0.99 0.37 0.26 0.47 0.02 0.05 0.01 0.02 0.00
0 0.01 0.00 0.00 0.00 0.83 0.05 0.11 0.41 0.03 0.69 0.05 0.02 0.00 0.00 0.58 0.02 0.00 0.00 0.00
7 0.46 0.35 0.23 0.00 0.04 0.03 0.35 0.14 0.00 0.17 0.26 0.27 0.32 0.00 0.62 0.10 0.08 0.03

14 0.85 0.48 0.00 0.01 0.01 0.02 0.02 0.00 0.02 0.02 0.02 0.03 0.00 0.27 0.39 0.57 0.28
21 0.44 0.00 0.01 0.01 0.02 0.02 0.00 0.02 0.03 0.03 0.04 0.00 0.29 0.40 0.59 0.29
28 0.00 0.01 0.01 0.02 0.02 0.00 0.02 0.03 0.03 0.04 0.00 0.29 0.19 0.54 0.09
0 0.16 0.21 0.40 0.05 0.77 0.04 0.01 0.00 0.00 0.46 0.00 0.01 0.00 0.00
7 0.12 0.40 0.02 0.46 0.04 0.04 0.02 0.00 0.30 0.02 0.00 0.00 0.00

14 0.62 0.43 0.13 0.21 0.17 0.20 0.50 0.03 0.04 0.00 0.01 0.00
21 0.80 0.42 0.38 0.61 0.34 0.48 0.19 0.67 0.02 0.01 0.00
28 0.04 0.99 0.37 0.26 0.47 0.02 0.05 0.01 0.02 0.00
0 0.04 0.01 0.00 0.00 0.43 0.00 0.01 0.00 0.00
7 0.23 0.21 0.18 0.05 0.03 0.00 0.00 0.00

14 0.81 0.67 0.02 0.07 0.03 0.03 0.01
21 0.66 0.02 0.06 0.02 0.03 0.01
28 0.02 0.26 0.04 0.04 0.02
0 0.00 0.00 0.00 0.00
7 0.18 0.07 0.03

14 0.70 0.04
21 0.12
28
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nano‑zinc we saw rises of 169% at day 7, 246% at day 14, 253% at day 21
and finally 285% on the 28th day. Ionic zinc at the highest concentration
was comparatively to the same concentration on nano‑zinc, and on day 7
it rose 185%, on day 14 it rose 246%, on the 21st day it rose 253% and
on the last day it rose 292% compared to control.

Spearman's correlations betweenMDA concentrations found within the
mantle edge analysed and the zinc concentration supplied to themedium at
the beginning of the experimentwere significant (p< 0.05)within the treat-
ments of nano‑zinc at day 7, 14, 21 and 28 of the experiment (Spearman's
ρ = 0.76, 0.682, 0.787 and 0.721, respectively) and likewise significant
concerning the treatments of ionic zinc at day 7, 14, 21 and 28 of the exper-
iment (Spearman's ρ = 0.748, 0.839, 0.8 and 0.826, respectively).
Fig. 4a. Total fatty acid content of mussel mantle edge (expressed as micrograms of
fatty acid per gram of mussel tissue dry weight) exposed to zinc (Zn) and nano-zinc
(nZn) (10 and 100 μg L−1) for 28 days. Lowercase letters denote significant
differences (p-value < 0.05) between different treatments. Values correspond to
average ± standard error, n = 3.
3.4. Fatty acid profiles

Lipid peroxidation products accumulations were highest at the end of
the exposure period (28 days) at 10 and 100 μg L−1 in both zinc forms,
and thus the fatty acid profiles of these individuals were analysed in the
same exposure period and concentrations.

Fatty acid (FA) profiles are displayed in Fig. 3. In the mantle edge the
most abundant fatty acids are palmitic acid (PA, C16:0), oleic acid (OA,
C18:1 n-9), eicosapentaenoic acid (EPA, C20:5 n-3) and docosahexaenoic
acid (DHA, C22:6 n-3). The percentage of C16:0 was slightly lower in ani-
mals exposed to 10 μg L−1 of nano‑zinc but much higher in samples treated
with 100 μg L−1 of this metal form compared to controls. A similar trend
was observed in response to nano‑zinc but with smaller variations. Regard-
ing the mono-unsaturated C18:1 n-9, zinc at 100 μg L−1 caused significant
increase in this FA, while small decreases were observed in response to the
remaining treatment. The EPA percentages in metal-exposed mussels were
significantly lower than those found in controls, especially when ionic zinc
was used. In contrast, there were no differences between treatments for the
other omega 3 LC-PUFA, DHA.

Other significant and diverse differences between control and treat-
ments were observed in several other FA, especially when compared to
the highest concentration of both forms of zinc:

Specifically, all concentrations of nano‑zinc caused significant increases
in myristic acid (C14:0), octadecatetraenoic acid (C18-4 n-3) and
eicosadienoic acid (C20:2); while increases exclusive to the lowest concen-
tration were observed for cis-vaccenic acid (C18:1 n-7), linoleic acid (C18:2
n-6), and for the higher concentration in ginkgolic acid (C15:1), cis-7-
hexadecenoic acid (C16:1 n-9), hexadecatrienoic acid (C16:3) and
hexadecatetraenoic acid (C16:4). However, 100 μg L−1 of this zinc form
also caused decreases compared to controls, such as in myristoleic acid
Fig. 3. Fatty acid profiles ofmusselmantle edge exposed to zinc (Zn) and nano-zinc (nZn)
value < 0.05) between different treatments. Values correspond to average ± standard e
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(C14:1), margaric acid (C17:0), stearic acid (C18:0), C18:2 n-6, linolenic
acid (C18:3 n-3) and arachidonic acid (C20:4 n-6).

In the case of ionic zinc, fluctuations in FA concentrations were also re-
corded: At its highest concentration, significant decreases were registered
for C15:1 and C16:1 n-9, and significant increases for C17:0, C18:0,
C18:1 n-7, C18:2 n-6, C18:3 n-3 and C18:4 n-3. Meanwhile 10 μg L−1 of
this metal caused minor but significant increases of C18:2 n-6 and C20:2.

Concerning total FA content on the analysedmussel tissues, a significant
decrease (p < 0.05) was observed in cells exposed to ionic zinc and
nano‑zinc at the highest concentrations (100 μg L−1) and nano‑zinc at
10 μg L−1 (Fig. 4a). The animals treated with the higher nano‑zinc concen-
tration had the lower FA content.
(10 and 100 μg L−1) for 28 days. Lowercase letters denote significant differences (p-
rror, n = 3.



Fig. 4b. Percentages of saturated fatty acids (SFA), monosaturated fatty acids
(MUFA) and polyunsaturated fatty acids (PUFA) exposed to zinc (Zn) and nano-
zinc (nZn) (10 and 100 μg L−1) plus the control treatment. Lowercase letters
denote significant differences (p-value < 0.05) between different treatments.
Values correspond to average ± standard error, n = 3.
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In regard to FA unsaturation classes (Fig. 4b), the relative amounts of
saturated FA (SFA) increased significantly in the response to the highest
concentrations of both forms of zinc. The same was observed for monoun-
saturated FA (MUFA), but more pronounced for 100 μg L−1 of nano‑zinc.
Mussels submitted to the higher metal concentrations, especially in the
ionic form, had significant lower contents of PUFA compared to controls,
whereas 10 μg L−1 of nano‑zinc caused a slight increase of FA with two
or more double bonds.

The above-mentioned changes in the fatty acid profiles of mussels ex-
posed to metals impacted several indexes related to membrane fluidity
and nutritional value of the animals: The double bond index (DBI) as well
as the ratios PUFA/SFA and UFA/SFA (Fig. 4c) decreased in all animals ex-
posed to the highest concentrations of both zinc forms, although there was
a slight increase in the PUFA/SFA ratio in the case of nano‑zinc at
10 μg L−1; The ratios of n-6/n-3 FA were higher in metal-exposed animals
in comparison to controls but remained unchanged in response to
100 μg L−1 nano‑zinc; Finally, regarding the index of thrombogenicity
(IT) 100 μg L−1 of both nano- and ionic zinc resulted in higher values com-
pared to controls. The same was also observed in response to that
Fig. 4c. Fatty acid-derived indexes of mussel mantle edge exposed to zinc (Zn) and na
atherogenicity (IA), index of thrombogenicity (IT), omega-6/omega-3 ratio (n6/n3), p
fatty acids (UFA/SFA). Lowercase letters denote significant differences (p-value < 0.0
n = 3.
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concentration of nano‑zinc but not to its ionic counterpart for the index of
atherogenicity (IA).

Aiming to disentangle the potential of fatty acid profiles as biomarkers
for zinc exposure (including the metal form and concentration), the fatty
acid concentrations was analysed as a profile in a multivariate approach.
The canonical analysis of principal coordinates (CAP) (Fig. 5) yielded a
100% classification efficiency, indicating that the fatty acid profiles of the
mussel exposed for 28 days to different zinc forms and concentrations are
efficient biomarkers of the exposure conditions and its biochemical effects.
This analysis showed a clear separation of treatments, having as basis their
FA profile. Through the SIMPER analysis it was possible to identify the dis-
similarity between treatments (Fig. 6). Surprisingly, the highest dissimilar-
ity was not verified between the control group and any of the zinc
treatments, but between the two zinc treatments at the 100 μg L−1 concen-
tration (d2 = 138.19). On the other hand, the lower dissimilarity was ob-
served between the fatty acid profiles of the individuals exposes to the
two zinc forms at 10 μg L−1 (d2 = 5.17). Focusing on the differences be-
tween the fatty acid profiles of the specimens exposed to 10 and
100 μg L−1, a high average square distance value as observable for both
ionic (d2 = 73.37) and nano‑zinc (d2 = 62.76) treatments. Comparing
the two highest dose treatments in both tested forms it could be observed
that the highest dissimilarity in terms of fatty acid profiles was assessed
for the individuals exposed to ionic zinc (d2 = 80.97), when compared to
the organisms subjected to nano‑zinc (d2 = 59.69).

4. Discussion

This study has shown that the longer the exposure and the higher the
concentration of the contaminant zinc, the higher were the rates of metal
accumulation, oxidative stress and fatty acid alterations, in the mussel
Mytilus galloprovincialis. For the first time this issue was investigated by
comparing the effects of the exposure to zinc in its nano- and ionic form, re-
vealing that the nanoparticulate form leads tomuch higher accumulation of
the metal. This is a critical finding given the current increase in the produc-
tion of nanoparticles by multiple industries. Alterations on the fatty acid
profiles were found to lower themussel quality as a food source for its pred-
ators, with potential effects cascading through food webs and ultimately
reaching humans.

Additionally, a canonical analysis of principal coordinates of the fatty
acid profiles showed a clear separation between the samples treated with
the different concentrations of ionic and nano‑zinc, revealing a high poten-
tial for its' use as a set of biomarkers of zinc exposure. Given the current
no-zinc (nZn) (10 and 100 μg L−1) for 28 days: Double bond index (DBI), index of
olyunsaturated to saturated fatty acids (PUFA/SFA) and unsaturated to saturated
5) between different treatments. Values correspond to average ± standard error,



Fig. 5. Canonical analysis of principal (CAP) coordinates of M. galloprovincialis (N = 20) exposed to zinc (Zn) and nano-zinc (nZn) (10 and 100 μg L−1) plus the control
treatment (100% classification efficiency).
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difficulties in assessing contamination by nano metal forms, this finding
opens interesting avenues for future environmental monitoring.

4.1. Zinc accumulation in mussel tissue

Zinc accumulation in mussel tissue generally increased with increasing
zinc external concentration and longer exposures times. In fact, the highest
accumulation was verified at the highest concentration and time of expo-
sure, even if occasionally at lower concentrations and exposure times signif-
icant differences were spotted. This trend had been observed before in
other similar studies (e.g. Hanna et al., 2013)withM. galloprovincialis. How-
ever, we found that the rates of nano‑zinc and ionic zinc uptake were also
significantly different: there was a much higher accumulation of nano‑zinc.
So far only a few reports of comparable studies are available in the litera-
ture, for example, Li et al. (2018) tested ZnSO4 accumulation versus ZnO
NPs (0.01, 0.1, 1, 10, and 100 mg Zn/L and sampled on the 1st, 2nd, 3rd,
7th, 14th, 21st, and 28th day) but they observed an opposite trend, with
ionic zinc inducing higher rates of accumulation – this may be explained
by several reasons: the digestive gland was analysed instead of the muscle
tissue analysed in ourwork; quantities of pollutant testedweremuch higher
leading to higher expectable toxicity degrees; after 3 days of exposure to the
highest concentrations a high mortality of the mussels was verified, which
did not occur in our experiment; and the organism density per aquaria and
volume of waterwas significantly different (25mussels per 5 L aquaria in Li
et al. (2018) versus 10 mussels per 12 L aquaria in our study). Differences
from both studies can also arise from less obvious experimental differences,
starting in the zinc nanoparticle tested, as its physic-chemical features have
a critical role on its behaviour in the water medium.

4.2. Lipid peroxidation

Adverse effects occurred in the lipids of M. galloprovincialis mussels ex-
posed to both zinc in ionic and NP forms: Lipid peroxidation products accu-
mulation was proved dependent on time of exposure and concentration
tested, once again with higher concentrations and exposure time to the con-
taminant being decisive factors in MDA accumulation. While there were a
10
few instances where the form of the zinc particle was relevant, overall
this was not an important factor. This form of toxicity has been seen before
inM. galloprovinciallis in other studies in response to stress generated by the
presence of heavy metals in the exposure media (e.g. Vlahogianni and
Valavandis, 2007; Taze et al., 2016), and follows the same trends (exposure
time and concentration-wise) although more often than not, this is a bio-
marker that is more easily detected in the haemolymph or digestive
gland, as often muscle is considered a low-priority target for accumulation,
and therefore other forms for toxicity, for metals (Duroudier et al., 2019).
Furthermore, although the changes in MDA content were similar between
both zinc forms used, nano‑zinc caused a higher decrease in the total lipid
content in agreement with the higher accumulation of this metal form in
mussel mantle.

4.3. Fatty acids profile changes

The fatty acid (FA) profiles of mussels are subjected to various changes
throughout their lifetime, due to changes in temperature, food availability
and sources, development stage, phase of the reproductive cycle, etc.
(Murphy et al., 2002; Lachance et al., 2008). This leads to complex relation-
ships between the enzymes that control membrane lipid composition and
reserves within the body, and multiple endogenous and exogenous stimuli
that change the activity of these enzymes. In fact the mussel used in this
study, M. galloprovincialis, has reportedly a FA composition that varies
widely depending on latitude and the obtention of nutrients typical of spe-
cific geographical features (Ventrella et al., 2008). Nevertheless, the fatty
acid profiles of the control animals reported in the present study agree
with previous reports for this species (e.g. Freites et al., 2002; Prato et al.,
2010; Dernekbaşı et al., 2015; Signa et al., 2015). However, the object of
this study, the relationship between metal toxicity (nano or ionic) and
changes in the fatty acid profile, is still severely understudied, and long-
term consequences are difficult to ascertain. Moreover to our knowledge,
no studies dealt with the specific conditions tested in our work.

For this study we chose to sample from the mantle edges, as these are
thefirst body parts that come into contact with all sources of environmental
stressors, andmeasuring the first point of contact with a stressor is essential



Fig. 6. Chord diagram having as basis the average square distance based in the SIMPER analysis between the groups of samples subjected to the different levels of zinc (Zn)
and nano-zinc (nZn) (10 and 100 μg L−1) plus the control treatment.

J. Roma et al. Science of the Total Environment 817 (2022) 152807
to understanding how an animal copes with this disturbance at first in-
stance. Whatever the tissue used however, the cells that come into contact
with stressors have their membranes subjected to alterations which often
trigger an adaptative strategy, that can be translated in the alterations in
the FA profile and under more severe stress conditions can cause cell mem-
brane damage, revealed by the accumulation of lipid peroxidation products
and decreases in the total lipid contents. As most bivalves respond to stress
induced by metals by causing disturbances in lipid metabolism (Fokina
et al., 2013), changes to the FA composition may be indicative of changes
in the structure and fluidity of cell membranes, confirming the occurrence
of pathological or compensatory alterations in lipid metabolism caused by
contaminant exposure (Fokina et al., 2013).

4.3.1. Individual fatty acids
As a general rule, we saw thatMUFA comprised the more abundant FAs

in the mantle edge, followed by PUFA and SFA. The main contributor to
MUFA quantities was C18:1 n-9 that also presented the highest proportions
of all FA: oleic acid is an abundant FA in marine animals and was here
11
shown to be affected by both zinc forms: At high quantities, ionic zinc in-
creased (about 5%) the presence of this FA, but nano‑zinc, although
smaller, clearly a negative effect on this FA. This FA was followed by high
quantities of C16:0, C20:5 n-3 and C22:6 n-3, while the remaining FA had
onlymodicum quantities present, explaining the overall composition of sat-
uration classes we subsequently observed.

The presence of FA of bacterial origin like C15:1, C17:0 and C18:1 n-7
can, to some degree, be traced back to the presence of vestigial amounts
of bacteria (Parkes and Taylor, 1983). However, it has been verified that
C18:1 n-7 can also be derived from chain elongation of the phytoplankton
FA C16:1 n-7 (e.g. Graeve et al., 1997; Falk-Petersen et al., 2000;
Kharlamenko et al., 2001). In any event, C17:0 and C18:1 n-7 were also af-
fected negatively mainly by nano‑zinc, which also had a negative effect on
C18:0, estimated to have a structural-type function in marine invertebrates
(Kaneda, 1967; Perry et al., 1979; Pazos et al., 1997; Labarta et al., 1999).

Other FA found include a well-known group of FA in marine molluscs
that are biosynthesized de novo endogenously (Zhukova, 1991): the so-
called non-methylene-interrupted dienoic fatty acids (NMID FA) such as



J. Roma et al. Science of the Total Environment 817 (2022) 152807
C20:2 and C22:2, whichwere detected in some of the organisms used in the
present study, and are known to have functional and structural roles in the
membranes (Kraffe et al., 2004) including enhancing protection from oxi-
dation, and are found in considerable proportions in phospholipids of or-
gans exposed to the external environment, including the mantle
(Klingensmith, 1982). In fact, Barnathan (2009) stated that these FAs re-
duce susceptibility to peroxidation by ROS. Therefore, an increase in
C20:2 content, such as the one observed in response to 100 μg L−1

nano‑zinc, may be indicative of an increase in cell protective functions dur-
ing stress.

Seeing as the mussels were fed a monodiet consisting of P. tricornutum,
this diatom is the likeliest source of C16:1 n-7, C16:2 n-4, C16:3, C16:4,
C18:3 n-3, C18:4 n-3 and C20:5 n-3 (Graeve et al., 1994; Feijão et al.,
2020) detected in the sampled mussel tissue. EPA, docosahexaenoic acid
(DHA, C22:6 n-3), and arachidonic acid (ARA, C20:4 n-6) are among the
most important LC-PUFA available (Alkanani et al., 2007; Parrish, 2009)
for bivalves, but these organisms may have limited or inexistent capacity
for its synthesis, and environmental stressesmay further hinder their capac-
ity for the production and/or accumulation of these FAs (Fokina et al.,
2013). Furthermore, both EPA and ARA FAs serve as precursors for eicosa-
noids (such as leukotrienes, prostaglandins, thromboxanes, etc.) which are
vital to various physiological responses, including inflammatory, immu-
nological, neural, reproductive and as a stress adaptor (DeCaterina and
Basta, 2001), and since in our study both EPA and ARA were negatively
affected by the presence of zinc, there is a high likelihood of this stressor
having a high impact on the overall health state of the animal. Interest-
ingly enough however, DHA suffered no effects during the experiments,
which may be an indication of its importance: like EPA and AA, this FA
does not come from the food our mussels ingested, and yet if its levels
were maintained, which may be suggestive of the organism prioritizing
somehow the continued production of DHA in situations of stress, as a
survival mechanism. Lastly, EPA along with FAs like C14:0 and C16:0,
can also be used as energy reserves for metabolic purposes, and usually
a decline in their reserves can be telling that there was an increase in an-
imals' metabolic rate related to stressors in their environment. While
EPA quantities declined with rising zinc quantities, C16:0 saw a marked
great rise in its quantities within the treatment of nano‑zinc at
100 μg L−1, but remaining zinc treatments had little effect. This may
be explained by the fact that C16:0 likely also comes in significant quan-
tities from the mussels' food source (microalgae monodiet), and when
comparing its quantities in our results to those of Feijão et al. (2020)
there was an obvious transfer of this SFA through the food chain,
supporting the high concentrations present in the mussel tissues. This
was also observed in previous works with mussels feeding on algal
food sources (e.g. Prato et al., 2010).

4.3.2. Fatty acid groups
Both zinc forms lowered PUFA and increased SFA and MUFA. Mem-

brane PUFA are essential components ofmembrane phospholipids and stor-
age lipids, providing several key functions to living being's metabolism,
including energy reserves and cell structural functions. When exposed to
ROS these FA are prone to suffer peroxidation (Valko et al., 2005;
Vlahogianni and Valavandis, 2007). Drops in PUFA levels (which happened
for the highest concentrations of both zinc forms) may be associated with
stress, including the type related to contaminant exposure, which leads to
cytotocixity and membrane fluidity decline (Langdon and Waldock, 1981;
Freites et al., 2002). According to our results, nano‑zinc had a much higher
impact on changes in the aforementioned unsaturated class than ionic zinc.
While looking at individual FA proportions, the variations may not have
seemed dramatic, but ultimately nano‑zinc was generally deemed more
harmful to mussels than ionic zinc. Even though at its lowest exposure con-
centration nano‑zinc slightly promoted the accumulation of PUFAs, this did
not translate into the individual accumulation of FAs that arewidely known
to improve vascular and neural health at a significant level, like EPA
(Calder, 2015, 2018), in fact this FA had its abundance lowered by the pres-
ence of this concentration as well.
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As such, zinc treatments particularly at their highest concentration re-
sulted in a negative effect on PUFA/SFA and UFA/SFA rations, conse-
quently also negatively influencing the DBI rates. A decrease in the
number of double bonds inevitably affects membrane fluidity – the higher
the number of double bonds, the higher the fluidity of the cell's membrane.
This fluidity determines rotation and diffusion of proteins and other bio-
molecules within the cell membrane, thereby ultimately dictating how
their functions may be modified (Gennis, 1989).

Likewise, in our study we saw an increase of the n-6/n-3 ratio, enhanc-
ing how zinc treatments have the potential for a clearly negative impact
even when one considers mussels as potential option for a healthy diet:
Mussels are part of a group of interest to several fishing industries that
are looking into alternative means of production of n-3 long-chain PUFA,
so the pressure on fish stocks can be alleviated (Monroig and Kabeya,
2018).

Similarly within the subject of human health, or even upper trophic
level organism health, there were also marked changes in the indexes of
atherogenicity (IA) and thrombogenicity (IT): while the first is related to
the formations of plaques decrease in the levels of esterified fatty acid, cho-
lesterol, and phospholipids, and hence thwarting the appearance of micro-
and macro-coronary diseases, the second one is related to the propensity to
form clots in blood vessels (Garaffo et al., 2011). A low ratio of IA and IT is
therefore usually recommended by medical physicians. As an example,
tuna serves as a reference animal for human consumption, due to its high
nutritional value related to its fatty acid content: it has an IA of about 0.7
and an IT around 0.3 (Garaffo et al., 2011), therefore our results with the
mussel M. galloprovincialis where all IA values remained below 0.4 and all
IT values remained under 0.3 indicate that whatever the treatment, there
seems to be no immediate danger to human health based on the zinc treat-
ments we experimentedwith. Nevertheless, both zinc forms at their highest
concentration increased IT significantly from its control values, while
nano‑zinc also significantly increased IA. However, the experiment lasted
only 28 days at constant concentrations lower than those that can be
found outside the laboratorial environment, beyond these specific condi-
tions it is difficult to ascertain if mussels exposed to these contaminants
for longer periods would remain unaffected.

5. Conclusion

This study was the first of its kind to demonstrate side-by-side compar-
isons of different forms of zinc and their effects on M. galloprovincialis bio-
markers, including a direct comparison of its effects on the fatty acid
profiles of this mussel.

Although the majority of this type of studies tend to evaluate stress in
digestive glands and gills, the results here presented show that the fatty
acid profiles of the mantle edge tissue showed to be a promising target tis-
sue for biomarkers of exposure to zinc. This was not only true if we consider
fatty acids as biomarkers of the zinc concentration used for exposure, but
also for the metal form used. Analysing the fatty acid profile as a whole in-
stead of each fatty acid individually proved not only to be an efficient set of
biomarkers able to distinguish the dose and form of zinc to which the mus-
sels were exposed, pointing out the utility of these profiles in ecotoxicology
and nanotoxicology, but also indicating that zinc in different forms and con-
centrations present differential Adverse Outcome Pathways (AOPs) inmus-
sels and therefore its modes of action need to be addressed more deeply.

Our results highlighted clear negative effects of zinc on the mussel
Mytilus galloprovincialis, both under ionic and nanoparticulate forms, palpa-
bly dependent on exposure time and concentration. The concentrations
tested in the present work are theoretically possible to achieve in natura,
at least in some locations closer to effluent disposal, and as such the toxicity
that was generated should be considered worrying, as there is a high possi-
bility for negative effects in the marine trophic chains and also ultimately
impacts on human health, especially considering how more and more the
fisheries industries look for multiple sources of protein in the latest years.

In sum, the higher the concentration of the metallic stressor, and the
longer the mussel is exposed to it, the more toxic effects are verified.
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Moreover, the negative impacts observed in mussels exposed not only the
ionic zinc form but also to its nanoparticle counterpart highlight the impor-
tance of analysing different forms of metals in toxicity tests. The increasing
introduction of metal particles in the aquatic environment and the negative
effects they might have in marine biota, including lipid peroxidation and
fatty acid profile changes, can affect other organisms at higher trophic
levels and ultimately have negative impacts on human health, highlights
the considerable importance of these types of studies.
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