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Highlights

e In vitro, gold nanoparticles (AuNPs) damaged fish liver DNA and cellular
membranes;

e Gemfibrozil (GEM) caused DNA damage at 1.5 ug.L™;
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e Overall, effects of AUNPs+GEM were higher than predicted, based on single
exposures;

e Liver organ culture proved sensitive and a valuable in vitro model.

Abstract

In vitro methods have gained increasing importance in ecotoxicology due to
ethical concerns. The aim of this study was to assess the in vitro effects of gold, in
the nanoparticle (AuNPs) and ionic (Au*) form, and the pharmaceutical gemfibrozil
(GEM), in single and combined exposures. Fish liver was 24 h exposed to gold (4
to 7,200 pg.L 1), GEM (1.5 to 15,000 pg.Lt) and combination 80 ug.L* gold + 150
ug.Lt GEM. Endpoints related with antioxidant status, peroxidative and genetic
damage were assessed. AUNPs caused more effects than Au®, increasing catalase
and glutathione reductase activities and damaging DNA and cellular membranes.
Effects were dependent on AuNPs size, coating and concentration. GEM damaged
DNA at an environmentally relevant concentration, 1.5 pug.L. Overall, the effects of
the combined exposures were higher than the predicted, based on single
exposures. This study showed that liver culture can be a useful model to study

contaminants effects.

Keywords: Fish liver culture; gilthead seabream; nanotoxicology; ionic gold;

oxidative stress; DNA integrity.
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1. Introduction

Due to concerns regarding animal welfare, time and cost constraints, and
generation of dangerous residues, establishing workable in vitro systems became a
priority. In this perspective, the use of organ/cell cultures has the advantage of
allowing a reduction in the number of animals used per test, improved control of
environmental conditions, reduction of the genetic heterogeneity and chemicals
needed, as well as a reduction in waste (Oliveira et al. 2003; Soldatow et al 2013).
Liver cell culture models can be important in toxicological research due to the crucial
function of this organ in detoxification, metabolic and inflammatory/immune
processes (Zeilinger et al. 2016). Although liver cell cultures, including the ones
obtained from fish (Franco et al. 2019), are well-established biological
methodologies in in vitro testing, organ cultures allow the study of effects in a more
physiologically relevant context. The use of liver slices retain the 3D structure,
contain all liver cell types and show good in vitro/in vivo correlation for xenobiotic
metabolism (Soldatow et al 2013). Despite the successful use of animals organ
cultures in toxicological research, fish organ cultures have not been extensively
used in ecotoxicology, despite the reported value to assess the effects of chromium
in Anguilla anguilla (Oliveira et al. 2003) and to test different oxytetracycline
exposure methods, using Danio rerio (Chemello et al. 2019).

The effects of gold nanoparticles (AuNPs) and the lipid regulator gemfibrozil
(GEM) on marine fish remains largely unknown despite their increasing production,
use and disposal. Previous in vivo studies with gilthead seabream (Sparus aurata)
have already shown the ability of AUNPs (e.g., Barreto et al. 2020) and GEM (e.qg.,

Barreto et al. 2017, 2018) to induce toxic effect alone and in combined exposures
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(Barreto et al. 2019a, 2019b). Considering the reported importance of the liver in
AuNPs accumulation (Chen et al. 2013; Iswarya et al. 2016; Khan, Vishakante, and
Siddaramaiah 2013; Mateo et al. 2014; Simpson et al. 2013) and metabolization of
xenobiotics allied with the need to use methodologies that minimize the need to
sacrifice animals providing reliable information in terms of effects and mechanisms
of action of emerging contaminants, this study aimed to assess the effects of AUNPs
and GEM, alone and in combined exposures, in liver cultures. Effects after 24 h
exposure were evaluated measuring endpoints related with oxidative stress,

peroxidative and DNA damage.

2. Material and Methods

2.1. Test organisms

Juvenile gilthead seabream (Sparus aurata), length 100 = 0.4 cm, acquired from
a Spanish aquaculture facility (Santander, Spain). Fish were acclimated for 4 weeks
in 250 L aquaria, at a ratio bellow 1 g of fish per 1 L of aerated and filtered (Eheim
filters) artificial seawater (ASW; Ocean Fish, Prodac), prepared by dissolving the
salt in reverse osmosis purified water to obtain a salinity of 30. Fish were maintained
in a room-controlled temperature (20 °C) with natural photoperiod. During this
period, animals were fed daily with commercial fish food (Sorgal, Portugal) at a ratio
of 1% of body weight/day. All experimental procedures followed International
Guiding Principles for Biomedical Research Involving Animals (EU 2010/63) and
were previously approved by the ethics committee and the responsible national legal

authority “Direcéo Geral de Alimentagéo e Veterinaria” (authorization N421/2013).
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2.2. Synthesis and characterisation of gold nanoparticles (AuNPSs)
Citrate-coated AuNPs (CAuNPs), diameter of 7 nm, were synthesised using the
pH-shifting method, with reduction of gold (Ill) chloride trihydrate by citric acid,
followed by neutralization with NaOH (Shiba 2013). cAuNPs, diameter of 40 nm,
were prepared, using 15 nm seeds, by sodium citrate reduction of gold (lll) chloride
trinydrate (Lekeufack et al. 2010). Part of cAuNPs were coated with PVP as
described by Barreto et al. (2015). Both coated AuNPs — cAuNPs and PVP coated
AuNPs (PVP-AuNPs) — were centrifuged and the pellet resuspended in ultrapure
water. AUNPs were characterised in ultrapure water and in the media used for the
experiments — Dulbecco's Modified Eagle's medium with fetal bovine serum
(DMEM+FBS) — by UV-Vis spectrophotometry (Cintra 303, GBC Scientific) to obtain
the UV-Vis spectra; hydrodynamic size was assessed by dynamic light scattering —
DLS (Zetasizer Nano ZS, Malvern) and size/shape evaluated by transmission
electron microscopy — TEM (Hitachi, H9000 NAR) or scanning electron microscopy
— SEM (Hitachi, SU70). Zeta potential (ZP) was measured using Zetasizer (Nano
ZS, Malvern). Measurements were performed at 0, 12 and 24 h, at concentrations
higher than 80 pg.L™%, considering that, for concentrations lower than 80 pg.L™? the
detection limits of the used techniques did not allow the characterisation of AUNPs.
The characterisation was also performed visually, assessing the colour of the

AuNPs suspensions.

2.3. Liver organ culture exposures
DMEM+FBS was prepared as follow: 50% DMEM, 40% ultrapure water, 1 mM of

glutamine, 15 mM HEPES, 10% FBS and 100 pg.mL* antibiotics (penicillin and



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

streptomycin). A stock solution of GEM (50 g.Lt) was prepared in dimethyl sulfoxide
(DMSO) and test solutions prepared by the dilution of the stock in DMEM+FBS. Test
suspensions of AUNPs were prepared in DMEM+FBS from cAuNPs (100 and 97
mg.L for 7 and 40 nm, respectively) and PVP-AuNPs (78 and 58 mg.L™* for 7 and
40 nm, respectively) stock suspensions. Test solutions of Au® were prepared by
dilution of the stock (2.7 g.L!) in DMEM+FBS.

After the acclimatization period, fish were anesthetized with 100 mg.L™ tricaine
methanesulfonate (MS-222) and subsequently euthanized by spinal section. The
liver of each animal was carefully removed, washed with fresh phosphate-buffered
saline (PBS), cut into small cubes (2x2 mm) and cultured in an incubator at 25 °C
and 5% CO:2 during 24 h as previously reported (Oliveira et al. 2003). Per fish, six
liver cubes per experimental condition were considered. A total of 20 animals was
used in this experimental assay corresponding to 5 animals per test repetition (total
of tests: 4). The tested concentrations were: 4, 80, 1,600, 3,200, 4,200, 5,200, 6,200
and 7,200 pg.L? of Au (ionic or nano form — 7 and 40 nm; citrate and PVP coating);
1.5, 15, 150, 1,500 and 15,000 pg.L? of GEM and mixture of 80 pg.L? of Au (ionic
or nano form) with 150 pg.L* GEM. The lowest concentration of AuNPs (4 ug.L™)
was selected as a compromise between predicted values of AUNPs for the aquatic
environment (0.14 pug.L™1) (Garcia-Negrete et al., 2013; Tiede et al., 2009) and the
lowest Au concentration detectable limit in the experimental media. The other
AuNPs concentrations tested were progressive increases (e.g., 20 or 2-fold
increases. Two sizes and two coatings were selected to understand the correlation
between the nanoparticles characteristics and their toxic effects. The effects of Au*

were also assessed to allow understanding the nanoparticle specific effect.
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Concerning GEM, the lowest tested concentration was chosen based on levels
detected in surface waters (Fang et al., 2012). The concentration range used to
GEM was based on 10-fold increases. The concentrations GEM and Au used for
the combined exposures were based on the effects detected in previous in vivo
studies with S. aurata (Barreto et al. 2018, 2019a, 2019b, 2020). A negative control
(only DMEM+FBS) and a solvent control with DMSO (at 0.03%, the highest
concentration of DMSO used in the GEM treatments) were also performed.
Immediately after liver sampling and before organ culture initiation, three liver cubes
per fish were stored at -80 °C until further processing. These samples were collected
to determine the basal activities/levels of the liver for the assessed endpoints,
corresponding to a time O h control. Samples of the experimental media were
collected at 0 and 24 h for the quantification of Au and GEM. After 24 h exposure,
six liver cubes per experimental condition, per fish, were collected: three for
biochemical analysis (stored at -80 °C until further processing) and three for DNA

integrity assessment (immediately processed).

2.4. Quantification of gold and gemfibrozil (GEM) in the experimental media

The determination of Au in the experimental media was performed according to
the NIST NCL Method PCC-8 (NIST 2010). After microwave assisted-acid digestion,
sample solutions were analyzed by inductively coupled plasma mass spectrometry
(ICP-MS) using an iCAP™ Q ICP-MS equipment (Thermo Fisher Scientific).
Elemental isotope — °’Au — was monitored for analytical determination; **°Tb and

209Bj ysed as internal standards.
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The GEM quantification was carried out by solid phase extraction (SPE) as
sample preparation technic followed by liquid chromatography (HPLC) with
fluorescence detector. SPE was performed using Oasis Strata-X cartridges (200
mg, 3 mL) from Phenomenex. Working standard solutions and extracts were
analyzed using a Shimadzu LC system equipped with a SIL 20A autosampler, a
DGU-20A5 degasser, a LC 20AB pump, and a RF-10AXL fluorescence detector.
For the detection and quantification of GEM a Luna column (C18, 5 um particle size,
4.60x150 mm, Phenomenex) was used. The optimal conditions were found using
acetonitrile (eluent B) and 0.1% formic acid in ultrapure water (eluent A), a flow rate
of 1.0 mL.min!, an oven temperature of 30 °C, and an excitation/emission
wavelength pair of 210/300 nm. The linear gradient program was run as 5 min from
50 to 100% (B) and after 4 min at 100% (B). Injection volume was 40 pyL. More

detailed information is presented in the Supplementary Information.

2.5. Biochemical analysis

Liver cubes were homogenized in potassium phosphate buffer (0.1 mM; pH 7.4),
using an ultrasonic homogenizer (Branson Ultrasonics Sonifier S-250A). The
resultant homogenate was divided in two aliquots: one for the evaluation of lipid
peroxidation (LPO) levels and the other one for post-mitochondrial supernatant
(PMS) isolation. To prevent oxidation, the aliquot of homogenate for LPO levels
determination was transferred to a microtube with 4% BHT (2,6-Di-tert-butyl-4-
methylphenol) in methanol and stored at -80 °C until analysis. PMS was obtained
by centrifugation (12,000 g; 20 min; 4 °C) and aliquots were stored at -80 °C until

GST, CAT and GR activities assessment.
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Protein concentration was determined according to Bradford (1976), adapted to
a microplate format, measuring the absorbance at 600 nm and using bovine y-
globuline as a standard.

GST activity was determined according to the method of Habig et al. (1974),
adapted to a microplate format (Frasco and Guilhermino 2002), following the
conjugation of the substrate — 1-chloro-2, 4-dinitrobenzene (CDNB) — with reduced
glutathione. Absorbance was recorded at 340 nm and GST activity calculated as
nmol CDNB conjugate formed per min per mg of protein (€=9.6x10° M~'.cm™).

CAT activity was assessed according Claiborne (1985). The change in
absorbance at 240 nm caused by the dismutation of hydrogen peroxide (H202) was
recorded and CAT activity was evaluated in terms of pmol of H202 consumed per
min per mg of protein (€=40 M~".cm™).

GR activity was evaluated by the method of Carlberg and Mannervik (1975)
adapted to a microplate format (Lima et al. 2007), measuring the reduced
nicotinamide-adenine dinucleotide phosphate (NADPH) disappearance at 340 nm
and expressed as nmol of oxidized NADPH (NADP™) produced per min per mg of
protein (€=6.22x10% M~1.cm™).

LPO levels were measured by the formation of thiobarbituric acid reactive
substances (TBARS) based on Ohkawa et al. (1979), adapted by Filho et al. (2001).
Absorbance was evaluated at 535 nm and LPO levels expressed as nmol of TBARS

produced per mg of protein (€=1.56x10° M~'.cm™).

2.6. DNA integrity assessment
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The alkaline comet assay was performed according to method of Singh et al.
(1988) with some adaptations. Each liver cube was disrupted in PBS (pH 7.4) to
obtain a suspension. This suspension was centrifuged, the supernatant was
discarded, and the pellet was resuspended in fresh PBS. Then, cell suspension was
added to 1% (w/v) low melting point agarose (at 40 °C) and the mixture added to a
microscope slide pre-coated with 1% (w/v) of normal melting point agarose.
Solidification of agarose was allowed by keeping the slides on ice for 5 min. Positive
controls (cell suspensions treated with 25 uM of H202 during 10 min) were included
for each electrophoresis run to verify that the electrophoresis conditions were
adequate. To lyse the cells, the slides were subsequently immersed in prepared ice-
cold lysis solution (2.5 M NaCl, 100 mM EDTA and 10 mM Tris; pH 10.0) containing
freshly added 1% Triton X-100 for 1 h, at 4 °C, in the dark. The slides were incubated
in alkaline buffer (300 mM NaOH and 1 mM EDTA; pH>13) during 20 min for DNA
unwinding. Electrophoresis was performed in the same buffer for 30 min by applying
an electric field of 20 V and adjusting the current to 300 mA. After the
electrophoresis, the slides were washed with 400 mM Tris-HCI buffer (pH 7.5). The
slides were also dehydrated with absolute ethanol and left to dry in the dark. Slides
were stained with ethidium bromide (20 uL.mL"1), covered with a coverslip and then
visualised using a fluorescence microscope (Olympus BX41TF) at 400X
magnification.

Slides were analysed randomly, by counting one hundred cells per slide,
arbitrarily selected. Cells were scored visually, according to tail length, into 5 classes

— from class 0 to 4 (Collins 2004). A damage index (DI) expressed in arbitrary units

10
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was assigned to each replicate and consequently for each treatment, according to

the damage classes, applying the formula:

DI=(0 xn0)+ (1xnl1)+ (2 xn2)+ (3 xn3)+ (4 xXn4)

where n = number of cells in each class analysed. DI can vary from 0 to 400.

2.7. Data analysis

First, Shapiro-Wilk and Levene’s tests were used to assess the normality and
homogeneity of variance of the data, using the Sigma Plot 12.0 software package.
Differences between controls (negative and solvent) were examined using a Student
t-test. To detect significant differences between the control and AuNPs single
treatments, a two-way analysis of variance (ANOVA) was performed, using
concentration and coating as factors, followed by a Dunnett's test. In addition,
differences between Au*, GEM, the mixtures and control were tested using a one-
way ANOVA, followed by Dunnett's test. One-way ANOVA, followed by Tukey's test,
whenever applicable, was used to compare differences between AuNPs, Au® and
GEM single treatments. Significant differences were accepted for p<0.05.

In the combined exposures, the observed effects (in percentage) were compared
with the predicted effects (in percentage) obtained by the sum of single exposure
effects. This analysis was performed to understand if the combined effect of Au
(nano or ionic form) and GEM was lower, similar or greater than the sum of single

exposure effects.

3. Results

11
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3.1. Characterisation and behaviour of gold nanoparticles (AuNPSs)

The synthesized cAuNPs displayed a round shape (Figure 1A and C), a well-
defined absorption band and negative surface charge (Table S1) associated with
the citrate layer. The analysis of the size, taking into account the results obtained by
DLS and TEM images, revealed an expected average size around 7 and 40 nm.
PVP coating led to an increased size due to a PVP layer, detectable by SEM in
some AuNPs (Figure 1B and D). The UV-Vis spectra revealed a slight shift in surface
plasmon resonance (SPR) peak to longer wavelength when compared with the
original cCAuNPs (Table S1). ZP shifted from -43 to around -13 mV and from -44 to -

17 mV, for 7 and 40 nm AuNPs, respectively (Table S1).

A) .. -~ | B) . C‘; . ) - =1 D) 500nm

Figure 1. Electron microscopy images of 7 and 40 nm citrate (CAuNPs) and
polyvinylpyrrolidone (PVP-AuNPs) gold nanoparticles stock suspensions in
ultrapure water: A) 7 nm cAuNPs (100 mg.L?); B) 7 nm PVP-AuNPs (78 mg.L?); C)

40 nm cAuNPs (97 mg.L1); D) 40 nm PVP-AuNPs (58 mg.L™1).

In  ultrapure water, AuNPs were stable, with no detectable
agglomerates/aggregates (Figure 1). Size, ZP and UV-Vis spectra of each type of
AuNPs were similar during the assessed periods 0, 12 and 24 h. In DMEM+FBS, at
0 h, the characteristics of each type of AuUNPs were similar to those in ultrapure

water, with a slight less negative ZP, slight 1-4 nm increased sizes and shifted SPR

12
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peaks toward higher wavelengths (increased about 2—4 nm). Within 12 h, for
concentrations higher than 1,600 pg.L, AuNPs aggregated/agglomerated, with
sizes, assessed by DLS, bigger than 100 nm (Figure 2) and SPR peaks shifted
toward higher wavelengths (Figure S1). Alterations in ZP were also found, with
different peaks correspondent to different charges. After 24 h, no alterations in the
size were found, comparing with 12 h (Figure 2) but the SPR peak disappeared

(Figure S1).

— 7 NM CAUNPS

40 nm cAuNPs
----- 7 nm PVP-AuNPs
= == .= 40 nm PVP-AuNPs

500 4

400 - = -
300

200

Size (nm)

100 1

Time (hours)

Figure 2. Size of gold nanoparticles (AuNPs), measured by dynamic light
scattering (DLS), in Dulbecco's Modified Eagle's medium with fetal bovine serum
(DMEM+FBS) at 0, 12 and 24 h. cAuNPs — Citrate coated gold nanoparticles; PVP-

AuNPs — Polyvinylpyrrolidone coated gold nanoparticles.

The colour of the AuNPs in DMEM+FBS, at 12 h, was between red and blue,
being bluer in the highest concentrations. At 24 h, some dark sediment was found
in the bottom of the wells. This sediment increased with the increase of AuNPs
concentration. At the lower tested concentrations (4 and 80 pg.L™?), the media did

not present the typical colour of AUNPs agglomeration/aggregation.
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3.2. Quantification of gold and gemfibrozil (GEM) in the experimental media
At 0 h, in general, the amount of Au quantified in the experimental media
(DMEM+FBS) was lower than the nominal concentrations. After 24 h of exposure,
the concentration of Au decreased, particularly after exposure to AUNPs (Table S2).
Concerning GEM, at 0 h, measured concentrations were lower than the nominal
concentrations, with exception of the concentrations 1.5 and 15 pg.L™* — Table S2.

After 24 h, the concentration of GEM decreased slightly.

3.3. Biological effects

For all the tested endpoints, no significant differences (p>0.05; t-test) were found
between the samples collected immediately after liver sampling and before organ
culture initiation (control at O h) and controls in DMEM+FBS after 24 h culture.
Moreover, after 24 h liver organ culture, no significant differences were found
between control and solvent control groups in terms of the tested endpoints (p>0.05;

t-test). Therefore, the treatments were compared to the control.

3.3.1. Effects of 7 nm gold nanoparticles (AuNPs)

For the smallest tested AuNPs, coating promoted different response patterns.
The cAuNPs only affected CAT activity at the highest concentration, increasing it
(p<0.05; Dunnett’s test), whereas almost all concentrations tested of PVP-AuNPs
(except 4, 3,200 and 4,200 pg.L?t) increased CAT activity (p<0.05; Dunnett’s test;
Figure 3A). At 80, 5,200 and 6,200 pg.Lt, PVP-AuNPs increased significantly more

the CAT activity than cCAUNPs (p<0.05; Dunnett’s test; Figure 3A). Also, the highest

concentrations (5,200, 6,200 and 7,200 pg.L'1) increased significantly more the CAT

14



327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

activity than the lowest concentrations (4 and 80 pg.L") (p<0.05; Tukey's test;
Figure 3A). In terms of GR, activity was increased after exposure to 3,200 and 5,200
ug.Lt cAuNPs and to PVP-AuNPs, at concentrations higher than 80 pg.L* (p<0.05;
Dunnett’s test; Figure 3B). At 5,200 pg.Lt, PVP-AuNPs increased significantly more
the GR activity than cAuNPs (p<0.05; Dunnett’s test; Figure 3A). GST activity was

not significantly affected by exposure to 7 nm AuNPs (p>0.05; ANOVA; Figure 3C).
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Figure 3. Catalase (CAT) (A), glutathione reductase (GR) (B) and glutathione S-
transferases (GST) (C) activities in Sparus aurata liver after 24 h organ culture
exposure to 7 nm gold nanoparticles. Results are expressed as mean * standard
error. *Significant differences to control (Dunnett's test, p<0.05, citrate coating).
*Significant differences to control (Dunnett's test, p<0.05, polyvinylpyrrolidone
coating). XSignificant differences between cAuUNPs and PVP-AuNPs within the same
concentration (Dunnett's test, p<0.05). Different letters correspond to significant
differences between the concentrations of each type of AuNPs, capital letters to
cAuNPs and small letters to PVP-AuNPs (Tukey's test, p<0.05). Citrate coated gold
nanoparticles — cAuNPs; Polyvinylpyrrolidone coated gold nanoparticles — PVP-

AuNPs.
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The 7 nm AuNPs displayed ability to induce peroxidative damage in membranes.
This effect was more consistent for PVP-AuNPs, that induced increased TBARS at
concentrations higher than 4,200 pg.L* whereas for cAuNPs, effects were only
found at 3,200 pg.L* (p<0.05; Dunnett’s test; Figure 4A). Indeed, at 5,200 and 6,200
ug.Lt, PVP-AuNPs induced significantly higher levels of peroxidative damage than
cAuUNPs (p<0.05; Dunnett's test; Figure 4A). At 5,200 and 6,200 pg.L", PVP-AuNPs
induced significantly higher levels of LPO than at 4 to 4,200 pg.L-! (p<0.05; Tukey's
test; Figure 4A). All the 7 nm AuNPs tested concentrations induced DNA damage
(p<0.05; Dunnett’s test; Figure 4B), with 5,200 and 7,200 pg.L-'inducing significantly

more DNA damage than 4 ug.L™" (p<0.05; Tukey's test; Figure 4B).
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Figure 4. Lipid peroxidation (LPO) levels (A) and DNA damage index (B) of
Sparus aurata liver after 24 h organ culture exposure to 7 nm gold nanoparticles.
Results are expressed as mean * standard error. *Significant differences to control
(Dunnett's test, p<0.05, citrate coating). *Significant differences to control (Dunnett's
test, p<0.05, polyvinylpyrrolidone coating). *Significant differences between

cAuNPs and PVP-AuNPs within the same concentration (Dunnett's test, p<0.05).
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362  Different letters correspond to significant differences between the concentrations of
363 each type of AuNPs, capital letters to cAuNPs and small letters to PVP-AuNPs
364 (Tukey's test, p<0.05). Citrate coated gold nanoparticles — CcAuNPs;
365  Polyvinylpyrrolidone coated gold nanoparticles — PVP-AuNPs.

366

367 3.3.2. Effects of 40 nm gold nanoparticles (AuNPSs)

368 Effects of 40 nm AuNPs on CAT activity were found, for both coatings, at
369 concentrations higher than 3,200 pg.L™* (p<0.05; Dunnett’s test; Figure 5A). The
370  highest tested concentrations (4,200 to 7,200 pg.L™) increased significantly more
371  the CAT activity than the lowest tested concentrations (4 to 3,200 pg.L1) (p<0.05;
372 Tukey's test; Figure 5A). These patrticles also induced an increase in GR activity at
373 4,200 pg.Lt for cAuNPs and concentrations higher than 1,600 pg.L? for PVP-
374  AuNPs (p<0.05; Dunnett’s test; Figure 5B). As observed in liver culture exposed to
375 7 nm AuNPs, GST activity was not significantly affected by 40 nm AuNPs (p>0.05;

376  ANOVA, Figure 5C).
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378 Figure 5. Catalase (CAT) (A), glutathione reductase (GR) (B) and glutathione S-

379 transferases (GST) (C) activities of Sparus aurata liver after 24 h organ culture
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exposure to 40 nm gold nanoparticles. Results are expressed as mean + standard
error. *Significant differences to control (Dunnett's test, p<0.05, citrate coating).
*Significant differences to control (Dunnett's test, p<0.05, polyvinylpyrrolidone
coating). Different letters correspond to significant differences between the
concentrations of each type of AUNPs, capital letters to cCAUNPs and small letters to
PVP-AuNPs (Tukey's test, p<0.05). Citrate coated gold nanoparticles — cAuNPs;

Polyvinylpyrrolidone coated gold nanoparticles — PVP-AuNPs.

No significant oxidative damage, assessed as LPO, was found after liver
exposure to 40 nm AuNPs (p>0.05; ANOVA; Figure 6A). However, DNA damage
was found after exposure to concentrations higher than 4 pg.L* for PVP-AuNPs and
80 pg.L? for cAuNPs (p<0.05; Dunnett’s test; Figure 6B). The highest tested
concentrations (e.g., 3,200 to 7,200 pg.L* cAuNPs) induced significantly more DNA
damage when compared with the lowest tested concentrations (e.g., 4 and 80 pg.L"

L cAuNPs) (p<0.05; Tukey's test; Figure 6B).
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Figure 6. Lipid peroxidation (LPO) levels (A) and DNA damage index (B) of
Sparus aurata liver after 24 h organ culture exposure to 40 nm gold nanoparticles.
Results are expressed as mean + standard error. *Significant differences to control
(Dunnett's test, p<0.05, citrate coating). *Significant differences to control (Dunnett's
test, p<0.05, polyvinylpyrrolidone coating). Different letters correspond to significant
differences between the concentrations of each type of AuNPs, capital letters to
cAuNPs and small letters to PVP-AuNPs (Tukey's test, p<0.05). Citrate coated gold
nanoparticles — cAuNPs; Polyvinylpyrrolidone coated gold nanoparticles — PVP-

AuNPs.

3.3.3. Effects of ionic gold (Au*)

At concentrations higher than 3,200 pg.L?, Au* significantly increased the
activities of CAT and GR (p<0.05; Dunnett's test; Figure 7A and B). The highest
tested concentrations (4,200 to 7,200 pg.L™?) increased significantly more the CAT
activity than the lowest tested concentrations (4 to 1,600 pg.L™?) (p<0.05; Tukey's
test; Figure 7A). As observed for AuNPs, liver exposure to Au* did not induce

significant alterations in GST activity (p>0.05; ANOVA; Figure 7C).
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Figure 7. Catalase (CAT) (A), glutathione reductase (GR) (B) and glutathione S-
transferases (GST) (C) activities of Sparus aurata liver after 24 h organ culture
exposure to ionic gold. Results are expressed as mean + standard error. *Significant
differences to control (Dunnett's test, p<0.05). Different letters correspond to

significant differences between the concentrations (Tukey's test, p<0.05).

The LPO levels remained unchanged after the exposure to Au* (p>0.05; ANOVA;
Figure 8A). However, DNA damage was found after exposure to all the tested
concentrations (p<0.05; Dunnett's test; Figure 8B). The highest tested
concentrations (e.g., 6,200 and 7,200 pg.L') induced significantly more DNA
damage when compared with the lowest tested concentrations (e.g., 4 to 1600 pg.L

L cAuNPs) (p<0.05; Tukey's test; Figure 8B).
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Figure 8. Lipid peroxidation (LPO) levels (A) and DNA damage index (B) of
Sparus aurata liver after 24 h organ culture exposure to ionic gold. Results are

expressed as mean = standard error. *Significant differences to control (Dunnett's
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test, p<0.05). Different letters correspond to significant differences between the

concentrations (Tukey's test, p<0.05).

3.3.4. Effects of gemfibrozil (GEM)

CAT and GR activities were significantly increased after exposure to 15,000 pg.L-
LGEM (p<0.05; Dunnett's test; Figure 9A and B). GEM, at 15,000 pg.L™, significantly
increased CAT activity comparing with the other tested concentrations (1.5 to 1,500
ug.L1) (p<0.05; Tukey's test; Figure 9A). However, GST activity was not significantly

affected by exposure to GEM (p>0.05; ANOVA; Figure 9C).
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Figure 9. Catalase (CAT) (A), glutathione reductase (GR) (B) and glutathione S-
transferases (GST) (C) activities of Sparus aurata liver after 24 h organ culture
exposure to gemfibrozil. Results are expressed as mean = standard error.
*Significant differences to control (Dunnett's test, p<0.05). Different letters
correspond to significant differences between the concentrations (Tukey's test,

p<0.05).

LPO levels significantly increased after exposure to 15,000 pg.L* GEM (p<0.05;

Dunnett's test; Figure 10A). GEM, at 15,000 pg.L?, induced significantly higher

levels of LPO than 1.5, 150 and 1,500 pg.L* GEM (p<0.05; Tukey's test; Figure
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10A). In terms of DNA damage, all tested GEM concentrations led to a significant
decrease in the DNA integrity (p<0.05; Dunnett's test; Figure 10B). The highest
tested concentrations, 1,500 and 15,000 pg.L?, induced significantly more DNA
damage than the lowest tested concentrations (1.5 to 150 pg.L™* cAuNPs) (p<0.05;

Tukey's test; Figure 10B).
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Figure 10. Lipid peroxidation (LPO) levels (A) and DNA damage index (B) of
Sparus aurata liver after 24 h organ culture exposure to gemfibrozil. Results are
expressed as mean * standard error. *Significant differences to control (Tukey's test,
p<0.05). Different letters correspond to significant differences between the

concentrations (Tukey's test, p<0.05).

3.3.5. Effects of combined exposures: gold and gemfibrozil (GEM)

In the combined exposures, CAT activity significantly increased (p<0.05;
Dunnett’s test; Figure 11A), with observed percentages of effect being higher than
the predicted based on the single exposures (Table 1). The combined exposures to
Au* + GEM and 40 nm PVP-AuNPs + GEM significantly increased GR activity
(p<0.05; Dunnett’s test; Figure 11B), with observed percentages of effect being
higher than the predicted (Table 1). GST activity was not significantly affected by

the combined exposures (p>0.05; ANOVA; Figure 11C), as observed in the single
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exposures. For this endpoint, the observed percentages of effect were the predicted

(Table 1).
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Figure 11. Catalase (CAT) (A) glutathione reductase (GR) (B) and glutathione S-
transferases (GST) (C) activities of Sparus aurata liver after 24 h organ culture
combined exposure to gold nanoparticles (AuNPs) or ionic gold (Au*) with
gemfibrozil (GEM). Results are expressed as mean + standard error. *Significant
differences to control (Dunnett’s test, p<0.05). Citrate coated gold nanoparticles —

cAuNPs; Polyvinylpyrrolidone coated gold nanoparticles — PVP-AuNPs; Au + GEM

— 80 ug.L”" Au* or AUNPs (CAUNPs or PVP-AuNPs) with 150 ug.L™' GEM.

The combined exposures to PVP-AuNPs (7 and 40 nm) and GEM significantly
increased LPO levels (p<0.05; Dunnett’'s test; Figure 12A), yielding observed
percentages of effect higher than the predicted (Table 1). All the combined
exposures induced significant increases in DNA damage (p<0.05; Dunnett’s test;
Figure 12B), with the observed percentages of effect similar to those expected

(Table 1).

23

Experimental conditions



493

494

495

496

497

498

499

500

400 -

N
o

>

Arbitary units
S s
o o

(nmol TBARS.mg protein‘1)
3
DNA damage index
=
o

LPO levels

J
d
-

Experimental conditions Experimental conditions
Figure 12. Lipid peroxidation (LPO) levels (A) and DNA damage index (arbitrary
units) (B) of Sparus aurata liver after 24 h organ culture combined exposure to gold
nanoparticles (AuNPs) or ionic gold (Au*) with gemfibrozil (GEM). Results are
expressed as mean * standard error. *Significant differences to control (Dunnett’'s

test, p<0.05). Citrate coated gold nanoparticles — cAuNPs; Polyvinylpyrrolidone
coated gold nanoparticles — PVP-AuNPs; Au + GEM - 80 pg.L'1 Au* or AuNPs

(cAUNPs or PVP-AuNPs) with 150 ug.L” GEM.
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501 Table 1. The relative percentage of effect in the different assessed endpoints, after 24 h liver organ culture single and combined

502  exposures to 80 pg.L? gold nanoparticles (citrate coated — cAuNPs and polyvinylpyrrolidone coated — PVP-AuNPSs), 80 pg.Ltionic gold

503  (Au*) and 150 pg.L* gemfibrozil (GEM) compared with control. Observed (O) % in the combined exposures refers to measured effects and

504 the Predicted (P) % were derived by the sum of single exposure effects. *Significant differences to control (Dunnett’s test, p<0.05).

% of effect related to control

Assessed . 7 nm 40 nm 40 nm AL s 7 nm 7 nm PVP- 40 nm 40 nm PVP-
Endpoints AL s | PYP | cAuNps PVP- GEM SEM cAUNPS + AUNPs + cAUNPS + AUNPs +
AUNPs AUNPs GEM GEM GEM GEM
Catalase . P: 46 P: 33 P:- 124 P:-5 P: - 39
Activity 40 2r | - 131 1 45 6 1 o0:-oaa*| 0:-213* | 0:-136* | 0:-132* | 0:-204*
Glutathione P:-94 : : : :
- P:-110 P: - 111 P: - 81 P.-84

Reductase - 57 -73 -74 -44 - 47 - 37 _ * ) ) ) ) *
Activity 0:-333 0:-150 0O:-159 0:-231 0O:-549
Glutathione S-

P:-73 P:-58 P: -84 P:-74 P: -57
Trar_ls_ferases -69 -54 -80 -71 -53 -4 o -7 O .53 O - 22 o -8 O -20
Activity
Lipid . .

L P:-57 P:-36 P.-7 P:-45 P:-24
Peroxidation -42 -22 8 -31 -10 -14 O -114 O: - 679 O: - 1048 * O: - 896 O: - 2988 *
Levels
DNA Damage * * * " * P: - 290 P: -266 P: - 277 P: - 188 P: - 274

- - - -2 - -
Index 128 7| -104 115 6 12 1621 5. 1a5* | 0:-197* | 0:-177* | 0:-221* | 0:-193*
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4. Discussion

In the present study, the agglomeration/aggregation of AUNPs found within 12
hin DMEM+FBS may influence the nanoparticles (NPs) toxicity. Several research
groups already reported that aggregation of NPs in cell culture media or PBS
might be prevented by adding serum, presumably due to proteins adsorbing onto
the particle surface (Allouni et al. 2009; Barreto et al. 2015; Balog et al. 2015;
Bihari et al. 2008; Mahl et al. 2010, 2012). Barreto et al. (2015) reported that
cAuNPs immediately aggregated/agglomerated in DMEM whereas in
DMEM+FBS they were stable for 12 hours. In the present study, at O h, in
DMEM+FBS, the size of AUNPs increased (although non-significantly), the SPR
peaks shifted toward higher wavelengths and ZP values were slightly less
negative, as previously reported (Barreto et al. 2015). This suggests that FBS
was bound to AuNPs, a relevant feature to take into consideration because, as
previously reported, the attachment of FBS with NPs may influence its
incorporation into the cells/organs and consequently reduce NPs toxic effects
(Duran et al. 2015). Considering the effect of AUNPs concentration on the
behaviour of the particles, it was observed that the time needed for AuNPs to
aggregate/agglomerate in the DMEM+FBS decreased with the increase of
AuNPs concentration. This is an expected finding because with the increasing
number of particles per volume, the probability of NPs collisions and consequent
agglomeration/aggregation will increase (Barreto et al. 2015). At 12 h, the
medium (DMEM+FBS with AuNPs) was bluer at the highest concentrations of
AuNPs, corroborating the previously described information. According to Zeng et
al. (2012), the surface energy of AuNPs increases with the decrease of the

diameter. Therefore, smaller AUNPs interact more strongly with the compounds
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present in the solution, leading to size-dependent aggregation of AUNPs (Zeng
et al. 2012). In the present study, this was not visually observed. Additionally, at
12 h, all 7 and 40 nm AuNPs already had aggregated/agglomerated. Thus, for
the same concentration, the tested AuNPs sizes displayed similar behaviour in
the test media, in terms of aggregation/agglomeration and stability period.
However, different sizes of aggregates/agglomerates were detected, depending
on the initial size of AUNPs, with aggregates/agglomerates resultant from 40 nm
AuNPs being bigger than those resultant from 7 nm AuNPs.

Regarding Au concentration in the medium, at 24 h, a marked decrease was
observed after exposure to AuNPs. This may be explained by the
aggregation/agglomeration of the NPs and subsequent sedimentation of the
aggregates/agglomerates.

In the available literature, AUNPs toxicity data are often conflicting due to the
variability of the toxicity assays used in terms of cell lines, exposure times,
assessed endpoints, NPs concentrations and chemical/physical properties.
AuNPs have been reported as “nontoxic” according to some in vitro tests (Alkilany
and Murphy 2010; Connor et al. 2005; Luis et al. 2016; Shukla et al. 2005). Shukla
et al. (2005), using RAW264.7 macrophage murine cell line, reported that AUNPs
(size range from 3 to 8 nm; concentrations between 10 and 100 yM) are not
cytotoxic, reducing the production of reactive oxygen and nitrite species and not
eliciting secretion of proinflammatory cytokines, making them suitable candidates
for nanomedicine. Connor et al. (2005) reported that 18 nm AuNPs exposure did
not cause acute cytotoxicity in human K562 cells, at concentrations up to 250 uM.
Luis et al. (2016) also demonstrated in vitro that 7 nm AuNPs (concentrations

between 54 ng.L! to 2.5 mg.L™!) did not affect Mytilus galloprovincialis
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haemolymph' acetylcholinesterase nor gills' GST activities. However, other authors
have reported that AUNPs may present toxicity (Baharara et al. 2016; Goodman et
al. 2004; Li et al. 2010; Pan et al. 2009; Tkachenko et al. 2004). AuNPs (20 nm; 1
nM) induced autophagy with oxidative stress in MRC-5 human lung fibroblasts (Li
et al. 2010). The investigation of Baharara et al. (2016) demonstrated the induction
of apoptosis in human HelLa cell line treated with 100 and 400 pg.mL™* AuNPs
(size range from 10 to 42 nm). HeLa and 3T3/NIH mouse embryo fibroblast cell
lines exposed to AuNPs (20 nm; 0.98 nM) presented decreased cell viabilities
(Tkachenko et al. 2004).

As previously reported, the possible adverse effects of AUNPs may be
attributed to: 1) their interaction with the cell membrane (Goodman et al. 2004);
2) oxidative stress leading to cytotoxicity effects (Pan et al. 2009); 3) the inhibition
of metabolic activity (e.g., leading to mitochondrial damage; Panessa-Warren et
al. 2008); 4) possible damage or alteration in the nuclear DNA (Panessa-Warren
et al. 2008; Schulz et al. 2012). In the current study, AuNPs induced oxidative
stress and damage to different cellular components (DNA strand breaks and lipid
membrane peroxidation), even at low concentrations (4 pg.Lt), with effects
dependent on the AuNPs size, coating and concentration. The 7 nm AuNPs
induced more effects than 40 nm AuNPs. Only 7 nm AuNPs increased LPO
levels. At4 pg.Lt, only 7 nm AuNPs caused DNA damage. This may be explained
by the higher ability of 7 nm AuNPs to be incorporated by the cell comparing with
40 nm AuNPs. An in vivo genotoxic effect of different sizes of AuNPs (2, 20 and
200 nm) was observed by Schulz et al. (2012) in the lungs of rats, with DNA
damage presenting a weak size-related increase of the mean tail intensity (Schulz

et al. 2012). As previously described, 15 nm AuNPs in vitro permeation on rat
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skin was higher and more rapid than 102 and 198 nm AuNPs (Sonavane et al.
2008). In the present study, the 7 nm PVP-AuNPs, which presented the smallest
sizes during the experimental test, were those inducing more pronounced effects
in the liver. For instance, 7 nm PVP-AuNPs induced significantly higher levels of
peroxidative damage than cAuNPs. Comparing 40 nm cAuNPs and PVP-AuNPs,
the latter also induced effects (for instance DNA integrity loss) at concentrations
lower than those induced by cAuNPs. Previous studies also reported different
effects of AUNPs with different coatings (Iswarya et al. 2016; Fraga et al. 2013;
Paino et al. 2012). In a mice model, 96 h exposure to 65 nm PVP-AuNPs induced
more effects in the DNA of liver cells (assessed as DNA strand breaks) than 29
nm cAuNPs (Iswarya et al. 2016). In the present study, in general, the toxicity of
AuNPs was dependent on concentration of nanopatrticles, with the highest tested
concentrations inducing more effects than the lowest tested concentrations,
regardless of the coating and size of AUNPs.

Comparing the present in vitro results with those obtained in in vivo exposures
of S. aurata to AuNPs (Barreto et al. 2019b, 2020), some similar trends were
observed, namely in terms of increases of CAT and GR activities, despite
differences in the exposure length (in vitro: 24 h and in vivo: 96 h). However,
some dissimilar results were also detected. For instance, GST activity was not
altered after in vitro exposures whereas in vivo exposure of 1,600 ug.L* 40 nm
PVP-AuNPs increased hepatic GST activity (Barreto et al. 2019b). LPO levels
were not altered in vitro in the range of concentrations 4 to 1,600 pg.L* although
1,600 pg.Lt of 7 nm cAuNPs increased in vivo liver LPO levels (Barreto et al.
2020). Another interesting finding is that 7 nm cAuNPs were the ones inducing

more adverse effects to S. aurata after in vivo exposure (Barreto et al. 2020)
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whereas 7 nm PVP-AuNPs were the ones inducing more adverse effects to liver
organ culture of S. aurata. These dissimilar results may be due to
aggregation/agglomeration state of AUNPs dependent on the medium where they
are present and the time of exposure. In addition, in the in vivo tests the whole
living organism is used, and a range of mechanisms can occur in different
tissues/organs to protect/eliminate a contaminant whereas in the in vitro test, only
the mechanisms involved in cell, tissue or organ used are evaluated (i.e. the in
vitro models do not represent all the complexity found in an in vivo model).
Therefore, the results may not be always equivalent.

In the present work, gold in the nano form induced more adverse effects in the
liver organ culture of S. aurata than the ionic form. Oxidative damage was only
detected after the exposure to AuNPs. In agreement with the described results,
the study of Barbasz and Oc¢wieja (2016), using two types of human cell lines,
reported a higher cytotoxicity of AuNPs than Au* (Barbasz and Oc¢wieja 2016).
However, other studies reported a higher toxicity of Au* comparing with AUNPs
(Farkas et al. 2010; Luis et al. 2016). Farkas et al. (2010) reported that, in rainbow
trout (Oncorhynchus mykiss) hepatocyte cells, the in vitro exposure to 17.4 mg.L"
L Au* significantly increased ROS levels. At the same concentration, AuNPs did
not have any effect (Farkas et al. 2010). Luis et al. (2016) in another in vitro test
also showed that Au* significantly decreased the haemolymph'
acetylcholinesterase and gills' GST activities of mussel Mytilus galloprovincialis.
However, no significant alterations were found after in vitro exposure to AuNPsS,
regardless of their coating (Luis et al. 2016). A previous 96 h in vivo study with S.
aurata also showed the highest toxicity of Au* comparing with AUNPs (Barreto et

al. 2020). There are few available studies about the possible mechanisms of Au*
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toxic action. Nonetheless, the Au* ability to undergo redox reactions with peptides
and proteins, particularly involving sulfur amino acids, to deprotonate and bind to
peptide amide bonds and cross-link histidine imidazole rings has been reported
(Best and Sadler 1996; Luis et al. 2016). Dissolution can play a critical role in the
fate, behaviour and toxicity of NPs. Some NPs can dissolve quickly in agueous
media and the toxicity of some metal-based NPs, such as zinc oxide NPs and
silver NPs, results from the metal ions released. Contrary, AUNPs are insoluble
and its toxicity is not associated with the release of ions (Peng et al. 2017).

GEM exposure increased CAT and GR activities and LPO levels at the highest
tested concentration but affected the DNA integrity at all the tested
concentrations. In vitro toxicity of GEM was previously reported in the hepatoma
fish cell line PLHC-1 (Zurita et al. 2007) manifested through a reduced protein
content, neutral red uptake, methylthiazol metabolization and lysosomal function.
In vivo, 96 h of GEM exposure increased S. aurata hepatic CAT (at 15,000 pg.L
1) and GR (from 15 to 15,000 pg.L?) activities and LPO levels (at 1.5 pg.L™)
(Barreto et al. 2018).

The effects of the concomitant exposure to AUNPs and GEM were, for many
endpoints, higher than the predicted. A previous 96 h in vivo study also showed
that the effects on S. aurata hepatic CAT and GR activities of the combined
exposures — 40 nm AuNPs with GEM — were higher than the sum of the effects
of each contaminant alone (Barreto et al. 2019b). The prediction of potential
synergistic effects between AuNPs and GEM, found in the present study, is a
relevant finding considering that, in the environment, there is a variety of
contaminants that may interact with each other. To our best knowledge, a single

in vitro study has so far assessed the combined effects of AuNPs and
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pharmaceuticals (carbamazepine and fluoxetine) in aquatic organisms (Luis et al.
2016). It was demonstrated that AuNPs, in combined exposures, may
significantly alter the effects of the pharmaceuticals carbamazepine and
fluoxetine, even at concentrations that may be considered environmentally
relevant. These effects were dependent on the coating of NPs and tested
endpoint. In the present study, the detected effects of the combined exposures
were also dependent on the characteristics of AUNPs, with 40 nm PVP-AuNPs
with GEM inducing more synergistic effects than 40 nm cAuNPs combined with
GEM and 7 nm AuNPs plus GEM.

The liver organ culture of Sparus aurata was sensitive to low concentrations of
the tested contaminants and allowed to differentiate responses to NPs with
different characteristics: size and coating. They also allowed the study of
combined exposures, proving sensitive in discriminating experimental conditions.
Taking into account that the organ cultures involve “the maintenance or growth
of tissues, organ primordia or the whole or parts of an organ in vitro for a period
of 24 h or longer, in a way which may allow differentiation and/or preservation of
architecture and/or function” (Oliveira et al. 2003), this approach showed to be
very useful, supporting its use as an in vitro model. Further studies, analysing
different types of contaminants, are encouraged to understand if the liver organ

culture can be used as an alternative to in vivo testing.

5. Conclusions

The in vitro system used in the present study proved to be a valuable approach
to evaluate the single and combined effects of contaminants, such as

nanoparticles and pharmaceuticals, to aquatic organisms. Gold nanoparticles
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(AuNPs) induced oxidative stress, increasing the activities of catalase and
glutathione reductase, and damage in DNA and cellular membranes, even at low
concentrations (4 ug.L™), in the liver organ culture of Sparus aurata. The effects
were dependent on the size, coating and concentration of AUNPS, being the 7 nm
PVP-AuNPs that induced higher effects. Gold in the nano form caused more
adverse effects than the ionic form of the metal. Additionally, gemfibrozil (GEM)
also induced DNA damage at an environmental relevant concentration (1.5
ug.L™1). In many endpoints, the combined exposures of AUNPs and GEM induced
higher effects than the predicted, being an important finding considering that, in
the environment, there is a diversity of contaminants that may interact with each

other.
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