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“Never give up on what you really want to do.
The person with big dreams is more powerful
that the one with all the facts.”

Albert Einstein



W



ABSTRACT

Over the last decade, concerns have been raised regarding the potential health and environmental
effects associated with the release of oxide nanoparticles (NPs) into ecosystems. This thesis aims to
access the toxicity of six oxide NPs (Al,Os, In,O3, Mn304, NiO, SiO, and SnOy) using as cell models the
yeast Saccharomyces cerevisiae and the freshwater alga Pseudokirchneriella subcapitata.

The yeast S. cerevisiae exposed for 6 h to 100 mg/L NiO NPs presented reduced metabolic activity
and enhanced accumulation of reactive oxygen species (ROS). NiO NPs induced the loss of cell
viability in a dose-dependent manner. Study of the dissolution of NiO NPs in aqueous media with the
toxicological data suggests that the nickel released by the NPs cannot explain all the toxic effects
observed in yeast caused by the NPs. Transmission electron microscopy (TEM) observations revealed
that NiO NPs were adsorbed onto cell surface but did not enter into yeast cells. Isogenic mutants
(ewp1A and cwp2A) with increased cell wall porosity did not display enhanced susceptibility to NiO
NPs compared to the wild type strain. Our results suggest that NiO NPs exert their toxic effect by an
indirect mechanism. Yeast cells exposed to NiO NPs accumulated superoxide anions and hydrogen
peroxide, which are intracellularly generated. Yeast cells co-exposed to NiO NPs and antioxidants
showed quenching of ROS and increased resistance to NiO NPs, indicating that the loss of cell viability
was associated with ROS accumulation. Mutants lacking mitochondrial DNA (p° displayed reduced
levels of ROS and increased resistance to NiO NPs, suggesting the involvement of the mitochondrial
respiratory chain in ROS production. Yeast cells exposed to NiO NPs presented decreased levels of
reduced glutathione (GSH). Mutants deficient in GSHT (gsh1A) or GSH2 (gsh2A) genes displayed
increased levels of ROS and increased sensitivity to NiO NPs. Also, cells exposed to NiO NPs exhibited
typical hallmarks of regulated by apoptosis (loss of cell proliferation capacity, exposure of
phosphatidylserine at the outer cytoplasmic membrane leaflet, nuclear chromatin condensation and
DNA damage) in a process which required de novo protein synthesis. The execution of yeast cell death
induced by NiO NPs is Ycalp metacaspase-dependent, also inducing the reduction of the
mitochondrial membrane potential and the increasing of the frequency of respiratory deficient
mutants. Cells deficient in the apoptosis-inducing factor (aif14) displayed higher tolerance to NiO
NPs, which reinforces the involvement of mitochondria in the RCD by apoptosis.

The Al>O3, In;03, Mn304, SiO; and SnO, NPs displayed a negative charge, agglomeration, insolubility
(dissolution <8 %) and did not generate detectable amounts of ROS under abiotic conditions. The
comparative analysis of the loss of cell viability induced by the NPs with the ions released by NPs,

suggested that SiO; toxicity was mainly caused by the NPs, Al,O; and SnO; toxic effects could be
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attributed to both the NPs and the respective released ions and Mn3O4 harmfulness could be mainly
due to the released ions. MOx NPs induced the loss of metabolic activity and the generation of
intracellular ROS without permeabilization of plasma membrane. The co-incubation of yeast cells with
MOx NPs and ascorbic acid quenched intracellular ROS and significantly restored cell viability and
metabolic activity, indicating that the loss of cell viability was associated with ROS accumulation.

P subcapitata exposed to NiO NPs presented a 72 h-ECso of 1.6 mg/L, which allowed this NP to be
classified as toxic. NiO NPs caused the loss of esterase activity, the bleaching of photosynthetic
pigments and the intracellular accumulation of ROS in the absence of the disruption of plasma
membrane integrity, disturbing the photosynthetic process. A reduction in ®ps; accompanied by a
decrease in the flow rate of electrons through the photosynthetic chain was also observed. The
exposure to NiO NPs led to the arrest of the cell cycle prior to the first cell division, an increase in cell
volume. With other five oxide NPs, using the algal growth inhibition assay and taking into account
the respective 72h-ECs values, it was possible to categorize the NPs as: toxic (Al,O3 and SnOy); harmful
(Mn304 and SiOy) and non-toxic (In,03). The toxic effects were mainly due to the NPs, except for SnO,
NPs, which toxicity can be mainly attributed to the dissolved Sn ions. It was observed that Al,03, Mn3O4
and SiO; induced an algistatic effect most likely as a consequence of the cumulative effect of adverse
outcomes: i) reduction of ®pg; ii) intracellular ROS accumulation and iii) loss of metabolic activity.
SnO: NPs also provoked an algistatic effect probably as a consequence of the reduction of ®ps;i since
no modification of intracellular ROS levels and metabolic activity were observed.

The evaluation of the impact of pH, water hardness and natural organic matter (humic acids, HA), on
Al,O3, NiO and SnO; NPs ecotoxicity and physico-chemical properties in a freshwater was done. A
reduction of the dissolved metals from the NPs was observed with the increase of pH. HA reduced
the dissolved metals and induced the dispersion of algal-Al,O3 NPs hetero-agglomerates.
Additionally, 10 mg/L HA abrogate completely the Al;O3, NiO and SnO; NPs toxic effects studied. The
water hardness did not inhibit the dispersive effect of HA or impaired the protective effect of HA
against NPs toxicity.

Altogether, the results here presented allowed to categorize the toxicity of the six oxide NPs and shed
light on the mechanisms behind NPs toxicity in the yeast and the alga and the importance of organic

matter (HA) on the modulation of MOx NPs toxicity.

Key-words: abiotic factors; ecotoxicity; freshwater; metal(loid) oxide nanoparticles characterization;

oxidative stress; yeasts and algae physiology
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RESUMO

Durante a ultima década, tém aumentado as preocupagdes relativas aos potenciais efeitos toxicos,
associadas a libertagdo de nanoparticulas (NPs) de 6xido de metal(l6ide) (MOx) nos ecossistemas.
Esta tese tem como objetivo avaliar a toxicidade de seis MOx NPs (Al,O3, In;03, Mn304, NiO, SiO; e
Sn0y) utilizando como modelos celulares a levedura Saccharomyces cerevisiae e a alga de dgua doce
Pseudokirchneriella subcapitata.

A levedura S. cerevisiae, exposta durante 6 h a 100 mg/L NiO NPs, apresentou uma reducdo da
atividade metabdlica e um aumento da acumulacdo de espécies reativas de oxigénio (ROS). NiO NPs
induziram a perda da viabilidade celular de uma maneira dependente da sua concentracdo. O estudo
da dissolugdo das NPs em meio aquoso e dos resultados toxicologicos sugerem que o Ni2* dissolvido
ndo explica todos os efeitos tdxicos observados na levedura causados pelas NiO NPs. Por microscopia
eletronica de transmissdao (TEM), foi possivel observar que as NPs ficam adsorvidas na superficie
celular, ndo entrando nas células. Os mutantes isogénicos (cwp 1A e cwp2A), que tém a porosidade da
parede celular aumentada, ndo apresentaram uma maior suscetibilidade as NiO NPs quando
comparado com a estirpe selvagem. Os resultados sugerem que as NiO NPs exercem toxicidade por
um mecanismo indireto. A levedura exposta as NiO NPs acumulou intracelularmente anides
superdxido e perdxido de hidrogénio. Nas células de levedura co-expostas as NiO NPs e a
antioxidantes ocorreu a eliminacdo de ROS e um aumento da sua resisténcia as NiO NPs, indicando
que a perda de viabilidade celular estad associada a acumulagdo de ROS. Os mutantes que nédo
possuem ADN mitocondrial (p°% apresentaram niveis reduzidos de ROS e um aumento da resisténcia
as NiO NPs, o que sugere o envolvimento da cadeia respiratéria mitocondrial na producdo de ROS.
As células de levedura expostas as NiO NPs apresentaram uma diminuicdo da glutationa reduzida. Os
mutantes deficientes nos genes GSH1 (gshTA) ou GSH2 (gsh2A) apresentaram niveis de ROS
superiores e maior sensibilidade as NiO NPs. Além disso, células expostas as NiO NPs exibiram
marcadores tipicos da regulacdo da morte celular por apoptose (perda de capacidade de proliferacao
celular, exposicdo da fosfatidilserina na membrana citoplasmatica externa, condensacao da cromatina
nuclear e danos no ADN) num processo que exigiu a sintese da proteina novo. A execucdo da morte
celular pelas leveduras, induzida pelas NiO NPs, é dependente da metacaspase Ycalp, induzindo
também a reducdo do potencial de membrana mitocondrial e ao aumento de mutantes deficientes
respiratérios. As células deficientes no fator indutor de apoptose (aif1A) apresentaram maior
tolerancia as NiO NPs, o que reforca o envolvimento das mitocondrias na morte celular por apoptose.

As Al;03, In203, Mn304, SiO; e SNO, NPs apresentaram carga negativa, aglomeracao, insolubilidade
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(dissolucdo <8%) e ndo geraram quantidades detetaveis de ROS, em condi¢des abidticas. A analise
comparativa da perda de viabilidade celular induzida pelas NPs e dos i6es dissolvido sugeriu que a
toxicidade das SiO; foi causada principalmente pelos efeitos toxicos das NPs, Al,O3 e SnO; pode ser
atribuida tanto as NPs quanto aos respetivos ides e Mn3O4 pode ser principalmente devido ao ido
dissolvido. As MOx NPs induziram a perda de atividade metabdlica e a geracgao intracelular de ROS,
sem permeabilizagdo da membrana plasmatica. A co-incubacdo da levedura com as MOx NPs e acido
ascorbico eliminou o ROS intracelular, restaurou a viabilidade celular e a atividade metabdlica,
indicando que a perda de viabilidade celular estd associada a acumulacdo de ROS. A alga P.
subcapitata exposta as NiO NPs apresentou um 72h-ECso de 1.6 mg/L o que permitiu que a NP fosse
classificada como toxica. As NiO NPs causaram a perda da atividade esterasica, a redugdo dos
pigmentos fotossintéticos e a acumulagdo de ROS intracelular, na auséncia da rutura da integridade
da membrana plasmatica, perturbando o processo fotossintético. Foi também observada uma
redugdo no ®ps; acompanhada por uma diminuicdo na taxa de fluxo de eletrdes através da cadeia
fotossintética. A exposi¢do as NiO NPs levou a interrupgdo do ciclo celular na primeira divisdo celular
e a um aumento no volume celular. As outras cinco MOx NPs, com o ensaio da inibicdo do
crescimento das algas e os valores do 72h-ECso obtidos, foram categorizadas como: toxicas (Al,Os e
Sn0»); nocivas (Mn304 e Si0O,) e ndo toxica (In203). Os efeitos toxicos foram devidos as NPs, exceto
nas SnO; NPs, cuja toxicidade pode ser atribuida principalmente aos ides Sn dissolvidos. Al,03, Mn3O04
e SiO; induziram um efeito algistatico, provavelmente como consequéncia dos efeitos cumulativos
adversos: i) reducao de ®pg; ii) acumulacao intracelular de ROS e iii) perda de atividade metabdlica.
As SnO; NPs também provocaram um efeito algistatico provavelmente como consequéncia da
redugdo de @ps), uma vez que ndo foram observadas alteragdes na acumulagdo de ROS e na atividade
metabdlica. A avaliacdo do impacto do pH, dureza da adgua e matéria organica natural (acidos
humicos, AH) na ecotoxicidade e nas propriedades fisico-quimicas das NPs de Al,Os3, NiO e SnO; em
agua doce foi realizada. Com o aumento do pH e dos AH foi observada uma reducdo do metal
dissolvido das NPs. Os AH induziram a dispersdo dos hetero-aglomerados. Os 10 mg/L de AH
anularam os efeitos toxicos de Al,Os, NiO e SnO; NPs. A dureza da agua ndo inibiu o efeito dispersivo
dos AH nem prejudicou o seu efeito protetor contra a toxicidade das NPs. Tendo em conta os
resultados aqui apresentados, foi possivel classificar a toxicidade das seis MOx NPs, mostrar os seus

possiveis mecanismos da toxicidade na levedura e na alga e a importancia dos AH na sua toxicidade.

Palavras-chave: Agua doce; caraterizacdo das nanoparticulas de o6xido de metal(lide);

ecotoxicidade; fatores abioticos; fisiologia da levedura e da alga; stress oxidativo
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presented (vertical error bars); where no error bars are shown, SD are within the points. The
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are presented (vertical error bars); where no error bars are shown, SD are within the points. Insert:
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Standard deviations are presented (vertical error bars). The means with different letters are
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Figure 3.8. NiO NPs adhere to cell wall of the yeast S. cerevisiae BY4741 but are not internalized. A
and B - Representative transmission electron microscopy (TEM) images of cells incubated with
100 mg/L NiO NPs or without NPs (control) for 6 h, in MES buffer, respectively. Boxes 1 and 2:
electron dense particles adhered to yeast cell wall. Right panel of A — high magnification images
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PM — plasma membrane; V — vacuole. C — Effect of wall porosity on the susceptibility of S.
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Figure 4.1. Possible pro-oxidant effect of NiO NPs and Ni2*. NiO at 100 mg/L and Ni®* at 79 mg/L
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is a typical example of an experiment performed three times; the data represent the mean (+ SD)
of four fluorescent readings. Mean value with asterisk is significantly different: *P<0.05 in
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Figure 4.2. Impact of antioxidants on the yeast S. cerevisiae exposed to NiO NPs. Cells were exposed

up to 100 mg/L NiO in MES buffer, with 20 g/L glucose, for 6 h, in the absence of an antioxidant
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(NiO) or co-exposed to 10 mmol/L L-ascorbic acid (NiO+AA) or 2 mmol/L N-tert-butyl-a-
phenylnitrone (NiO+PBN). A — Levels of intracellular ROS quantified using H.DCFDA. NiO
concentration: 100 mg/L; control: cells incubated in MES buffer in the absence of antioxidants
and NiO NPs. This is a typical example of an experiment performed three times; each bar
represents the mean of four fluorescent readings. B — Cell viability assessed by colony-forming
units (CFU) counting on YEP agar. The data represent the mean (+ SD) of three independent
experiments. Standard deviations (SD) are presented (vertical error bars). Means with different

letters are significantly different (P<0.05; ANOVA). ...t sesesessssssssessssssssssssssssssssssssssenns 56

Figure 4.3. NiO NPs induce high intracellular O2~ and HzO: levels in S. cerevisiae. A — Visualization by
fluorescence microscopy of intracellular accumulation of O, (using DHE probe) or H,O; (using
H,DCFDA and DHR123 probes). Yeast cells were incubated for 6h in the absence (control) or
presence of 100 mg/L NiO NPs. B — Kinetics of intracellular ROS generation evaluated using DHE,
H,DCFDA and DHR123, respectively. This is a typical example of an experiment performed at
least three times. The data represent the mean of four fluorescent readings. Standard deviations

(SD) are presented (vertical error bars); where no error bars are shown, SD are within the points.

Figure 4.4. Role of mitochondria in the production of ROS induced by NiO NPs. A-D - Comparison
of the effects caused by NiO NPs on S. cerevisiae BY4741 wild-type (WT) and the respective
isogenic p® mutant. A — Levels of O, detected using DHE. B, C — Levels of H,0O. detected with
H.DCFDA and DHR123, respectively. D — Cell viability, evaluated by CFU counting on YEP agar. E
and F — Influence of the atmosphere on WT cells exposed to NiO NPs. WT cells were incubated
under normal (air) or nitrogen (N) atmosphere. E — Levels of ROS detected with H,DCFDA. F —
Cell viability, evaluated by CFU counting on YEP agar. A, B, C and E are typical examples of an
experiment performed three times. The data represent the mean of four fluorescent readings. D,
F — represent the mean of three independent experiments. Standard deviations (SD) are
presented (vertical error bars). Means with different letters are significantly different (P<0.05;
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Figure 4.5. Involvement of the reduced glutathione (GSH) in the protection against the toxicity of
NiO NPs. Yeast strains, in the absence (control) or presence of NiO NPs, were incubated in MES
buffer for 6h. A — Photomicrographs obtained by fluorescence and phase-contrast microscopy
of S. cerevisiae BY4741 cells incubated in the absence or presence of 100 mg/L NiO NPs. After

incubation, cells were stained with mBCI. Cells non-exposed to NiO exhibited blue fluorescence
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(formation of bimane-glutathione conjugates), which was absent in cells exposed to NiO NPs. B
— Intracellular level of GSH in S. cerevisiae BY4741, estimated by measuring the fluorescence
signal after staining with mBCl. C — Cell viability of S. cerevisiae BY4741 wild-type (WT) and the
isogenic GSH-deficient mutant strains gsh7A and gsh2A. Cell viability was evaluated by CFU
counting on YEP agar. The data represent the mean (+ SD) of three independent experiments. D
— Intracellular levels of ROS detected with HoDCFDA. Experiments of fluorescence measurements
(B and D) are typical examples of an experiment performed three times. The data represent the

mean (x SD) of four fluorescent readings. Means with different letters are significantly different

(P<O.05; ANOVA). ..ot ses ettt ses ettt 60

Figure 4.6. Susceptibility of S. cerevisiae BY4741 and the isogenic mutant strains lacking enzymatic
defences against oxidative stress to NiO NPs. Cell viability of S. cerevisiae BY4741 wild-type (WT),
and mutants was evaluated by CFU counting on YEP agar. The data represent the mean (+ SD)

of three independent experiments. Means with different letters are significantly different (P<0.05;
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Figure 5.1. Cell viability and plasma membrane integrity in yeast cells of S. cerevisiae BY4741 exposed
to NiO NPs. Cells were suspended in MES buffer in the absence (control) or presence of 100 mg/L
NiO NPs. A — Cell viability evaluated by colony forming units (CFU) counting. B — Membrane
permeability assessed by propidium iodide (PI) exclusion. C — Membrane polarization monitored
by Oxonol (Oxo) exclusion. D — Photomicrographs of cells not exposed (control) or exposed to
100 mg/L NiO for 24 h and then double stained with Pl and Oxo. Cells were visualized by
florescence, using the filter set 13 (green and orange-red fluorescence), GFP (green fluorescence)
or N2.1 (orange-red fluorescence), or by phase-contrast microscopy. The data represent the

mean (+ SD) of at least three independent EXPErMENTS. ... sesssessssenns 78

Figure 5.2. Yeast cells of S. cerevisiae BY4741 exposed to NiO NPs exhibited typical apoptotic
hallmarks. Cells were suspended in MES buffer in the absence (control) or presence of 100 mg/L
NiO NPs. A - Visualization of cells double stained with Annexin V-FITC/PI; fluorescence
microscopy and respective phase contrast images (right side). B — Evolution of the percentage of
apoptotic cells (Annexin +/PI-). C - Cell viability, in the absence (NiO without cyh) or the presence
(NiO with cyh) of the protein synthesis inhibitor cycloheximide (cyh), evaluated by CFU counting.
D - Photomicrographs of cells stained with DAPI; fluorescence microscopy and respective phase
contrast images (right side). Control cells presented homogeneous round nucleus and

mitochondria (arrows). Mitochondria appeared as small dots predominantly located at the
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periphery of the cells. Cells treated with NiO NPs for 24 h displayed kidney (middle panel) or ring
(bottom panel) shape nucleus, characteristic of apoptotic cells; in these cells, it was not possible
to visualize mtDNA. E — Determination of cells exhibiting chromatin condensation (apoptotic
nuclei) monitored by fluorescence microscopy after DAPI staining. The data represent the mean
(+ SD) of at least three independent experiments. Mean values are significantly different: *P<0.05

in comparison with untreated cells (control); unpaired t test.........coorermrrrrerrrerreesneesseeseeesse e 79

Figure 5.3. NiO NPs induces depolarization of the mitochondrial membrane (AWm) in S. cerevisiae
BY4741. Cells were exposed for 24 h in the absence (control) or presence of 100 mg/L NiO NPs
and, subsequently, stained with DiOCs(3). A — Visualization of yeast cells. Arrow 1: cells with
decreased green fluorescence; arrow 2: cell that failed to accumulate DiOCe(3). Fluorescence
microscopy (left side) and respective phase contrast images (right side). B— AWm monitored with
the probe DiOCe(3). This is a typical example of an experiment performed at least three times.

The data represent the mean (= SD) of five fluorescent readings. Mean values marked with * are
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GFP (green emission) or N2.1 (orange-read emission), or by phase-contrast microscopy........... 81

Figure 5.5. NiO NPs induces cell death Ycalp and Aif1p-dependent in S. cerevisiae BY4741. Viability
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The data represent the mean (+ SD) of at least three independent experiments. Mean values are

significantly different: *P<0.05 in comparison with untreated cells (control); unpaired t test..... 82
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The data represent the mean (+ SD) of at least three independent experiments. Mean values are
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Figure 6.1. Nanoparticles properties in aqueous suspension. NPs were suspended at 100 mg/L in
water, YEP or 10 mmol/L MES buffer, in the absence of yeast cells, and were incubated at 150rpm
for 24 h. A — Z-average diameter. B — Zeta potential. C — Dissolved metal(loid) from the NPs after
24 h of incubation. The data represent the mean values of at least three independent
experiments, performed in duplicate (n>6); standard deviations are presented (vertical error
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Figure 6.2. Nanoparticles suspensions in MES buffer. The NPs were suspended at a final concentration
of 100 mg/L and agitated at 150 rpm for 24 h, at 30 °C. Right-side images: bottom of the

Erlenmeyer flasks after 24 h of iINCUDAION. ...t eseesesieeens 103

Figure 6.3. Sedimentation profiles of the nanoparticles in different media. The NPs were suspended
in YEP or MES buffer, at a final concentration of 100 mg/L and agitated at 150 rpm for 24 h, at
30 °C. The data are presented as mean values from at least three independent experiments
performed in duplicate (n>6); standard deviations (SD) are presented (vertical error bars); where

no error bars are shown, SD are Within the POINTS. ... sssseess 104

Figure 6.4. Influence of yeast cells on nanoparticles dissolution. NPs were suspended at 100 mg/L in
YEP broth or 10 mmol/L MES buffer, in the presence of yeast cells, and were incubated at 150
rpm for 24 h. The data represent the mean values of at least three independent experiments,

performed in duplicate (n>6); standard deviations are presented (vertical error bars)................ 105

Figure 6.5. Impact of the nanoparticles and respective metal ions on yeast growth and cell viability.
Yeast cells were exposed to the different toxicants in YEP broth (A and B) or in MES buffer (C and
D) and the growth (growth inhibition assay) or the cell viability (colony forming units, CFU,
counting) was assessed after 24 h. The data are presented as mean values from at least three
independent experiments performed in duplicate (n>6); standard deviations are presented
(vertical error bars). Mean values are significantly different: *P<0.05 in comparison with untreated

Cells (CONTION); UNPAIFEA T EOST. ...ttt ettt sttt st 107

Figure 6.6. Comparison of the effect of the nanoparticles, the respective supernatants or by the
dissolved metal on yeast cells. Yeasts were exposed for 24 h to the different NPs (100 mg/L), in
MES buffer, or to the respective supernatants or to the respective dissolved metal. Cell viability
was evaluated by colony forming units (CFU) counting. The data are presented as mean values

from at least three independent experiments performed in duplicate (n>6); standard deviations

are presented (VErtiCal €rror DAIS). ...ttt sess st ssss e ss st sttt ss st sssesssessseses 108



Figure 6.7. Influence of the nanoparticles on membrane integrity and metabolic activity of yeast cells.
Yeasts were exposed for 24 h to 100 mg/L of the different NPs in MES buffer; control: cells
incubated in MES buffer in the absence of NPs. A — Membrane integrity assessed by propidium
iodide (Pl) exclusion assay. B and C - Quantification of the percentage of metabolically active
cells; yeasts were stained with FUN-1 or FDA, respectively. D - Assessment of esterase activity by
the hydrolysis of FDA. The data are presented as mean values from at least three independent
experiments performed in duplicate (n>6); standard deviations are presented (vertical error bars).

Mean values are significantly different: *P<0.05 in comparison with untreated cells (control);
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Figure 6.8. L-ascorbic acid reverts the toxic effects induced by the nanoparticles on yeast cells. A -
Assessment of the possible pro-oxidant effect of MOx NPs. NPs at 100 mg/L were incubated with
H>DFC in MES buffer, for 24 h. Blank and positive control were obtained by incubating the H.DCF
probe in MES buffer or with 26 umol/L H,O, respectively. B — Evaluation of the oxidative stress
induced by MOx NPs. Yeast cells were incubated with 100 mg/L NPs, in MES buffer for 24 h,
without (NPs) or with 10 mmol/L L-ascorbic acid (NPs+AA); control: cells incubated in MES buffer
in the absence of NPs, without (light blue) or with AA (light orange). Levels of intracellular ROS
were quantified using H.DCFDA. C and D - yeast cells co-exposed to 100 mg/L MOx NPs and 10
mmol/L AA, in MES buffer, for 24 h; control: cells incubated in MES buffer, with AA, in the absence
of NPs. C — Evaluation of cell viability by colony forming units (CFU) counting. D — Metabolic
activity assessed through the hydrolysis of FDA. The data are presented as mean values from at
least three independent experiments performed in duplicate (n>6); standard deviations are
presented (vertical error bars). A, C and D - mean values are significantly different: *P<0.05 in
comparison with untreated cells (control); unpaired t test. B - means with different letters are
significantly different (P<0.05); one-way ANOVA followed by Tukey-Kramer multiple comparison
INETNOM. ..otttk R e 111

Figure 7.1. Characterization of NiO NPs suspensions in OECD medium. A - Macroscopic aspect of
NiO NPs suspensions; inset: high magnification image of NPs agglomerates, limited by the white-
box. B - Evolution of NiO NPs sedimentation over the time. NiO NPs were suspended in OECD
medium at a final concentration of 4 or 10 mg/L. C - Ni released by NiO NPs in OECD medium.
The data represent the mean values of at least three independent experiments, performed in

duplicate (n>6); standard deviations (SD) are presented (vertical error bars). Where no error bars

are shown, SD are Within the POINTS. ...ttt ettt ss et ss e ssenes 130
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Figure 7.2. Influence of algal cells in NiO NPs agglomeration. A — NPs were suspended in OECD
medium at 4 mg/L in the absence or inoculated with 5x10* algal cells/mL. Suspensions were
agitated for 72h at 100 rpm A — Erlenmeyer flasks without or with algal cells in the presence of 4
mg/L NiO, respectively. Inset: high magnification images of white boxes. B — Microscopy images
of NiO NPs suspensions, in OECD medium, showing the interior of the agglomerates with

entrapped algal cells. C — NiO NPs attached to P. subcapitata algal cells surface..........ccooucu....... 131

Figure 7.3. Dose-response curves of P. subcapitata exposure to NiO NPs or Ni?* in OECD medium.
The data are presented as mean values from at least three independent experiments performed
in duplicate (n>6); standard deviations (SD) are presented (vertical error bars). Where no error

bars are shown, SD are Within the POINTS. ... s 132

Figure 7.4. Impact of NiO NPs on the plasma membrane integrity and growth of P. subcapitata. Algal
cells were exposed to 1.1, 1.6 and 4 mg/L NiO, which correspond or are close to 72h-ECyo, 72h-
ECso and 72h-ECq values, respectively. A - Impact of NiO NPs on plasma membrane integrity.
Cells were incubated without (control) or with NiO NPs for 72 h (3 days) or 144 h (6 days).
Membrane integrity was assessed by SYTOX Green exclusion. B — Evolution of the growth of P.
subcapitata in OECD medium in the absence (control) or the presence of NiO NPs. The data are
presented as mean values from at least three independent experiments performed in duplicate
(n>6); standard deviations (SD) are presented (vertical error bars). Where no error bars are shown,
SD are within the points. A - The means for a given incubation time are not significantly different

(P<0O.05) (ANOVA). ..ottt tes st is bbbttt ettt ettt bttt ettt entses 133

Figure 7.5. Impact of NiO NPs on the metabolism and ROS production by P. subcapitata. A- Metabolic
activity was assessed through the hydrolysis of FDA (esterase activity assay). Algal cells were
incubated in the absence or the presence of NiO NPs, in OECD medium, for 72 hours. B — Possible
production of abiotic ROS by NiO NPs and Ni2*. NiO at 4 mg/L or Ni?* at 3.1 mg/L were incubated
with Ho.DFC in OECD medium, for 72 h, in the dark. Blank and positive control were obtained by
incubating the H,DCF probe in OECD medium or with 26 uM H,O,, respectively. C - Visualization
of control (cells incubated in the absence of NiO, without ROS) and cells exposed for 72 h to 4
mg/L NiO NPs showing intracellular ROS (green fluorescence) (left side, GFP filter). Algal auto-
fluorescence was observed with N.21 filter. Phase-contrast images (right side). D — Assessment
of intracellular ROS in algal cells incubated for 72 h in OECD medium in the absence or in the
presence of NiO NPs. The data are presented as mean values from at least three independent

experiments. In each experiment, five fluorescent readings were performed (n>15). Standard
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deviations are presented (vertical error bars). Statistical differences were subject to ANOVA. The

results with asterisks are significantly different (P<0.05). ...cc..coovvrmrirmrrnnrrnnisnnssenessssssessssssssessssesseenns 135

Figure 7.6. Effect of NiO NPs on the mitochondria membrane potential (AWm) of P. subcapitata. Algal
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were incubated with DiOCs. As negative control, algal cells after grown in the absence of toxicant
were treated with 50 umol/L of carbonyl cyanide m-chloropheny! hydrazone (CCCP) and then
stained with DiOCs. The data are presented as mean values from at least three independent
experiments, performed in duplicate (n>6); standard deviations are presented (vertical error
bars). Statistical differences were subject to ANOVA. The result with an asterisk is significantly
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Figure 7.7. Evaluation of pigment content and photosynthetic parameters in P. subcapitata exposed
to NiO NPs. Algal cells were incubated for 72 h in OECD medium in the absence or in the presence
of NiO NPs. A - Photosynthetic pigments: chlorophyll a (Chl a), chlorophyll b (Chl b) and
carotenoids. B - Maximum quantum vyield of PSIl (F./Fn). C - Effective photochemical quantum
yield of PSIl (®psy). D - Coefficient of photochemical quenching (gP). E — Relative electron
transport rate (rETR); F -Non-photochemical quenching (NPQ). The data are presented as mean
values from at least three independent experiments, performed in duplicate (n>6); standard
deviations are presented (vertical error bars). Statistical differences were subject to ANOVA. The

results with asterisks are significantly different (P<0.05). .....ocorrmrrmeenneeneeireceneeseeeseeeseeeseseseeeeees 138

Figure 7.8. Impact of NiO NPs on P. subcapitata bio-volume and cell cycle. Algal cells were incubated
for 72 h in OECD medium in the absence or in the presence of NiO NPs. A — Algal biovolume was
determined assuming that P. subcapitata generally conforms to the shape of a sickle-shaped
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Figure 8.1. Physico-chemical characterization of the nanoparticles in water and in OECD medium.
NPs were suspended in water or OECD medium, at 72h-ECs values, except for In,O3 NPs, which
were suspended at 100 mg/L. A and B — Z-average diameter and zeta potential, respectively, at
0 h (immediately after suspension of the NPs). C — Dissolved metal(loid) from the NPs at 72 h.
The data represent the mean values; standard deviations are presented as vertical error bars. The
hydrodynamic size and zeta potential measurements were performed one time in duplicate; in
each measurement, ten repetitions were considered. NPs solubility experiences were carried out

at least three times in dUPliCate (N26). ...t sssss sttt ss s sss 157

Figure 8.2. Sedimentation profile of the nanoparticles in OCED medium. NPs were suspended in
OECD medium at 100 mg/L and incubated for 72 h, at 100 rpm, at 25 °C, in the absence of algal
cells. At defined times, samples were collected and the absorbance was measured
spectrophotometrically at 600nm. The data are presented as mean values from at least three
independent experiments performed in duplicate (n>6); standard deviations are presented
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Figure 8.3. Macroscopic observations of the nanoparticles suspended in OECD medium. NPs were
suspended in OCED medium at a concentration corresponding to the 72h-ECq value, except for
In203 NPs, which were suspended at 100 mg/L, in the absence of algal cells. Suspensions were

incubated for 72 h, at 100 rpm, at 25 °C. Right-side images: bottom of the Erlenmeyer flasks.

Figure 8.4. Dissolved metal(loid) from the nanoparticles. NPs were suspended in OCED medium, in
the absence of algal cells, at 100 mg/L and incubated for 72 h in the same conditions described
in Fig 8.3. The data are presented as mean values from at least three independent experiments

performed in duplicate (n>6); standard deviations are presented (vertical error bars)................ 160

Figure 8.5. Dose-response curves of the nanoparticles or the respective metals ions. A and B — Algal
cells of P. subcapitata exposed to NPs or to metal ions, respectively, in OECD medium, for 72 h.
The data are presented as mean values from at least three independent experiments performed

in duplicate (n>6); standard deviations are presented (vertical error bars).........cccooveceneernerrnrennnes 160

Figure 8.6. Possible toxic mechanisms of the nanoparticles. A — Microscopic visualization of algal-NPs
agglomerates. Algal cells were incubated with NPs for 72 h, at a concentration corresponding to
72h-ECyovalues. B — Evaluation of abiotic ROS production by nanoparticles. NPs were suspended

in OECD medium at a concentration corresponding to 72h-ECso values and incubated for 72 h in
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the same conditions of the biotic assays. Blank and positive control were prepared by incubating
the H,DCF probe with OECD medium or 26 pmol/L H,O;, respectively. The data represented the
mean values from at least three independent experiments performed in duplicate (n>6); standard
deviations are presented (vertical error bars). The mean values were subject to one-way ANOVA,
followed by Tukey-Kramer multiple comparison method; the result with asterisk is significantly
different (P<0.05). C — Theoretical algal growth inhibition. Growth inhibition was calculated
considering the metal ions released from NPs, at a concentration corresponding to 72h-ECsp

values, and dose-response curves of the metals (Fig 8.5B)......cccc.couvnrermrermreernrennrennrenesesesesesesesennens 162

Figure 8.7. Effect of nanoparticles on cell membrane integrity and growth of P. subcapitata. Algal
cells were incubated in OECD medium in the absence (control) or in the presence of NPs, at a
concentration corresponding to 72h-ECgo values. A — Cell membrane integrity, evaluated by
SYTOX Green exclusion assay, after the exposure of algal cells to NPs for 72 h or 144 h. B — Algal
growth. The data are presented as the mean values from at least three independent experiments
performed in duplicate (n>6); standard deviations are presented (vertical error bars). A — Means

for 72 h or 144 h are not significantly different (P<0.05; ANOVA).......ccoovomrommrrmrrrnnrernseesnssesnssesnssenns 165

Figure 8.8. Influence of the nanoparticles in the metabolic activity of P. subcapitata. Algal cells were
incubated in the absence or in the presence of NPs, for 72h, in OECD medium. Esterase activity
was evaluated by the quantification of the hydrolysis of FDA. The data are presented as mean
values from at least three independent experiments; in each experiment, five fluorescent readings
were performed (n>15). Standard deviations are presented (vertical error bars). Statistical

differences were subject to ANOVA. The means with asterisks are significantly different (P < 0.05).

Figure 8.9. Evaluation of intracellular ROS accumulation by P. subcapitata exposed to nanoparticles.
Algal cells were incubated in the absence or in the presence of NPs, in OECD medium, for 72h.
Intracellular accumulation of ROS was detected using H.DCFDA. The data are presented as mean
values from at least three independent experiments; in each experiment, five fluorescent readings
were performed (n>15). Standard deviations are presented (vertical error bars). Statistical

differences were subject to ANOVA. The means with asterisks are significantly different (P < 0.05).

Figure 8.10. Photosynthetic performance of algal cells exposed to the nanoparticles. Algal cells were

incubated in absence or the presence of NPs, in OECD medium, for 72 h. Effective photochemical
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quantum yield of PSII (®ps))) was accessed using PAM fluorescence assay. The data are presented
the mean values from at least three independent experiments, performed in duplicate (n>6);
standard deviations are presented (vertical error bars). Statistical differences were subject to

ANOVA. The results with asterisks are significantly different (P < 0.05).....ccocooerommircrrrrcnnrrrenrrnnrinenns 168
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Chapter 1 - Introduction






1.1. Relevance and aims

The industrial development and the increase of consumption are increasing the demand of cost-
effective and easy-to-handle materials, such as nanoparticles (NPs). Metal(loid) oxide (MOx) NPs due
to their easy manipulation and synthesis are increasing their usage, presenting a small size (< 100
nm) and distinct physico-chemical characteristics (Andreescu et al, 2012; Fernandez-Garcia and
Rodriguez, 2007). The extensive usage of MOx NPs is increasing concerns in scientific community and
regulatory agencies about the impact in humans and the release in the environment, such as aquatic
environments, which emphasizes the importance of evaluation of NPs potential hazard.

The aim of the present thesis was the evaluation of the physico-chemical properties of six MOx NPs
(Al203, In203, MNn304, NiO, SiO2 and SnO;) and the impact using the yeast Saccharomyces cerevisiae as
a eukaryotic cell model and the alga Pseudokirchneriella subcapitata as ecologically relevant model

organism.

1.2. Outline

This thesis is organized in ten Chapters. Chapter 2 includes a bibliographic review about the subjects
addressed in this thesis. From Chapters 3 to 9, the experimental work is described and the results are
presented and discussed. Chapter 3 assessed the physico-chemical properties of NiO NPs in media
and the potential hazards of NiO NPs using the yeast S. cerevisiae as a cell model, analyzing the
proliferation capacity, metabolic activity and the intracellular reactive oxygen species (ROS)
production. Chapter 4 aimed to elucidate whether the toxic effects of NiO NPs on the yeast were
associated with oxidative stress (OS) and what mechanisms may contribute to this OS. The Chapter 5
evaluated the involvement of caspase- and mitochondria-dependent apoptosis in yeast caused by
NiO NPs. Chapter 6 analyzed the physico-chemical properties of five MOx NPs (Al;O3, In;03, Mn30s,
SiOz and SnOy), the possible toxic impacts and the respective modes of action using the yeast as a
cell model. At Chapter 7, the potential hazards of NiO NPs were investigated using the ecologically
relevant freshwater alga P. subcapitata and NiO NPs were characterized according to: agglomeration,
surface charge, stability and abiotic ROS production. Chapter 8 presented the physico-chemical
properties of five oxide NPs (Al;O3, In203, Mn304, SiO, and SnO;) and the toxicity caused in the
freshwater alga P. subcapitata. At Chapter 9, the influence of surface water parameters (pH, organic
matter and water hardness) in the toxicity of three MOx NPs in P. subcapitata were studied. Chapter

10 contained a global conclusion and possible work that can be considered in the future.
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2.1. Introduction

According to the Environmental European Commission, nanoparticle (also named nanomaterial) is a
material with a size range between 1 and 100 nm, which can be formed naturally or manufactured
(EEC, 2011). In general, all international organizations are in agreement with this description, without
distinction among nanoparticles and nanomaterials. However, for example, Scientific Committee on
Consumer Products (SCCP) and British Standards Institution (BSI) described nanoparticles as a particle
with at least one side in the nanoscale range and nanomaterials as a material with at least one side
or internal structure in the nanoscale size (Horikoshi and Serpone, 2013).

Due to their specific and diverse characteristics, nanoparticles (NPs) can be divided in different groups,
taking into account their morphology, size and chemicals properties (Khan et al., 2017). The most
common groups of NPs are: carbon-based, metal(loid) oxide (MOx), semiconductor (such as quantum
dots), zerovalent metals (like iron or gold) and polymeric (Khan et al., 2017; Klaine et al., 2013).
Carbon-based NPs (CBN) are widely used in industry due to their properties, such as macromolecular
structure, electrical conductivity and optical characteristics (Cha et al., 2013; Klaine et al., 2013). Carbon
nanotubes (CNT) are the most common and used CBN, synthetized by graphite using arc discharge
or chemical vapor deposition (Cha et al., 2013). Oxide NPs are very common because of their easy
synthesis; they present a large range of technological applications, such as in medicine,
telecommunications, catalysis, energy storage and sensing (Corr, 2012). Semiconductor NPs, such as
quantum dots, have properties of metals and non-metals, with a reactive core that controls their
optical properties (Klaine et al., 2013). They can be used in photocatalysis, photo optics and medical
imaging (Sun et al., 2000). In case of nano zerovalent metals, their properties can be changed by
varying the reductant type and the synthesis conditions (Klaine et al., 2013). They can be used mainly
to degrade contaminants in the environment but also in medicine (Roberts et al., 1996). Polymeric
NPs are normally organic and present a shape of nanospheres or nanocapsular (Khan et al.,, 2017).
Due to their multifunctional capability, they can be used in biology, material sciences and catalysis
(Klaine et al., 2013). The examples presented above demonstrate the versatility of NPs, not only
because of their different properties but also due to their easy adaptation to be used in a variety of
fields.

NPs in the environment can contaminate soils, water (such as surface water) and, consequently,
interact with organisms. Taking into account that NPs are considered an important emerging
contaminant, potentially high-risk (Wilkinson, 2013), the knowledge of their toxicity and behavior in

the environment is an important issue. The toxicity caused by MOx NPs and their physico-chemical



properties are not very well studied and understood. In this chapter, it was reviewed the most
common physico-chemical properties of six oxide NPs (Al,Os3, In,03, Mn304, NiO, SiO; and SnO;) and
their implications in toxicity, as well as the main mechanisms of MOx NPs toxicity, using

microorganisms as cell models.

2.2. Metal(loid) Oxide Nanoparticles

MOx NPs have been widely used in different fields (Klaine et al., 2013). Due to their different
geometries with an electronic structure, uncommon redox and catalytic properties, high surface area
and good mechanical stability, MOx NPs can have a metallicc semiconductor or insulator
characteristics (Andreescu et al., 2012; Fernandez-Garcia and Rodriguez, 2007). The applications of
MOx NPs in technological fields can be in microelectronic circuits, sensors, fuel cells and catalysis
(Fernadndez-Garcia and Rodriguez, 2007). However, the use of MOx NPs in biomedical applications are
becoming very common and in the recent years it has increased, such as in medical implants, cancer
diagnosis, therapy and bio-imaging (Andreescu et al., 2012). These vast usage and applications of
MOx NPs transport concerns about the impact in organisms and their toxicity, as well as their

mechanisms of action in different organisms.

2.2.1. Physico-chemical properties
The exponential rise of NPs use is due, in part, to a particular property: small size (Sajid et al., 2015).
NPs have a high superficial area per weight, which increases exponentially by decreasing the particles
size, becoming these particles more reactive and toxic (Sajid et al., 2015; Shin et al., 2015). Therefore,
it is important to study and understand the most important and common physico-chemical properties

of NPs, such as: size, surface area and surface charge (Fig 2.1).

2.2.1.1 Size
Particle size can be described as the diameter of a spherical particle. However, nanoparticles are rarely
spherical. Therefore, their size can be presented as volume diameter or hydrodynamic diameter
(Powers et al., 2006). Particle size can have an impact of MOx NPs toxicity in organisms because (i)
size controls the type of interactions between NPs and organisms; (ii) size determines how the NPs
enter into the organism; (iii) size can empower the mechanisms of NPs toxicity (inducing mutagenicity,
apoptosis or necrosis), and (iv) size influences the surface area, changing NPs reactivity and toxicity

(Powers et al., 2007). Particle size can be modified by pH, ionic strength, surface tension and



conductivity, once these parameters can interfere with NPs agglomeration or dissolution (Abyadeh et
al., 2017; Jiang et al., 2009).

The most common methods for size characterization are dynamic light scattering (DLS), transmission
electron microscopy (TEM), scanning electron microscope (SEM), atomic force microscopy (ATM) and
nanoparticle-tracking analysis (NTA) (Love et al, 2012). In the present thesis, the NPs size

characterization was carried out using DLS and TEM (please see Chapters 3, 6, 7 and 8).

Surface charge g
i J

H Size

Surface area

Figure 2.1. Surface charge, size and surface area of a nanoparticle. NPs presents high superficial area (internal area) with small
particle sizes (< 100 nm), which make these particles more reactive and toxic. Surface charge is the particle dispersion properties
in suspension.

2.2.1.2 Surface charge
The importance of to study the surface charge is related to the understanding of the particle
dispersion properties in a medium, the influence of surface charge in the adsorption of ions or
biomolecules and reaction with organisms (Powers et al., 2006). The surface charge of MOx NPs can
be measured through the zeta potential. The zeta potential can be described as the electrical potential
in the interfacial double layer of a particle disperse in medium (Fig 2.2) (Lu and Gao, 2010). A
nanoparticle, when suspended in a medium, will form two regions: an inner region and an outer
region. In the first one, ions (with an opposite charge compared with the nanoparticle surface) are
strongly bound into the nanoparticle surface (Stern layer) (Fig 2.2) (Lin et al., 2014). In the outer region,
ions are not strongly attached and form an electrical double layer (Fig 2.2) (Lin et al., 2014). The
potential formed in the outer region is called zeta potential (Fig 2.2). The factors that can alter the
zeta potential are: pH, ionic strength, others particles concentration and temperature (Lu and Gao,

2010). The MOx NPs zeta potential indicates their stability in suspensions: at lower zeta potential



values (positive or negative values), MOx NPs become instable in suspension and tend to agglomerate
(Lin et al,, 2014).

The measurement of zeta potential is usually made by electrophoretic light scattering (ELS) and
nanoparticle-tracking analysis (NTA) (Love et al.,, 2012). In the present thesis, the zeta potential of the

NPs was determined using ELS (please see Chapters 3, 6, 7 and 8).

Surface charge 0 _ o 9 Stern layer

{ ' Nanoparticle Double layer

(Zeta potential)
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Figure 2.2. Zeta potential of a nanoparticle disperse in a medium. A suspended NP presents two regions: an inner region (Stern
layer) and an outer region formed by an electrical double layer (zeta potential).

2.2.1.3 Surface area

Surface area is the interfacial area, external (geometric surface area) or internal (if the nanoparticle is
porous), of a nanoparticle (Powers et al., 2006). Such as particle size, surface area defines the
interactions between nanoparticles and organisms or environment, as well as their distribution and
elimination (Gatoo et al., 2014). This property is important in MOx NPs toxicity once, increasing the
surface area, the NPs reactivity and toxicity can also increase. The surface area can be modified due
to biomolecules adsorption or agglomeration (Powers et al., 2006).

The technique usually employed to determine NPs surface area is through gas adsorption using the
BET (Brunauer — Emmett — Teller) method; however, surface titrations (wet chemical) and aerosol

diffusion chargers can also be used (Love et al., 2012; Powers et al.,, 2006).
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2.2.1.4 Behavior of NPs suspensions

Nanoparticles behavior determines their fate and bioavailability in organisms and environment
(Labille and Brant, 2010). This property depends of the NPs, size and concentration (Sajid et al., 2015).
There are also a range of conditions that can interfere with NPs agglomeration or dissolution in
suspensions, some of them were already discussed previously. Briefly, NPs agglomeration or
dissolution can be influenced through intrinsic properties, like surface, solution characteristics (such
as ionic strength, ionic composition and pH) and macromolecules adsorption into NPs surface (Labille
and Brant, 2010).

The NPs agglomeration can be determined using DLS, AFM, UV-visible spectroscopy (by
sedimentation assay), TEM, nanoparticle tracking analysis (NTA), fluorescence correlation
spectroscopy (FCS) and flow field fractionation (FFFF) (Agarwal et al., 2013; Love et al., 2012). In this
thesis, the agglomeration was evaluated by DLS, UV-visible spectroscopy (by sedimentation assay)
and TEM (please see, chapters 3, 6 and 7). The NPs dissolution can be determined by atomic
absorption spectroscopy with flame atomization or with electrothermal atomization (AAS-EA) or by
inductively coupled plasma — optical emission spectrometry (ICP-OES), as it was used in this thesis

(please see Chapters 3, 6, 7 and 8).

2.2.2. General mechanisms of nanoparticles toxicity in microorganisms

The general mechanisms of action of MOx NPs can be divided into 3 major groups: i) direct or indirect
toxicity mechanism; ii) reactive oxygen species (ROS)-mediated toxicity and iii) non-ROS-mediated
toxicity.

The toxicity mechanisms of MOx NPs can be induced in an intracellular or extracellular way. In the
first one, direct mechanism, NPs pass through cell membrane, for example, by endocytosis, and once
inside the cell, NPs cause toxicity (Miao et al., 2010). In an extracellular toxicity, MOx NPs are in contact
with cell (adsorbed into cell wall or membrane, depending on the cell type), never passing inside the
cell, exercising an indirect toxicity (Bao et al., 2015; Kasemets et al., 2013; Lok et al., 2007). This indirect
mechanism consists in the release of metal ions from NPs, when they are adsorbed into the cell wall
or membrane, increasing the amount of metal ions inside the cell and, consequently, triggering the
toxic effects (Bao et al., 2015; Kasemets et al.,, 2013; Lok et al., 2007).

The ROS-mediated toxicity mechanism consists in the production of extracellular or intracellular ROS
(such as O, OH- and H0), causing oxidative stress in the cells and inducing lipid peroxidation,

decrease of cell viability, depolarization of cell membrane and loss of cell membrane integrity (Avery,
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2011; Manke et al. 2013; Wang et al,, 2017). Consequently, this mechanism can cause cells death
(Wang et al,, 2017a).

Intracellular ROS production seems to be the principal responsible for MOx NPs toxicity (Aruoja et al.
2015). The ROS-mediated toxicity can also interfere with the molecular mechanisms. The production
of ROS can cause damage of DNA, permeabilization of mitochondrial membrane, activation of
caspase and reduction of levels of antioxidants (such as GSH) or metabolic activity (by esterase activity
for example) (Manke et al., 2013; Sabella et al., 2014). Being the production of intracellular ROS the
principal cause of MOx NPs toxicity, it is also important to know their major production sources, such
as mitochondrial respiratory chain, as was done in Chapter 4. The toxicity mechanisms associated with
MOx NPs exposure were studied, at different levels, in Chapters 4, 5, 6, 7 and 8.

The non-ROS-mediated toxicity is related with the suspension turbidity, cellular sequestration,
diffusional limitations and metal dissolution (without causing extracellular ROS production) (Aruoja et
al., 2015; Rogers et al., 2010; Wang et al., 2017b). The turbidity of MOx NPs, in a suspension, can
provoke a shadow effect, which is particularly important for photosynthetic organisms, since their
growth can be affected due to light reduction (Rogers et al., 2010). The cellular sequestration, due to
the hetero-agglomeration between organisms and MOx NPs, can also inhibit the ions exchange
(isolating the cells from nutrients), disturb the exocytosis process and, consequently, induce cell death
(Wang et al., 2017a). The ions exchange can also be disturbed due to accumulation of MOx NPs into
the cell surface (Wang et al., 2017a). The dissolution of MOx NPs in suspensions can be the mechanism
of toxicity, once the dissolved metal can be enough to cause the damage of organisms due to their
inherent toxic properties (Aruoja et al., 2015).

The MOx NPs mechanisms of action can be studied using in-vivo or in-vitro experiments. The in-vivo
tests are cell-based experiments, they are defaulters, expensive and involve ethical concerns. The in-
vitro assays, such as membrane integrity and metabolic activity, are faster, economical and without

ethical concerns (Fard et al.,, 2015).

2.3. Models used in the evaluation of NPs toxicity
The evaluation of MOx NPs toxicity can be made using different models. Depending on the study
type, different cells or organisms can be used to determine the mechanisms of action of MOx NPs.

Thus, NPs toxicity can be usually tested in animal models, cell-lines and microorganisms.
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2.3.1. Use of animals and cell lines

The main animal models used are mice, rats, zebrafish, rabbits and the nematode Caenorhabditis
elegans (in-vivo tests) (Yang et al., 2017). The toxicity is evaluated by exposing the animals (through
ingestion or inhalation) to NPs and evaluate the possible cytotoxic impacts over kidney, lung or brain,
for example (Yang et al., 2017). These in-vivo studies allow to relate the effects caused in animals with
possible effects in humans, during MOx NPs exposure.

In humans, the health effects reported are in lungs, intestines and skin, by inhalation, ingestion or
infiltration (Agarwal et al, 2013). However, human cells can be tested in-vitro using MOx NPs to
perceive the mechanism of action, such as human bronchial epithelial cells (Duan et al., 2015). Due to
recent cancer therapy, MOx NPs are also being used to induce toxicity only in cancer cells, such as
ZnO or SiO, NPs. This toxicity is exerted by ROS production, apoptosis or necrosis (Vinardell and
Mitjans, 2015).

2.3.2. Use of microorganisms
All over the world, the use of animals for research or development in medical technology has
increased. In-vivo tests permit to understand effects of treatments as well as toxicological effects of a
variety of toxicants (Saraf and Kumaraswamy, 2013). The use of animals in toxicological experiments
have been discussed for years, because these experiments cause pain, distress and death in animals,
becoming an ethical issue. It is necessary to use alternatives to animals, such as in-vitro studies without
any ethical issues (Doke and Dhawale, 2015). An important and common option used for toxicological
experiments is the use of microorganisms as models, such as bacteria, yeast or algae. These
experiments using microorganisms allow to study metabolic alterations, genetic modifications,
neurodegenerative diseases pathways (such as Parkinson’s and Alzheimer's disease), cell death or

pollution in the environment (Doke and Dhawale, 2015), without ethical constraints.

2.3.2.1 Yeast as cell model
Yeasts had become a useful eukaryotic cell model, commonly used in biology (Botstein et al., 1997).
Saccharomyces cerevisiae is the most common and important yeast used as a cell model for
toxicological examination of organic and inorganic chemicals (dos Santos and Sa-Correia, 2015). Its
use is due to the similarity between S. cerevisiae cellular organization and animal cells. S. cerevisiae is
a non-pathogenic microorganism, is easy to manipulate and is the first yeast with the DNA sequence

complete (Goffeau et al., 1996). S. cerevisiae can be used as a cell model for studying pathologies that
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can occur in human cells (Karathia et al., 2011). The advantage of using this yeast as a cell model for
toxicological evaluation of different toxicants, such as MOx NPs, is the usage of yeast as a first

screening tool because it limits the use of animal models. (dos Santos et al., 2012).

2.3.2.2 Algae as cell model

Algae are the center of aquatic ecosystem once they produce biomass (being the base for nutrition
of food chain) and contribute to the cleansing of polluted water (Ji et al, 2011). If any significant
alteration occur in this trophic level, the higher levels can suffer a strong influence, changing the entire
food chain (Geis et al., 2000).

International agencies, such as Environmental Protection Agency (EPA), described algae as a model
for toxic evaluation in aquatic systems, due to their ecological relevance, universal distribution and
sensitivity to a variety of toxicants (Geis et al., 2000), like nanoparticles (Aruoja et al., 2015). The most
common algae used in toxicological studies are Pseudokirchneriella subcapitata, Chlorella kesslerii and

Chlamydomonas reinhardtii (De Schamphelaere et al.,, 2014).

2.3.3. Toxic impact of metal(loid) oxide nanoparticles on microorganisms
During the last years, many authors described the toxicological effects of MOx NPs in a variety of
microorganisms, such as yeast, algae or bacteria. Six oxide NPs, aluminium oxide (Al>O3), indium oxide
(In203), manganese oxide (Mn304), nickel oxide (NiO), silicon dioxide (SiO) and tin oxide (V) (SnOy),
are not very well studied or their mechanism understood, using different microorganisms as models.
Al>O3 NPs caused growth inhibition in Pseudomonas putida (Doskocz et al., 2017), Candida albicans
(Sikora et al., 2018), Pseudokirchneriella subcapitata (Aruoja et al., 2015), Chlorella and Scenedesmus
species (Sadiq et al, 2011), Porphyridium aerugineum Geitler (KarunaKaran et al., 2015) and in
protozoa Paramecium multimicronucleatum (Mortimer et al.,, 2010). The presence of this NP caused
reduction of biofilm biomass in P. aeruginosa, Staphylococcus aureus and Escherichia coli (Sikora et al.,
2018) and an impact in soil bacterial and fungal community (Chai et al,, 2015; McGee et al., 2017).
In,O3 NPs were not very toxic to the yeast Saccharomyces cerevisiae or even toxic for E. coli and P.
subcapitata (Braydich-stolle et al., 2012).
Mn304 NPs caused growth inhibition or bioluminescence reduction in Vibrio fischeri, E. coli, S. aureus,
P. subcapitata and Tetrahymena thermophile (Aruoja et al., 2015).
Different authors described that NiO NPs decreased the bioluminescence of Photobacterium

phosphoreum (Wang et al,, 2016), caused mutagenicity in Salmonella typhimurium (Ko and Kong,
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2014) and reduced cell viability in the bacteria E. coli, Bacillus subtilis and S. aureus (Baek et al., 2011)
and in the yeast S. cerevisiae with ROS production (Bao et al., 2015; Kasemets et al., 2013; Zhang et
al., 2016). NiO NPs also caused growth inhibition in Chlorella vulgaris (Gong e al., 2011), P. subcapitata
(Nogueira et al, 2015; Li et al, 2017; Oukarroum et al, 2017) and inhibition of cell division,
deterioration of the photosynthetic apparatus (chlorophyll synthesis and photochemical reactions of
photosynthesis), disorder in thylakoid lamella, plasmolysis, disruption of plasma membrane and
intracellular ROS production in C. vulgaris (Gong et al.,, 2011; Li et al., 2017; Oukarroum et al., 2017).

SiO; caused growth inhibition in P. subcapitata (Aruoja et al., 2015), Dunaliella tertiolecta (Manzo et
al, 2013; 2015) and P. aerugineum Geitler (KarunaKaran et al., 2015); impact in soil bacterial and
fungal community (Chai et al., 2015; McGee et al, 2017) and reduction of chlorophyll and protein

content in P. aerugineum Geitler (KarunaKaran et al,, 2015).

2.4. Metal(loid) oxide nanoparticles and environment

The increase of MOx NPs synthesis and consumption inevitably rises the amount of MOx NPs
discharge into the environment. Besides natural sources, the usage of MOx NPs in industry and
commercial products also increases their release in atmosphere, soil and water (Srivastava et al., 2015).
Between 2016 and 2021, it is expected an increase in a global market of NPs, from $1.6 billion to $5.3
billion, which represents an annual growth rate of 26.7% (Research, 2017). Due to the actual and future
extensive use of MOx NPs, it is important to perceive their release mechanisms and fate in the

environment.

2.4.1 Release of NPs in the environment

The releases of NPs in the environment can occur naturally, intended or unintended manner (also
called engineered NPs) (EEC, 2011).

The natural source of NPs (specially constituted by metal ions, such as Al or Fe) are volcanic eruptions,
forest fires, deserts surfaces and cosmic dust coming from the solar system. The last source of NPs is
due to the constant chemical transformations or reactions with major components of the atmosphere
(such as oxygen or carbon dioxide) (Strambeanu et al., 2015).

The unintended and indirect releases of NPs occur due to the gas, liquid and solid emissions from
production in industries (such as paints or cosmetics industries). On the other hand, direct and
intended releases are connected to the use of NPs, like zerovalent iron in soils remediation. The NPs

releases in the environment, for example by painting and cosmetic, are proportional to their
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production or usage (Klaine et al., 2013). Taking into account the different groups of NPs, the CBN-
NPs can have an incidental (Fig 2.3) or a manufactured source, once these NPs only enter in the
environment after their industrial production through industrial discharges in wastewater or soil and
gas emissions (Stern and McNeil, 2008). The presence of MOx NPs in the environment can be due to
natural (Fig 2.3), incidental or manufactured sources, as described before (Strambeanu et al., 2015).
The semiconductor and polymeric NPs can only be found in the environment by a manufactured
source (Fig 2.3). The nano zerovalent metals can be produced naturally or in a manufactured manner

(Keane, 2009).

Natural Incidental Manufactured

‘ Nanoparticle Carbon-based NPs Semiconductor NPs
Metal ions (Nanotubes) (Quantum Dots)

Figure 2.3. Example of NPs groups and their common release into the environment. The MOx NPs can enter in the environment
by natural (such as volcanic eruptions or forest fires), incidental or manufactured sources. The carbon-based NPs can have an
incidental source (by industrial discharges in wastewater or soil and gas emissions) and semiconductor NPs present a
manufactured source.

2.4.2 Environmental cycle
The release of MOx NPs in the environment can be due to natural sources or as consequence of the
manufacturing of NPs (Fig 2.4, black and blue arrows). After their release into the environment, MOx
NPs can contact with atmosphere, water and soil (Fig 2.4, two-way black arrow) (Sajid et al., 2015).
The industrial manufacture, as well as the natural production of NPs can lead to air and water
contamination, through gas emission or discharge of wastewaters; soils can also be contaminated

due to waste discharge in landfills (Viswanath and Kim, 2016). Also through air pollution, particles can
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react with other components present in the atmosphere and being precipitated under MOx NPs form
(Strambeanu et al.,, 2015), contaminating freshwaters and soils.

Once in the environment, MOx NPs can interact with humans, microorganisms, animals and plants,
causing toxicity (Fig 2.4, red dashed-arrow). A direct contact between humans and MOx NPs, for
example, is through the use of cosmetic products, additives in food or contaminated water (Srivastava
et al,, 2015). Soil and, consequently, waters contamination by MOx NPs may put in contact MOx NPs
with plants (by internalization), microorganisms and other animals (through the food chain)
(Srivastava et al., 2015; Klaine et al.,, 2013). After the MOx NPs internalization through organisms, a
small amount will be eliminated (by excretion through urine, for example) (Fig 2.4, yellow arrow) being
released, again, into the environment (Sajid et al., 2015). A few portion of MOx NPs will be introduced

again in the environment and the process returns again like a cycle (Fig 2.4, green dashed-arrow).

Synthesis and
Consumption of MOx NPs
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Natural Source Unintended
Source

Recycling

I
I
I
N
I
I

Humans, microorganisms,
animals, plants

Figure 2.4. Cycle of MOx NPs in the environment. MOx NPs can enter in the environment through natural or manufactured
sources (black and blue arrows). MOx NPs can contact with atmosphere, water and soil (two-way black arrow). Once in the
environment, MOx NPs can interact with humans, microorganisms, animals and plants, causing toxicity (red dashed-arrow). A
minor amount will be eliminated by organisms (yellow arrow) and return again into the environment (green dashed-arrow).
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2.4.3 Influence of environmental factors

Different environmental factors can change the physico-chemical characteristics of MOx NPs and,
consequently, their mobility and bioavailability (Keller et al., 2010). These environmental factors can
modify agglomeration, dissolution or stabilization into the environment, changing MOx NPs toxicity
(Chambers et al., 2014; Fang et al.,, 2015).

Particle concentration, pH, ionic strength, temperature, ionic composition and presence of natural
organic matter (NOM) are examples of factors that can alter the MOx NPs properties in the
environment (Oukarroum et al., 2014; Yung et al.,, 2017). MOx NPs may not react in the same manner
to environmental variations, depending on their characteristics. For example, pH and ionic strength
variations may modify the surface charge of MOx NPs, causing variations in MOx NPs agglomeration
and dissolution (Guzman et al., 2006). The increase of temperature reduce the MOx NPs solubility and,
consequently, MOx NPs tend to agglomerate. However, at higher ionic strength values, the
temperature do not cause any change on MOx NPs properties (Majedi et al., 2014). The presence of
NOM can modify MOx NPs agglomeration as it can be adsorbed onto MOx NPs; as consequence,
MOx NPs can be more stabilized and their toxicity modified (Keller et al., 2010; Yu et al., 2018). The
environmental factors, together or separately, can interfere with agglomeration or dissolution of MOx
NPs, in the environment, altering their fate in air, water or soil and their toxicity when the interaction

between MOx NPs and organisms occur.
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Chapter 3 - Nickel oxide (NiO) nanoparticles disturb physiology of
the yeast Saccharomyces cerevisiae*

v NIO NPs exert their toxic effect, in yeast cells, by an
indirect mechanism.

v NIO NPs toxicity, in yeast cells, is characterized by:
« Loss of cell viability in a dose-dependent manner;
* Reduction of metabolic activity.

*Published in Applied Microbiology and Biotechnology (2018) 102: 2827-2838
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3.1. Introduction

Nanomaterials, including metal oxides such as nickel oxide (NiO) nanoparticles (NPs), have received
special attention because they present a wide variety of applications and are easily synthetized (Klaine
et al, 2013). Their properties are directly related to their size, chemical composition, shape and surface
charge, allowing for an extensive range of applications (Oukarroum et al,, 2015).

The physical form and chemical reactivity that make nano-sized metal oxides distinctive also provide
them with potential to interfere with biological processes and produce toxic effects (Klaine et al.,
2013). It was reported that NiO NPs showed typical dose-dependent toxicity in human broncho-
alveolar carcinoma-derived cells (Chusuei et al., 2013; Latvala et al, 2016) and had inflammatory
effects on mouse lungs (Gillespie et al., 2010).

Various microorganisms have been used to evaluate NiO NP toxicity. Hence, inhibition of the growth
of the bacteria Escherichia coli, Bacillus subtilis and Streptococcus aureus on agar medium containing
NiO NPs was described (Baek and An, 2011). A negative impact of NiO NPs on different aquatic
organisms such as a bacterium (Vibrio fischeri), unicellular algae (Pseudokirchneriella subcapitata and
Chlorella vulgaris), a freshwater aquatic plant (Lemna minor), crustaceans (Artemia salina and Daphnia
magnay), a rotifer (Brachionus plicatilis) and fish (Danio rerio) was also reported (Ates et al., 2016; Gong
et al, 2011; Lin et al,, 2013; Nogueira et al.,, 2015).

Saccharomyces cerevisiae is a highly relevant experimental model in toxicological evaluations of
organic and inorganic chemicals (dos Santos and Sa-Correia, 2015). The use of the yeast S. cerevisiae
as a cell model for the toxicological assessment of environmental pollutants seems to be very
advantageous as a first screening tool because it limits the use of animal models (dos Santos et al.,
2012).

Notwithstanding the recognized importance of the use of S. cerevisiae as cell model, as far as we
know, this is the first study that uses this yeast in the assessment of NiO NPs toxicity. For this purpose,
the potential hazardous impacts of NiO NPs on the yeast S. cerevisiae, at different levels, were
examined: cell metabolism (evaluation of esterase activity, FUN-1 dye processing and intracellular
accumulation of reactive oxygen species) and cell population (inhibition of cell growth in liquid and
solid media). In addition, to better understand how NiO NPs exerts its toxicity in this model organism,
it was examined: the agglomeration of NPs in different media, the release of nickel by the NPs, the
toxic effects exerted by Ni’* and the possible internalization of NPs in yeast cells. The results obtained

indicate that NiO NPs exerts the toxic action over S. cerevisiae by an indirect mechanism. This Chapter
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contributes to the assessment of the potential hazards of NiO NPs and to better understand the

related mechanisms of toxicity.

3.2. Materials and Methods

3.2.1. Preparation of NiO nanoparticles (NPs) stock suspensions and characterization of
suspensions
Nickel oxide (NiO) with a particle size <50 nm and a purity of 99.8 % (trace metal basis) was purchased
from Sigma-Aldrich. According to the literature, the analysis made by Brunauer—-Emmett-Teller (BET)
technique revealed that these NPs present a total specific surface area of 61.19 m?/g (Capasso et al.,
2014).
NiO NPs stock suspensions were prepared in deionized water at a concentration of 0.5 g/L. The NPs
suspensions were shaken, sonicated for 1 hour in a 80-160 W ultrasonic bath (Bandelin, Sonorex RK
100) and sterilized under an ultraviolet lamp for 30 min. The stock suspensions of NiO NPs were stored
in the dark at 4°C. Before each experiment, stock suspensions were shaken and sonicated for 1 hour.
NiO NPs were characterized in different media: deionized water, yeast extract-peptone-dextrose (YEP)
broth (pH adjusted to 6.0) and 10 mmol/L 2-(N-morpholino) ethanesulfonic acid (MES) buffer (Sigma-
Aldrich), pH 6.0, with 20 g/L glucose.
To check the agglomeration of NiO NPs in different media, the hydrodynamic size distribution of NPs
was monitored by dynamic light scattering (DLS), using a Zetasizer Nano ZS (Malvern Instruments)
coupled with Zetasizer Software, version 7.11. Samples were analysed in a polystyrene cuvette
(DTS0012).
Zeta potential of the NPs in the different media was determined using Zetasizer Nano ZS. NPs
suspensions were carefully placed in a disposable folded capillary cell (DTS1070).
For DLS and zeta potential studies, NPs were previously placed in the different media and incubated
in the same conditions (temperature and agitation) used for the toxicity tests (see below, exposure of
yeast cells to NiO NPs). Hydrodynamic size distribution and zeta potential were determined at 30 °C.
The size and morphology of NiO NPs suspended in MES buffer were analysed by transmission electron
microscopy (TEM). For comparative purposes, dried NiO NPs were also observed. NiO NPs in powder
or in aqueous suspension (10 pL) were placed onto a nickel grid; aqueous suspensions were dried at
room temperature. Samples were examined under JEOL JEM 1400 TEM. Images were digitally

recorded using a CCD digital camera Orius 1100W at the HEMS/I3S of the University of Porto.
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The NiO NPs stability was assessed by quantifying the nickel released from the NPs (NPs dissolution).
To determine the Ni?* released, the NPs were suspended in the correspondent medium at a final
concentration of 50 or 100 mg/L and incubated at 30°C. As a control, NiO NPs were also suspended
in deionized water (pH adjusted to 6.0) at 100 mg/L. At different times, samples were taken and
centrifuged at 20.000xg for 30 min at 25°C. Clear supernatants were carefully collected and nickel was
determined by atomic absorption spectroscopy with flame atomization (AAS-FA) in a Perkin Elmer
AAnalyst 400 spectrometer. In order to check if the centrifugation conditions described above were
adequate to remove the non-soluble fraction of the NPs, the NPs were alternatively removed through
a centrifugal ultrafiltration using a membrane with a nominal molecular weight limit of 3 kDa (Merck
Millipore, Amicon Ultra-15 3K). For this purpose, NiO NPs suspensions were transferred to
ultrafiltration tubes and centrifuged at 3.200xg for 20 min at 25°C. Nickel concentration in the filtrate
was determined by AAS-FA, as described above.

Total nickel concentration present in the NPs was determined by total digestion of the NiO NPs
suspensions with aqua regia (a mixture of nitric and hydrochloric acids, in a volume ratio 1:3,
respectively) during 1 hour. Then, the solutions were filtered through a 0.45-pum-pore-size filter and

nickel was determined by AAS-FA, after appropriate dilution of the samples.

3.2.2. Strains, media and growth conditions

The wild type (WT) yeast S. cerevisiae BY4741 and the isogenic mutants cwpTA (Y04945) and cwp2A
(YO7026) were purchased from the European Saccharomyces cerevisiae archive for functional analysis
(EUROSCARF) collection (Frankfurt, Germany). All strains were maintained at 4°C on YEP agar slants
[5 g/L yeast extract (Difco-BD), 5 g/L peptone (Difco-BD), 10 g/L glucose (Merck) and 15 g/L agar
(Merck)].

The pre-cultures were prepared in 10 mL of YEP broth (pH adjusted to 6.0) in 100 mL Erlenmeyer
flasks and were incubated at 30°C, on an orbital shaker at 150 rpm, for 8 hours. The cultures, in
exponential phase of growth, were obtained by inoculating 40 mL of YEP broth, pH 6.0, with an
appropriate volume of the pre—culture and then incubating overnight to an ODego of ~1.0 under the
same conditions as the pre-cultures. After growth, cells were harvested by centrifugation (2.500xg, 5

min), washed twice and re-suspended in sterile deionized water.

27



3.2.3. Exposure of yeast cells to NiO NPs or Ni?*
Yeast cells were exposed to NiO NPs or Ni2* in two media: YEP broth, which is a rich medium optimal
for yeast growth, or 10 mmol/L MES buffer with glucose. MES buffer is appropriate for toxicity assays
with yeast cells since it does not disturb yeast physiology (Soares et al., 2000) and does not complex
Ni2*. The highest concentration of NiO NPs tested (100 mg/L) was selected taking into account the
maximum limit of concentration, advised by OECD, for testing toxicity (OECD, 2011). Toxicity studies
were carried out by cultivating or incubating the strains without (control) or with the toxicants in YEP
broth (growth inhibition assay) or in MES buffer (cell viability assay).
Growth inhibition assay was carried out in test tubes containing 1.0 mL of double-strength YEP broth.
NiO NPs (from the stock suspension described above) or Ni2* (from a 1000 mg/L NiCl, stock solution,
Merck) was added to the medium (final concentration: 6.25-100 mg/L) and inoculated with yeast cells
at a final concentration of 1x10° cells/mL. As a control, yeast cells were inoculated in YEP broth without
NiO NPs or Ni?*. The total volume of each assay (2.0 mL) was adjusted with sterile deionized water.
Due to the turbidity of the NiO NPs suspensions, abiotic controls, without yeast cells, were performed
for the different NPs concentrations. Cultures and controls were incubated for 24 h at 30°C. The yeast
growth was monitored spectrophotometrically (Unicam, Helios y) at 600 nm and the absorbance was
corrected considering the respective abiotic control. In this assay, as toxicity end point, the difference
of yeast growth, after 24h, in the presence of toxicants and in its absence (control) was compared.
Cell viability assay was performed in MES buffer. NiO NPs or Ni2* were used at final concentrations of
50-100 mg/L or 6.25-100 mg/L, respectively. Yeast cells were suspended at a final concentration of
1x107 cells/mL. The assay was carried out in 100 mL Erlenmeyer flasks with a final volume of 20 mL.
As a control, yeast cells were placed in MES buffer without NiO NPs or Ni*. Cell suspensions were
incubated at 150 rpm, for 6 h, at 30°C. Samples were taken (two replicates), serially diluted with sterile
deionized water and plated (in duplicate for each replica) on YEP agar from the convenient dilution.
The plates were incubated for 3 — 5 days at 30°C. Colony forming units (CFU) per mL were determined.
After this period of incubation, no further CFUs appeared. In this assay, as toxicity end point, the cell
viability was determined considering the number of CFUs/mL at zero time as reference (100%).
In kinetic studies, samples were taken at defined times indicated in the figures; the cell viability and
the metabolic activity of yeast cells (evaluated as described below) were analysed. The effect
concentration (EC) values, ie, EC1o, ECzs, ECso, EC75, and ECq represent the concentration of Ni%*, which

inhibited the growth of yeast cells in YEP broth (growth inhibition assay) or reduced the cell viability
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(cell viability assay) by 10, 25, 50, 75 or 90%, respectively. The EC values were calculated using linear
interpolation method (Tidepool Scientific Software, TOXCALC version 5.0.32).

The toxic effect of NPs supernatants was also evaluated. Suspensions of 100 mg/L NiO NPs, in MES
buffer, had been shaken with yeast cells for 6 h and then centrifuged at 20.000xg for 30 min at 25°C.
Clear supernatants were carefully collected and re-inoculated with yeast cells at 1x107 cells/mL. Cell
viability and intracellular accumulation of reactive oxygen species (ROS) (see below, fluorescent

staining procedures) were determined.

3.2.4. Fluorescent staining procedures

The metabolic activity was measured using fluorescein diacetate (FDA, Sigma-Aldrich) or with 2-
chloro-4-(2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2-yl)-methylidene)-1-phenylquinolinium iodide
(FUN-1) (Molecular Probes-Invitrogen). FDA diffuses freely into yeast cells being hydrolysed by the
action of esterases in metabolically active cells (Breeuwer et al., 1995). The probe FUN-1 is processed
in the cytosol of yeast cells by an enzyme-mediated process; subsequently, the dye (biochemically
modified) is transported and sequestered in the vacuole as a cylindrical intravacuolar structure (CIVS)
(Millard et al., 1997).

Cells suspensions, treated with NiO NPs or Ni%*, were collected, at defined times indicated in the
figures, harvested by centrifugation and then re-suspended in one of the following buffers according
to each determination: (i) 10 mmol/L PBS buffer solution, pH 7.0, for FDA staining; (ii) 10 mmol/L 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (Sigma-Aldrich), pH 7.2, with 20 g/L
glucose for FUN-1 staining. Cells were incubated in the dark with 4.2 pg/mL FDA, for 20 minutes at
25 °C and, subsequently, for 10 minutes at 4°C. In FUN-1 staining, yeast cells were incubated with 0.2
mmol/L FUN-1, for 30 minutes, in the dark, at 25°C. Cells were counted (at least 200 cells, in duplicate,
for each experiment) using an epifluorescence microscope (Leica Microsystems) equipped with an
HBO 100 mercury lamp and the I3 filter set from Leica. The images were acquired with a Leica DC 300
F camera (Leica Microsystems) and processed using Leica IM 50 - Image manager software. To obtain
FDA and FUN-1 negative cells, healthy cells (in exponential growth-phase) suspended in deionized
water were placed in a glass tube and heat-treated (at 65°C for 1h) in a water bath. Subsequently,
cells were cooled to room temperature and stained as described above.

For the assessing of the esterase activity, 1x107 cells/mL not exposed (control) or exposed to NiO NPs
or Ni2*, for 6 h, were stained with 4.2 ug/mL FDA, placed in quadruplicate in a 96-well flat microplate

(Orange Scientific) and incubated in the dark for 40 minutes at 25°C. Fluorescence (in relative
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fluorescent units, RFU) was measured in a microplate reader (PerkinElmer, Victor3) at a fluorescence
excitation wavelength of 485/14 nm and an emission of 535/25 nm.

Intracellular ROS accumulation was monitored with 2',7'-dichlorodihydrofluorescein diacetate
(H.DCFDA, Sigma-Aldrich). Cells were suspended in MES buffer with glucose, pH 6.0, at a final
concentration of 1x107 cells/mL and incubated with 20 pmol/L H.DCFDA at 25°C for 10 minutes. Then,
cells were exposed to NiO NPs or Ni?* and placed in quadruplicate in a 96-well flat microplate.
Fluorescence was determined as described above for FDA (esterase activity). Cells were also observed

using an epifluorescence microscope; images were obtained as described above.

3.2.5. TEM observation of yeast cells
Yeast cells incubated for 6h in MES buffer without (control) or with 100 mg/L NiO NPs were examined
by TEM. In brief, cells were fixed with 2.5% glutaraldehyde (Electron Microscopy Sciences) and 2%
paraformaldehyde (Merck) in 0.1 mol/L cacodylate buffer (pH 7.4), dehydrated and embedded in Epon
resin (TAAB). Ultrathin sections (40-60 nm thickness) were prepared on an ultramicrotome (RMC-
Boeckeler Instruments, PowerTome) using diamond knives (DDK). The sections were mounted on
Formvar/carbon film-coated 300 mesh nickel grids (Electron Microscopy Sciences), stained with urany!
acetate and lead citrate and examined under TEM. Images were digitally recorded as described above

["Preparation of NiO nanoparticles (NPs) stock suspensions and characterization of suspensions”].

3.2.6. Statistical analysis
Statistical differences between control and treated cells were tested using unpaired t test.
Alternatively, the mean values were subject to one-way ANOVA followed by Tukey-Kramer multiple

comparison method. In all experiments, P values <0.05 were considered statistically significant.

3.3. Results

3.3.1. Characterization of nickel oxide (NiO) nanoparticles (NPs)
The characterization of NiO NPs in powder (namely NPs size and shape), suspended in deionized
water and in agueous media (YEP and MES buffer), namely NPs agglomerations properties, surface
charge and dissolution of the NPs were carried out.
During the incubation of yeast cells in YEP broth or MES buffer, the pH of the medium was modified.
This alteration can be mostly attributed to the metabolism of the cells since the dispersion of NPs did

not modify the pH value in either medium (Table 3.1). In YEP, due to the growth of yeast cells, the pH
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of the medium varied from 6.00 to 4.76. In MES buffer, no appreciable growth occurred, and the pH

only decreased 0.2 units (Table 3.1).

Table 3.1. Measurement of the pH in different media.

Medium [NiO] (mg/L) Time (h) pH
0 476 + 0.05
YEP 50 24 470 + 0.07
100 476 + 0.06
0 5.80 + 0.04
MES 50 6 5.80 + 0.07
100 5.79 + 0.03

The data reported are the mean values + standard deviation at least three independent experiments performed in duplicate
(n>6).

According to the manufacturer, the NiO NP size in powder is <50 nm. Observation by TEM confirmed
the NiO NP size; most of the particles have a polyhedral morphology (Fig 3.1A). It was also possible

to observe that, in aqueous suspension, NiO NPs have the tendency to agglomerate (Fig 3.1B).

‘.42nm "t

100 nm 200 nm

Figure 3.1. Characterization of nickel oxide (NiO) nanoparticles (NPs). A and B — Representative transmission electron
microscopy (TEM) images of NiO NPs in powder or suspended in MES buffer, respectively. A — Insert: high magnification image
of the NiO NPs marked with an arrow in left panel, limited by the black-box.

In YEP broth, the mean hydrodynamic size of the NiO NPs at 0 h (after the preparation of NiO
suspension) was (344+30) nm, which is similar to the hydrodynamic size observed in deionized water

(324£53) nm (Table 3.2); an increase of NP agglomeration after 24 h (1105+218) nm was observed
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(Table 3.2). In MES buffer, at time zero, for both concentrations of NiO NPs tested, a Z-average
diameter of ~1200 nm was determined, which revealed an immediate enhancement of NiO NP
agglomeration (Table 3.2); in this medium, the agglomeration of the NPs was higher than in YEP and
increased over time, as can be observed by the increase of hydrodynamic size after 6 h (~5000 nm).
Also in MES buffer, the polydispersity index was higher than 0.7, which indicates that the sample had
a very broad size distribution (Table 3.2).

The zeta potential is an indicator of the stability of the NPs in the suspension (Hanaor et al., 2012).
The suspension of NiO NPs displayed a negative value in deionized water, YEP medium and MES
buffer (Table 3.2). The zeta potential values of the NiO NPs were more negative in YEP medium

comparatively to MES buffer (Table 3.2).

Table 3.2. Characterization of NiO NPs in different media.

. Concentration  Time Z-.average Polydispersity Zeta potential
Medium (mg/L) h) diameter index (mV)
(nm)
Deionized
100 0 324 + 53 0.34 + 0.07 -6.4+0.3
Water
0 344 + 30 04 +0.2 21 +2
YEP 100 3 395 + 49 0.55 + 0.07 -20.5 £ 0.5
24 1105 + 218 0.5+ 0.1 -168 + 0.4
0 1015 + 230 07 +0.2 -56+04
1 2117 + 151 0.96 + 0.05 -6.0+0.7
>0 3 2415 + 373 0.96 + 0.05 76+ 0.4
6 4279 + 391 0.97 + 0.04 -74 + 0.6
MES 0 1262 + 130 0.73 + 0.06 -51+06
100 1 2530 + 217 1.000 + 0.001 -44 +04
3 2728 + 386 1.0 £ 0.1 -76+0.3
6 5076 + 624 1.000 + 0.001 -78+09

It has been described that the pH of the medium can have an important impact on the dissolution of
metal oxide NPs (Bao et al,, 2015; Studer et al.,, 2010). Therefore, the influence of the contact of yeast
cells with NiO NPs, particularly due to the effect of the pH decreasing (Table 3.1), on the characteristics
of the NP suspensions was evaluated. The dissolution of the NiO NPs into their component ions was
evaluated by quantifying the dissolved nickel in different media; as control, NPs dissolution was
evaluated in deionized water (Fig 3.2). The dissolved nickel in deionized water after 6 and 24 h, for
100 mg/L NiO NPs, was 4.31£0.5 and 4.9+0.2 mg/L, which corresponds to a dissolution of 5.5 and

6.3%, respectively. For 100 mg/L NiO NPs, the concentration of dissolved nickel in YEP remained
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approximately constant over 24 h and was 3.0£0.1 mg/L (a dissolution of NPs of 2.6 %) (Fig 3.2A). For
100 mg/L NiO NPs, in MES buffer, after 6 h, the nickel released was 5.1+0.2 mg/L (Fig 3.2A), which
corresponds to a dissolution of 6.6%; this value is similar to the observed in deionized water after 6h
and it is independent of the technique used to remove (Fig 3.2B). Also, the concentration corresponds
to the dissolved nickel in the MES buffer when yeast cells were incubated for 6 h with 100 mg/L NiO
NPs was 5.2+0.2 mg/L (Fig 3.2B). In resume, the dissolution of NiO NPs was low (<7%) for all the

media and NPs concentration tested.
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Figure 3.2. Dissolved nickel from NiO NPs, in YEP broth and MES buffer. A — The nickel dissolved from NiO NPs in YEP broth
or MES buffer, for 50 and 100 mg/L NiO. Each point represents the mean of at least three independent experiments performed
in duplicate (n>6). B — Dissolved nickel in MES buffer using different techniques (abiotic conditions) and nickel dissolution in
the presence of yeast cells (biotic condition), after 6 h. Standard deviations (SD) are presented (vertical error bars); where no
error bars are shown, SD are within the points.

3.3.2. Loss of cell viability induced by NiO NPs and Ni?*
The toxic impact of NiO NPs on the yeast S. cerevisiae was evaluated using the classical growth
inhibition assay in liquid medium. To clarify the role of the solubilisation of NiO NPs, yeast cells were
also exposed to Ni2*. NiO NPs up to 100 mg/L were not able to inhibit yeast cell growth in YEP broth
(Fig 3.3A). Yeast cells in the presence or absence of 100 mg/L NiO NPs had the same growth pattern
in YEP broth (data not shown). In contrast, Ni?* inhibited yeast growth (Fig 3.3A), even at a very low
concentration (24 h-ECso = 6.6 mg/L Ni), displaying a 24 h-ECso of 18.3 mg/L (Table 3.3); at 100 mg/L

Ni%*, yeast growth was practically arrested (Fig 3.3A).
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Figure 3.3. Effect of NiO NPs or Ni?* on the yeast S. cerevisiae BY4741. Cells were exposed to NiO or Ni** in YEP broth (A) or
in 10 mmol/L MES buffer, with 20 g/L glucose (B), and the growth or the viability were determined after 24 h or 6 h, respectively.
The data are presented as mean values from at least three independent experiments performed in duplicate (n>6); standard
deviations are presented (vertical error bars). Mean values are significantly different: * P < 0.05 in comparison with untreated
cells (control); unpaired t test.

The complex nature of the YEP broth can mitigate the toxic effects of the NiO NPs. To test this
possibility, yeast cells were exposed to NiO NPs in a simpler solution composed of 10 mmol/L MES
buffer containing 20 g/L glucose. The toxic effect was evaluated through the inhibition of cell
proliferation capacity on YEP agar (viability assay). NiO NPs induced loss of cell viability in a dose-
dependent way; exposure of yeast cells to 100 mg/L NiO NPs generated a reduction of viability of
~40% of the cell population (Fig 3.3B). Ni?* also induced loss of cell viability in a dose-dependent

manner, similar to the growth inhibition observed in liquid YEP (Fig 3.3 and Table 3.3).

Table 3.3. Effect of Ni2* on the yeast S. cerevisiae.

EC* (mg/L)

Medium Time (h) 10 25 50 75 90
YEP 24 6.6 +0.2 11.3+0.3 183+ 0.3 26 £ 1 44 + 1
MES 6 39+06 10 £ 1 24 £ 1 41 +1 69 +4

2 EC — effect concentration. ECio, EC2s, ECso, EC7s and ECoo values represent the concentration of Ni2*, which reduced cell viability
(cell viability assay) after exposure to the toxicant in 10 mmol/L MES buffer (containing 20 g/L glucose) or inhibited the growth
of yeast cells in YEP broth (growth inhibition assay) by 10, 25, 50, 75 or 90%, respectively.

The data reported are the mean values + standard deviation of three independent experiments performed in duplicate (n=6).
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3.3.3. Impact of NiO NPs and Ni?* on metabolic activity and intracellular ROS accumulation
To obtain further insights related to the toxic action of the NiO NPs, a kinetic approach was carried
out using the highest concentration of NiO NPs and Ni?* previously tested in MES buffer. This
approach led us to observe that the exposure of yeast cells to 100 mg/L NiO NPs generated a
progressive loss of cell viability (Fig 3.4); after 2 h, ~90% of the cell population was able to form
colonies on agar medium; this value declined to ~60% after 6 h of yeast cell contact with NPs (Fig
3.4). The exposure to 100 mg/L Ni* induced a higher and faster effect: after 2 h, the percentage
survival assessed by CFU counts declined to ~10% (Fig 3.4).
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Figure 3.4. Effect of NiO NPs and Ni?* on the cell viability of S. cerevisiae BY4741. Cells were exposed to 100 mg/L NiO or Ni**
in 10 mmol/L MES buffer, with 20 g/L glucose. Control: cells incubated in MES buffer in the same conditions of the assays with
toxicants. Cell viability was evaluated by colony forming units (CFU) counting. Each point represents the mean of at least three
independent experiments, performed in duplicate (n>6). Standard deviations (SD) are presented (vertical error bars); where no
error bars are shown, SD are within the points. All means presented are significantly different from the control (P < 0.05;
unpaired t test), except NiO NPs for 1 h.

The impact of NiO NPs on the metabolic activity of yeast cells was evaluated through the processing
of FUN-1 probe and esterase activity. Cells that are metabolically active (FUN-1 positive cells) are able
to process the probe FUN-1 and present cylindrical intravacuolar structure (CIVS) (Millard et al., 1997)
(Fig 3.5A, control). The exposure of yeast cells to NiO NPs generated a reduction of the percentage
of FUN-1 positive cells. A deeper and faster effect was observed with yeast cells exposed to Ni** (Fig
3.5B). Metabolically active cells (FDA positive cells) display green fluorescence (Fig 3.5C, control) while
metabolically inactive cells remain unstained (Breeuwer et al., 1995). Yeast cells exposed to 100 mg/L
NiO NPs or Ni2* remained ~100% or ~90% FDA positive, respectively (Fig 3.5D). However, the
microscopic observation of NiO treated cells showed that these yeast cells were less green than non-
treated cells (Fig 3.5C, 100 mg/L NiO NPs), which suggests some loss of esterase activity. To confirm

this observation, the quantification of fluorescence exhibited by yeast cells treated for 6 h with 100
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mg/L NiO NPs or Ni* was carried out. Cells exposed to NPs or Ni2* displayed a significant decrease
of fluorescence compared to the control (Fig 3.5E); these results suggest that NiO NPs and Ni2*

decreased the esterase activity of yeast cells, confirming the loss of metabolic activity observed with

FUN-1 probe.
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Figure 3.5. Effect of NiO NPs and Ni?* on the metabolic activity of S. cerevisiae BY4741. A and C - Microphotographs illustrative
of untreated cells (control) or cells exposed to 100 mg/L NiO NPs for 6 h and subsequently stained with FUN-1 or FDA (left
side) and respective phase contrast images (right side). Cells exposed to NiO NPs and stained with FDA were shot with 2x
shutter time used in the control. Arrows: NiO NPs in contact with yeast cells. B and D — Quantification by fluorescence
microscopy of the percentage of metabolically active yeast cells exposed to 100 mg/L NiO or Ni** and subsequently stained
with FUN-1 or FDA, respectively. Each point represents the mean of at least three independent experiments, performed in
duplicate (n>6). Standard deviations (SD) are presented (vertical error bars); where no error bars are shown, SD are within the
points. E — Assessment of esterase activity, by the hydrolysis of FDA, of cells exposed to 100 mg/L NiO or Ni?* for 6 h. This is a
typical example of an experiment performed at least three times. Each bar represents the mean of four fluorescent readings
(n=4); standard deviations are presented (vertical error bars). All means presented are significantly different from the control
(P<0.05; unpaired t test), except for NiO in D.
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The incubation of yeast cells with the general redox sensor H,DCFDA (Tarpey et al., 2004) and
subsequent exposure to NPs or Ni?* for 6h revealed that NiO NPs and Ni2* induced the intracellular

accumulation of reactive oxygen species (ROS) (Fig 3.6).
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Figure 3.6. Effect of NiO NPs and Ni?* on the reactive oxygen species (ROS) production by S. cerevisiae BY4741. A - Visualization
of control (cells incubated in the absence of the toxicant, without ROS) and cells exposed for 6 h to 100 mg/L NiO NPs showing
intracellular ROS (green fluorescence) (left side) and respective phase contrast images (right side). Arrow: NiO NPs in contact
with yeast cells. B — Assessment of intracellular ROS in cells exposed for 6h to 100 mg/L NiO or Ni2* and compared with control.
This is a typical example of an experiment performed at least three times. Each bar represents the mean of four fluorescent
readings (n=4). Standard deviations (SD) are presented (vertical error bars); where no error bars are shown, SD are within the
points. The means are significantly different from the control (P < 0.05; unpaired t test).

3.3.4. Contribution of the nickel released by NPs to the observed toxicity
To test the contribution of the nickel dissolved from the NPs to the toxicity of NiO NPs, yeast cells
were exposed to 5.2 mg/L Ni2*. This concentration corresponds to the dissolved nickel in the MES
buffer when yeast cells were incubate with 100 mg/L NiO NPs during 6 h (Fig 3.2B), and is similar to
the amount of nickel released by NPs in the used MES buffer (abiotic conditions) described above (Fig
3.2A, B). Yeast cells exposed to 5.2 mg/L Ni?* displayed viability > 90% (Fig 3.7A) practically without
ROS accumulation (Fig 3.7B). Similar results were observed when yeast cells were exposed to the
supernatant of 100 mg/L NiO NPs (NiO NPs supernatant) (insert of Fig 3.7A; Fig 3.7B). These results
were considerably different from those observed when yeast cells were exposed to 100 mg/L NiO
NPs: viability of ~60% (Fig 3.3B and Fig 3.4) and a substantial accumulation of intracellular ROS (Fig
3.6A, B) were observed. Together, these results suggest that the toxic effects observed for 100 mg/L

NiO should not be attributed mainly (or only) to the nickel released from the NPs.
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Figure 3.7. Effect of the dissolution of NiO NPs on cell viability and intracellular ROS accumulation. Cells were not exposed
(control) or exposed to 5.2 mg/L Ni?* in MES buffer. A — Evaluation of viability of cells exposed to 5.2 mg/L Ni?*. The data
reported are presented as mean values from at least three independent experiments performed in duplicate (n>6). Standard
deviations (SD) are presented (vertical error bars); where no error bars are shown, SD are within the points. Insert: comparison
of the viability among non-treated cells (control) and cells exposed for 6 h to 5.2 mg/L Ni>* or 100 mg/L NiO NPs supernatant.
B — Levels of intracellular ROS of cells exposed for 6 h to 5.2 mg/L Ni** or 100 mg/L NiO NPs supernatant. This is a typical
example of an experiment performed at least three times. Each bar represents the mean of four fluorescent readings (n=4).
Standard deviations are presented (vertical error bars). The means with different letters are significantly different (P < 0.05;
ANOVA).

3.3.5 NiO NPs adhere to cell wall but are not internalized in yeast cells

The observation, by optical microscopy, of yeast cells exposed to NiO NPs allowed visualizing the
presence of agglomerated NPs adhered to the cells (Fig 3.5A, C and Fig 3.6A). The subsequent analysis
of yeast cells exposed to NPS, using a more powerful observation technique (TEM), detected the
presence of agglomerates, electron-dense, in contact with cell wall (Fig 3.8A). A more detailed
examination of these cells revealed that the electron-dense structures are in tight contact with the
yeast cell wall (right panel of Fig 3.8A). Taken together, these observations strongly suggest that NiO
NPs agglomerates adhere to yeast cell wall.

To obtain further insights about the possible mechanisms of toxicity of NiO NPs, it was investigated
whether the NPs enter into S. cerevisiae cells. Fig 3.8A, B show typical TEM images of yeast cells
incubated with NiO NPs or without (control), respectively. A careful observation of the cytoplasm of
yeast cells exposed to NiO NPs, using TEM, did not detect any electron-dense structures containing
nickel (Fig 3.8A), which suggests that NiO NPs should not be able to cross the cell wall and plasma

membrane of yeast cells.
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To evaluate the effect of cell wall porosity on the susceptibility of yeast cells to NiO NPs, two isogenic
mutants (cwpTA and cwp2h) which were affected in cell wall mannoproteins were used. Literature
describes that the wall of yeasts with deletion of the CWPT or CWP2 genes display increased
permeability and sensitivity to genotoxic agents (Zhang et al., 2008). As it can be observed in Fig 3.8C,
the susceptibility of cwp TA and cwp2A strains was not significantly different from that of the WT strain,
which suggests that an increase of yeast cell wall porosity did not enhance the susceptibility of S.

cerevisiae cells to NiO NPs. These results confirm the sieve effect of this cell structure.
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Figure 3.8. NiO NPs adhere to cell wall of the yeast S. cerevisiae BY4741 but are not internalized. A and B — Representative
transmission electron microscopy (TEM) images of cells incubated with 100 mg/L NiO NPs or without NPs (control) for 6 h, in
MES buffer, respectively. Boxes 1 and 2: electron dense particles adhered to yeast cell wall. Right panel of A — high magnification
images of boxes 1 and 2, respectively. CW - cell wall; LD - lipid droplet; M — mitochondria; N — nucleus; PM — plasma membrane;
V —vacuole. C - Effect of wall porosity on the susceptibility of S. cerevisiae to NiO NPs. Wild type strain (WT) and the isogenic
mutants cwpTA and cwp2A were exposed to NiO NPs for 6 h. Each bar represents the mean of at least three independent
experiments performed in duplicate (n>6); standard deviations (SD) are presented (vertical error bars). The means are not
significantly different (P < 0.05; ANOVA).
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3.4. Discussion

The characterization of NiO NPs in both media showed that the NPs tended to agglomerate in
aqueous medium (Table 3.2), which is in agreement with observations of other authors (Karlsson et
al.,, 2014; Latvala et al., 2016; Siddiqui et al., 2012). This agglomeration is particularly notorious in MES
buffer (Fig 3.1B) and, for both NP concentrations tested, NiO NPs agglomerate with time, displaying
a hydrodynamic diameter distributed over a range of ~1000 to 5000 nm. In fresh YEP medium, NiO
NPs displayed a hydrodynamic diameter distributed over a range of ~300 to 400 nm during the first
3 h, which is similar to that of other reports (Duan et al., 2015; Faisal et al.,, 2013). Zeta potential is
usually seen as a key indicator of the stability of NPs. In suspensions with low zeta potential (-4 to -
8 mV), as was observed in MES buffer (Table 3.2), attractive forces exceeded the repulsive forces; thus,
the NPs were poorly stabilized and tended to agglomerate. In YEP medium, NiO NPs displayed a
higher value of zeta potential (-21 to — 17 mV) and were more stable in comparison with suspensions
in MES buffer. Hence, the agglomeration of NiO NPs determined by DLS is in agreement with the zeta
potential observed in both media. A similar value to the one observed in YEP medium was reported
for NiO NPs suspended in Holtfreter's medium at pH 7.0 (-23.1£2.0 mV) (Lin et al., 2013).

Due to NiO NPs agglomeration in MES buffer, lower toxicity was expected in this medium compared
to YEP. However, the opposite effect was observed: NiO NPs up to 100 mg/L did not inhibit yeast
growth in liquid YEP while yeast cells exposed for 6 h to NiO NPs in MES buffer and subsequently
plated on YEP agar lost their cell viability in a dose dependent manner (Fig 3.2). The difference of
toxicity in these two media (YEP broth and MES buffer) can be attributed to the coating of the NiO
NPs by peptides from the YEP medium. The formation of protein-coated NPs (Cedervall et al., 2007)
reduces NPs bioavailability and consequently decreases their toxicity, as was suggested in the case of
antibacterial activity of silver NPs complexed with albumin (Lok et al., 2007). In addition, the nickel
released from the NPs was, most likely, complexed by medium components (Hausinger, 1993;
Protheroe et al,, 1989), which reduces its bioavailability and hinders their toxicity.

It was observed that NiO NPs were very insoluble in the tested media; the nickel released from NPs
in fresh YEP broth or MES buffer being equal to or below 6.6%. Karlson et al. (2014) reported a similar
percentage (5%) of dissolved Ni for NiO NPs suspended in MES buffer.

One of the main hypotheses explaining NP toxicity is associated with their tendency to induce the
formation of ROS (Nel et al., 2006; von Moos and Slaveykova, 2014). Consistent with this possibility,
an enhancement of intracellular ROS generation in yeast cells exposed to 100 mg/L NiO NPs was

observed (Fig 3.6). Our results are in agreement with those described in the literature reporting ROS
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production in different mammalian cells exposed to NiO NPs (Ahamed et al,, 2013; Horie et al., 2011;
2016; Siddiqui et al.,, 2012).

NiO-induced reduction of metabolic activity was observed through the assessment of esterase activity
and FUN-1 processing (Fig 3.5). Although yeast cells exposed to NiO NPs remained esterase positive
(Fig 3.5D), a sharp reduction (compared to the control) of the ability to hydrolyse FDA was observed
(Fig 3.5C, E). Similarly, in NiO NP treated cells, a reduction of the ability to process the probe dye FUN-
1 was observed (Fig 3.5B). Together, the induction of intracellular ROS accumulation and the reduction
of metabolic activity can contribute to the reduction of viability of yeast cells exposed to NPs (Fig 3.3B
and 3.4).

The comparison of the toxic effect due to the exposure of yeast cells to 100 mg/L NiO NPs (a loss of
viability of ~40% and an increase of approximately 300% of intracellular ROS) (Fig 3.4 and 3.6B) with
the effect caused by 5.2 mg/L Ni?* (a loss of viability <10% and an increase of 1% of the intracellular
ROS) (Fig 3.7), which is the amount of nickel released by 100 mg/L NiO NPs (Fig 3.2B), suggests that
nickel released from NPs, by itself, cannot be the main contributor to the toxicity observed. This
possibility was confirmed by the exposure of yeast cells to the supernatant of 100 mg/L NiO NPs;
under this condition, a similar effect to that of exposure to 5.2 mg/L Ni>* was observed (insert of Fig
3.7A and Fig 3.7B). Together, these results strongly indicate that nickel released from NiO NPs can
contribute to but does not explain all (or most) of the toxicity observed due to NiO NPs. A similar
observation was described when Photobacterium phosphoreum was exposed to NiO NPs (Wang et al,,
2016).

NiO NPs can exert their toxic effect on S. cerevisiae cells by a direct mechanism: the passage of NiO
NPs through the yeast cell wall and subsequent internalization by endocytosis. Miao et al. (2010)
reported that the internalization of silver NPs was a mechanism through which algal growth was
substantially reduced. The cell wall of S. cerevisiae is a porous matrix composed of an external layer
constituted predominantly of mannoproteins and an internal layer consisting of glucans and chitin
(Klis et al., 2002; 2006). The yeast S. cerevisiae displays cell wall pores of approximately 200 nm, and
they can increase up to 400 nm under stress conditions (de Souza Pereira and Geibel, 1999). However,
passage of NiO NPs, which have an average hydrodynamic size of ~1000-5000 nm in MES buffer,
through the cell wall seems to be unlikely. TEM observations of yeast cells exposed to 100 mg/L NiO
NPs confirmed that no NPs were internalized by the yeast cells (Fig 3.8A). Similarly, other authors did
not find CuO or ZnO NPs inside yeast cells of S. cerevisiae (Bao et al., 2015; Zhang et al,, 2016). In the

present work, it was also observed that isogenic strains with increased cell wall porosity (cwpTA and
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cwp2h) were not significantly more susceptible to NiO NPs than the WT strain (Fig 3.8¢). Together,
these results ruled out the possibility that the toxic effects could be attributed to a direct action of
NiO NPs.

As an alternative possibility, NPs can exert their toxic effect by an indirect mechanism: NiO NPs adsorb
to the yeast cell wall and release nickel in the vicinity of the cell and thus enhance the toxic effect. A
similar mechanism was proposed for the antibacterial activity of silver NPs (Lok et al., 2007) and for
the toxic effects observed with CuO NPs in yeast cells (Bao et al., 2015; Kasemets et al, 2013).
Compatible with this possibility, it was observed by optical microscopy (Figs 3.5A, C and Fig 3.6A) and
transmission electron microscopy (Fig 3.8A) the adsorption of the NPs onto the surface of yeast cells.
It was suggested that the metal ions released from metal oxide NPs can be adsorbed onto the NP
surface, concentrating the amount of nickel at the NP-yeast cell wall interface and thus enhancing the
toxic effect (Wang et al., 2016). Consistent with this possibility, we observed that yeast cells surrounded
by agglomerated of NPs were usually metabolically compromised [FUN-1 negative (Fig 3.5A) or with
a low level of esterase activity (Fig 3.5C)] and displayed considerable amounts of intracellular ROS (Fig
3.6). Emphasizing this possible mechanism of toxicity, the observed patterns of loss of cell viability
(Fig 3.4), metabolic activity (Fig 3.5B, D, E) and enhancement of ROS accumulation (Fig 3.6B) induced
by NPs and Ni?* were similar. In the case of Ni?*, a faster and deeper effect occurred due to its high

concentration.

3.5. Conclusions

The toxicity mechanisms of NiO NPs were studied using the yeast S. cerevisiae as cell model:
 Toxicity were caused by the NPs themselves, probably, by an indirect mechanism: NPs adsorb to
the yeast cell wall and enhance the release of Ni?* at the NP-yeast cell wall interface;

¢ NiO NPs induced the loss of cell viability in a dose dependent manner;

¢ NiO NPs reduced the metabolic activity and enhanced ROS accumulation in yeasts.
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Chapter 4 - Nickel oxide (NiO) nanoparticles induce loss of cell
viability in yeast mediated by oxidative stress*
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4.1. Introduction

Nickel oxide (NiO) nanoparticles (NPs) have been the object of a renewed interest due to their multiple
applications, such as catalysts, cathode materials for alkaline batteries, diesel-fuel additives, materials
for gas or temperature sensors, electronic components and pigments for ceramics and glass (EPRUI,
2017).

One of the main mechanisms associated with metal oxide NPs toxicity consists of the generation of
extracellular and/or intracellular reactive oxygen species (ROS), leading to the oxidative damage of
the cells (Manke et al.,, 2013). ROS comprises a broad category of chemical species, such as singlet
oxygen ('0O,), superoxide anion radical (Oy"), hydroxyl radical (HO"), peroxyl radical (ROO") and
hydrogen peroxide (H.0;) (Bartosz, 2009). ROS can originate in the endoplasmic reticulum (through
the formation of H,O, and O, during protein folding) (Perrone et al.,, 2008), in peroxisomes (due to
the production of H,O, during fat acids oxidation) (Herrero et al., 2008) and in the mitochondria
(through generation of O™ and H,O; in respiratory chain) (Barros et al., 2004; Guidot et al., 1993). ROS
can be found in the cytosol as consequence of the escape of H,O, from the endoplasmic reticulum
and mitochondria (Perrone et al., 2008).

Yeast cells are equipped with an elaborate antioxidant defence mechanism to cope with oxidative
stress (OS) and thus to maintain intracellular redox equilibrium. This mechanism includes antioxidant
molecules, such as reduced glutathione (GSH) and enzymes (Jamieson, 1998). The yeast S. cerevisiae
displays two superoxide dismutases (SOD) enzymes, which catalyse the dismutation of O>™ to HOy;
SOD1 encodes a Cu/ZnSOD, which localizes to the cytosol, mitochondrial intermembrane space and
nucleus; SOD2 encodes a MnSOD present in the mitochondrial matrix. S. cerevisiae also displays two
catalases (Cat), which reduce H>O,: Cat T, which localizes to the cytosol, and Cat A, which localizes to
peroxisomes. In addition, yeast cells also possess peroxidases, which reduce inorganic and organic
peroxides into the corresponding alcohols using cysteine thiols. Two classes of peroxidases were
found: a) glutathione peroxidases, which employ GSH, such as Gpx3 (located at mitochondrial
intermembrane space and peroxisomal matrix) and Grx1 (glutaredoxin, located at cytosol and
nucleus); b) thioredoxin peroxidases (also called peroxiredoxins), which employ thioredoxin, such as
the cytosolic Tsa1l and the mitochondrial Prx1 (Herrero et al., 2008).

When the level of ROS overcomes the defence system, the cell redox homeostasis is altered, resulting
in OS, which can cause the damage of a wide range of molecules, such as unsaturated lipids via

peroxidation, proteins via oxidation and DNA, leading to reduced cell viability (Avery, 2011). Oxidative
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stress plays an important role in many human diseases, including diabetes, cancer and
neurodegenerative diseases, such as Parkinson’s and Alzheimer’s disease (Farrugia and Balzan, 2012).
Several studies have reported that NiO NPs induce OS in different cell models. In this context, it has
been described that rats exposed to NiO NPs show pulmonary OS (Horie et al., 2012; Horie et al,
2016). Exposure to NiO NPs has been shown to induce intracellular accumulation of ROS in multiple
human cell lines, such as liver (HepG2) (Ahamed et al., 2013), alveolar basal epithelial (A549) (Ahamed,
2011; Horie et al.,, 2011; Lu et al., 2015), airway epithelial (HEp-2) and breast cancer (MCF-7) cells
(Siddiqui et al., 2012). Similarly, exposing the aquatic plant Lemna gibba L. (Oukarroum et al., 2015)
and the barley Hordeum vulgare L. (Soares et al., 2016) to NiO NPs induce cellular OS.

The yeast Saccharomyces cerevisiae has been used as cell model in toxicological evaluations of
chemicals. Yeast-based functional genomics and proteomics technologies, which include the use of
the yeast deletion strain collection, are important tools for the elucidation of toxicity mechanisms
(Dos Santos et al,, 2012). The easy manipulation of mitochondrial respiration, namely, by the loss of
mitochondrial DNA (Altmann et al., 2007), makes this simple cell model particularly attractive for
investigating the role of mitochondria in ROS generation. A previous study showed that the exposure
of the yeast S. cerevisiae to NiO NPs inhibited proliferation capacity, reduced metabolic activity and
enhanced accumulation of ROS (please see Chapter 3).

The present Chapter aimed to further elucidate the role of ROS generation in the toxic effects of NiO
NPs on the yeast S. cerevisiae. Additionally, we sought to determine the mechanism through which
NiO NPs generate ROS in yeast cells. This was achieved by investigating the link between ROS
production and the loss of cell viability induced by NiO NPs. OS was assessed by measuring both
exogenous (acellular, abiotic, cell free) and intracellular ROS generated NPs induced. The different
types of ROS produced by exposure to NiO were characterized using fluorescent probes. The
involvement of mitochondria as a source of ROS was examined. The role of non-enzymatic (GSH) and
enzymatic defences (using yeast deletion strain collection) in the fight against OS induced by NiO NPs

was also investigated.
4.2. Materials and Methods

4.2.1. Preparation of nickel oxide nanoparticles stock suspensions

The NiO NPs preparation and characterization were previously described in Chapter 3.
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4.2.2. Yeast strains, media and growth conditions

The Saccharomyces cerevisiae strains used in this study are listed in Table 4.1. Wild type (BY4741) and
single gene deletion strains were purchased from EUROSCARF collection (Frankfurt, Germany). The
isogenic derivative p° strain (BY4741- p°) was obtained as previously described (Sousa and Soares,
2014).

The strains were maintained at 4 °C on YEP agar slants [5 g/L yeast extract (Difco-BD), 5 g/L peptone
(Difco-BD), 10 g/L glucose (Merck) and 15 g/L agar (Merck)]. Single-gene deletion mutant strains were
maintained on YEP agar with 200 mg/L Geneticin (G418 disulfate salt, Sigma-Aldrich). The pre-cultures

and cultures were obtained as described in Chapter 3.

Table 4.1. List of S. cerevisiae strains used in this chapter.

Reference Strain Genotype Comment
BY4741 Wl(lsv%pe MATa; his3A1; leu2A0; met 15A0; ura3A0 control strain
without L-y-
Y07097 gsh1A BY4741; YJL101c:kanMX4 glutamylcysteine
synthetase
YO1740  gsh2A BYA741; YOLO49w:kanMX4 without glutathione
synthetase
Y06913  sod1A BY4741; YJR104c:kanMX4 without copper-zinc
superoxide dismutase
YO6605  sod2A BY4741; YHRO08C:kanMX4 without manganese-
superoxide dismutase
Y04718 ctt1A BY4741; YGR0088w::kanMX4 without catalase T
Y03615 ctalA BY4741; YDR256c::kanMX4 without catalase A
Y05972  gpx3A BY4741; YIRO37w.:kanMX4 without glutathione
peroxidase
Y06681 grx1A BY4741; YCLO35c:kanMX4 without glutaredoxin
YO0545  tsalA BY4741; YMLO28w:kanMX4 without thioredoxin
peroxidase
Y03090 prx1A BY4741; YBLO64C::kanMX4 without peroxiredoxin
p° MATa; his3A1; leu2NO; met15A0; ura3A0; rho® without mtDNA
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4.2.3. Treatment of yeast cells with NiO NPs

Yeast cells in exponential phase of growth were centrifuged (2.500xg, 5 min), washed twice and re-
suspended in deionized water. Then, cells were suspended (1x107 cells/mL) in 10 mmol/L MES buffer
(Sigma-Aldrich), pH 6.0 with 20 g/L glucose and incubated with 50 or 100 mg/L NiO NPs, at 30°C, 150
rpm, for 6 h. Yeast cells were also suspended in MES buffer without NiO NPs (control).

The effect of two antioxidants, L-ascorbic acid (AA) or N-tert-butyl-a-phenylnitrone (PBN) on the
quenching of ROS NiO NPs induced was tested. AA efficiently scavenges free radicals and other ROS
produced in cell since it reacts rapidly by donating a hydrogen atom to an oxidizing radical (Arrigoni
and De Tullio, 2002; Nimse and Palb, 2015). PBN is a free radical spin trapping agent, which reacts
covalently with radicals and form stable adducts (Xu et al.,, 2012). For this purpose, yeast cells were
pre-incubated with 10 mmol/L AA (Merck) or 2 mmol/L PBN (Sigma-Aldrich) 30 min before the
exposure to NiO NPs.

For exposure of yeast cells to NiO NPs under nitrogen atmosphere during 6 h, yeast cells were pre-
incubated in 20 mL MES buffer in wash bottles under flow of pure N; (less than 2 mg/L of Oy; Linde)
at 100 mL/min, 30 min before the exposure to NiO NPs. During cell exposure to NiO NPs, the flow of

N, was also maintained.

4.2.4. Cell viability assay
The toxic impact of NiO NPs on the yeast cells was evaluated by a cell viability assay. Yeast cells were
incubated in MES buffer without (control) or with NiO NPs and subsequently plated on YEP agar, as
described in Chapter 3. As toxicity end point, the viability was calculated considering the number of

colony-forming unit (CFU)/mL at zero time as reference (100 %).

4.2.5. Determination of reactive oxygen species (ROS)
The detection of O, was carried out using dihydroethidium (DHE). This compound is a cell permeant
probe that can undergo oxidation by superoxide anion radical to form the DNA-binding compound
ethidium. DHE allows a specific detection of O, since this probe is minimally oxidised by H,O, (Benov
et al, 1998). The H,O, accumulated in yeast cells was monitored using the probes 2'7'-
dichlorodihydrofluorescein diacetate (H.DCFDA) or dihydrorhodamine 123 (DHR123). H,DCFDA is
taken up by yeast cells, being metabolized by intracellular esterases to H,DCF; in the presence of
H>O,, H.DCF is oxidized to DCF (Keston and Brandt, 1965). Other ROS, such as peroxyl radical (ROO-)

and peroxynitrite anion (ONOO"), are capable of undergo the oxidation of H,DCF to DCF (Crow, 1997;
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Wang and Joseph, 1999). In addition, the probe DHR123, which is a structurally related analogue of
H.DCFA but lacks the diacetate and dichloro substituents of H,DCFDA (Crow, 1997), was also used.
DHR123 is a cell permeant compound that is oxidized to rhodamine 123 by oxidants such as, H,0,,
HOCI and ONOO" (Crow, 1997). Because H,DCFDA and DHR123 can be oxidized by different ROS,
these probes can be used as general redox sensors in the assessment of cellular oxidative stress
(Tarpey et al., 2004). All compounds were purchased from Sigma-Aldrich. Yeast cells were suspended
in MES buffer, with 2% (w/v) glucose, at a final concentration of 1x107 cells/mL, and incubated at 30°C
for 10 minutes, in the dark, with 8 pmol/L DHE or with 20 pmol/L H,DCFDA or with 2.88 pymol/L
DHR123. Subsequently, cells were treated with NiO NPs (50 or 100 mg/L) and placed in a 96-well flat
microplate (Orange Scientific). As control, cells were incubated in the same conditions in the absence
of NPs. Fluorescence intensity, as relative fluorescence units (RFU), was measured in a PerkinElmer
(Victor3) microplate reader at a fluorescence excitation wavelength of 485/14 nm and an emission of
535/25 nm (H>.DCFDA and DHR123) or at a fluorescence excitation of 485/14 nm and an emission of
620/8 nm (DHE).

ROS production by NiO NPs or Ni%* in MES buffer (abiotic ROS) was evaluated using H.DCF. H.DCFDA
was deacetylated to H.DCF as previously described (Aruoja et al., 2015). NiO NPs (100 mg/L) or Ni®*
(79 mg/L; from a 1000 mg/L NiCl; stock solution, Merck) were incubated in MES buffer in the same
conditions of the assays with yeast cells. After 6h of incubation, samples of 100 uL (NiO NPs or Ni%*,
in MES buffer) were taken, combined with 100 pL of 52 pmol/L HDCF solution, placed in
quadruplicate in a 96-well flat microplate and incubated at room temperature, in the dark, for 45
minutes. Blank and positive control were prepared by replacing the sample by equal volume of MES
or 26 ymol/L H,O; (prepared in MES buffer), respectively. Fluorescence was quantified as described
above for H,DCFDA. Abiotic ROS was expressed as the ratio of fluorescence of the assay/fluorescence

of the blank.

4.2.6. Assessment of intracellular reduced glutathione
Intracellular reduced glutathione (GSH) was estimated with monochlorobimane (mBCl, Sigma-
Aldrich). mBCl is a cell permeant nonfluorescent probe; once inside the cell, mBCl reacts with reduced
glutathione and forms fluorescent bimane-glutathione (B-SG) adducts (Haugland, 2005). Cells were
stained as previously described (Perez et al., 2013). Briefly, yeast cells were exposed to NiO NPs, as
described above, for 6 h and then were harvested by centrifugation, re-suspended at 1x107 cells/mL,

in 0.1 mol/L phosphate buffered saline solution (PBS buffer), at pH 7.0, and incubated with 50 umol/L
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mBCl, for 2 h, at 30 °C, in the dark. Fluorescence intensity was measured using a microplate reader at

fluorescence excitation of 355/40 nm and an emission of 460/25 nm.

4.2.7. Epifluorescence microscopy
Samples were observed using a Leica DLMB epifluorescence microscope equipped with an HBO 100
mercury lamp and appropriate filter setting (A for GSH; GFP for H,DCFDA or DHR123 and N2.1 for
DHE) from Leica. The images were captured with a Leica DC 300 F camera using a 100x oil immersion

N plan objective and processed using Leica IM 50-Image manager software.

4.2.8. Reproducibility of the results and statistical analysis
The data reported are presented as mean values + standard deviations (SD) from at least three
independent experiments performed in duplicate (n>6). In fluorescence experiments, it is presented
a typical example of an experiment performed at least three times; each data represents the mean (+
SD) of four fluorescent readings. The means values were subjected to one-way ANOVA followed by
Tukey—Kramer multiple comparison method. Alternatively, differences between control and treated
cells were tested using unpaired t test. In all experiments, P values <0.05 were considered statistically

significant.

4.3. Results
4.3.1. Evaluation of the possible pro-oxidant effect of NiO NPs

The previous chapter demonstrated that NiO NPs induced cytotoxicity, which was accompanied by
an intracellular accumulation of ROS (see Chapter 3). To investigate whether the ROS measured had
an exogenous source or whether it was generated intracellularly, we evaluated the ability of NiO NPs
to induce ROS production in abiotic conditions (cell free). Therefore, an assay was conducted in MES
buffer, in the same conditions of yeast exposure to NiO NPs, but without yeast cells. ROS was detected
using the general redox sensor 2',7'-dichlorodihydrofluorescein diacetate (H.DFCDA) deacetylated
(H2DCF) (Tarpey et al., 2004; von Moos et al., 2016). Since metal oxide NPs can trigger ROS production
through the solubilization of the metal of the NPs, the ability of 79 mg/L Ni?* to induce ROS was also
tested. This Ni?* concentration corresponded to the total Ni** present in 100 mg/L NiO NPs; in other
words, this Ni?* concentration was calculated assuming the complete dissolution of 100 mg/L NiO
NPs. The functionality of the H,DCF was tested using 26 pmol/L H,O; as a positive control. As can be

observed in Figure 4.1, neither 100 mg/L NiO NPs nor 79 mg/L Ni2* was able to generate ROS above

54



background readings. These results indicate that the ROS accumulated in yeast cells exposed to NiO

NPs (Fig 4.2A) were intracellularly generated.
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Figure 4.1. Possible pro-oxidant effect of NiO NPs and Ni?*. NiO at 100 mg/L and Ni?* at 79 mg/L were incubated with H.DFC
in MES buffer, for 6 h, in the dark. Blank and positive control were obtained by incubating the H.DCF probe in MES buffer or
with 26 umol/L H20z, respectively. This is a typical example of an experiment performed three times; the data represent the
mean (£ SD) of four fluorescent readings. Mean value with asterisk is significantly different: *P<0.05 in comparison with control;
unpaired t test.

4.3.2. Antioxidants prevent the toxicity induced by NiO NPs
To determine whether there is a link between the induction of oxidative stress (OS) and the loss of
cell viability, yeast cells were exposed to NiO NPs in the absence or the presence of a natural (L-
ascorbic acid, AA) or a synthetic (N-tert-butyl-a-phenylnitrone, PBN) antioxidant (Arrigoni and De
Tullio, 2002; Nimse and Palb, 2015; Xu et al,, 2012). For the concentrations used in this Chapter, AA
and PBN were not toxic to the cells (Fig 4.2B). It was found that the co-exposure of yeast cells to 100
mg/L NiO NPs and AA or PBN at 10 or 2 mmol/L, respectively, prevented the intracellular
accumulation of ROS induced by NiO (Fig 4.2A). In addition, the presence of AA or PBN significantly
restored the survival of yeast cells exposed to 100 mg/L NiO NPs (Fig 4.2B). These results support the
hypothesis that the increase of intracellular ROS levels is the main cause of decreased yeast viability

following treatment with NiO NPs.
4.3.3. Characterization and monitoring of intracellular ROS accumulation

Intracellular ROS induced by NPs were characterized using the following ROS sensitive probes:

dihydroethidium (DHE), 2',7'-dichlorodihydrofluorescein diacetate (H.DCFDA) and dihydrorhodamine
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123 (DHR123). DHE was used to detect superoxide anion radicals since this probe is oxidized by O~
with high specificity (Benov et al., 1998). Cells exposed to NiO NPs exhibited a red fluorescence, which
reflected the intracellular accumulation of Oy~ (Fig 4.3A). Although H,DCFDA and DHR123 can be
used to monitor a broad range of ROS, they are mostly used to detect H,O; (Tarpey et al., 2004). As
seen in Figure 4.3A, cells incubated with NPs and stained with H,DCFDA or DHR123 displayed a green

fluorescence, which indicates the intracellular accumulation of H,0,.
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Figure 4.2. Impact of antioxidants on the yeast S. cerevisiae exposed to NiO NPs. Cells were exposed up to 100 mg/L NiO in
MES buffer, with 20 g/L glucose, for 6 h, in the absence of an antioxidant (NiO) or co-exposed to 10 mmol/L L-ascorbic acid
(NiO+AA) or 2 mmol/L N-tert-butyl-a-phenylnitrone (NiO+PBN). A — Levels of intracellular ROS quantified using Ho.DCFDA.
NiO concentration: 100 mg/L; control: cells incubated in MES buffer in the absence of antioxidants and NiO NPs. This is a typical
example of an experiment performed three times; each bar represents the mean of four fluorescent readings. B — Cell viability
assessed by colony-forming units (CFU) counting on YEP agar. The data represent the mean (+ SD) of three independent
experiments. Standard deviations (SD) are presented (vertical error bars). Means with different letters are significantly different
(P<0.05; ANOVA).

Using a kinetic approach with the fluorescent probes described above, it was possible to monitor the
evolution of ROS generated in yeast cells, induced by NiO NPs. As seen in Figure 4.3B, a significant
increase of O, and H,O, was observed in yeast cells after 2 h of incubation with NiO NPs, compared
to control (non-treated cells). After 6 h of exposure to NiO NPs, a significant increase of both red and
green fluorescence signal in cells treated with NiO NPs was observed, indicating high levels of Oy~
and H>O, compared to untreated cells (Fig 4.3B). The intracellular O, and H»O; levels in cells exposed

to NiO NPs, increased with time in a concentration dependent manner, but not linearly (Fig 4.3B).
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Figure 4.3. NiO NPs induce high intracellular O>" and H20: levels in S. cerevisiae. A — Visualization by fluorescence microscopy
of intracellular accumulation of Oz (using DHE probe) or H202 (using H.DCFDA and DHR123 probes). Yeast cells were incubated
for 6h in the absence (control) or presence of 100 mg/L NiO NPs. B — Kinetics of intracellular ROS generation evaluated using
DHE, H.DCFDA and DHR123, respectively. This is a typical example of an experiment performed at least three times. The data
represent the mean of four fluorescent readings. Standard deviations (SD) are presented (vertical error bars); where no error
bars are shown, SD are within the points.

4.3.4. The isogenic derivative p° strain displays reduced levels of ROS
The results described above prompted us to investigate the origin of intracellular ROS in yeast cells
exposed to NiO NPs. In normal cells, 1-2% of the electrons from the electron respiratory chain "leak”
from this pathway and originate O during respiration (Eruslanov and Kusmartsev, 2010). Considering
that in the yeast S. cerevisiae, the respiration can be completely abolished through the loss of mtDNA
(Evans, 1983), a WT isogenic derivative p° strain was used to unveil unknown aspects about the role
of mitochondria in the intracellular accumulation of ROS induced by NiO. As seen in Figure 4.4A, the

p° strain was exposed for 6 h to up to 100 mg/L of NiO NPs, but no intracellular accumulation of Oy

(evaluated using DHE) was detected. This result suggests that mitochondria are an important source
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of Oy Itis likely that the O, formed in the WT strain exposed to NPs was dismuted by the superoxide
dismutase (MnSOD), present in the mitochondrial lumen, generating H,O,, which then accumulated
in the mitochondria or diffused into the cytosol. Thus, the O, could be an important source of H,0..
Accordingly, it is expected that the reduction of O, levels will lead to a decrease in H,O, amount.
Consistent with this possibility, a very low level of H,O; in the p° strain (without detectable levels of
0,7) was detected compared to the WT strain (Fig 4.4B and C).

Cell viability was enhanced in the p° strain compared to the WT strain (Fig 4.4D), which reinforces the

role of ROS in the toxicity induced by NiO NPs.

4.3.5. Anoxic atmosphere protects against the toxicity of NiO NPs
To further confirm the mitochondrial origin of OS, the intracellular levels of ROS were compared in
yeast cells incubated with NiO NPs in normal atmosphere (21% O) and in the absence of oxygen (N:
atmosphere). The levels of intracellular ROS in yeast cells incubated with 100 mg/L NiO NPs in N
atmosphere were not significantly different from control (cells not exposed to NiO NPs) (Fig 4.4E).
This indicates that the atmosphere of pure N, protected the yeast cells from OS. This protection was
confirmed by an increase in viability in cells incubated with 100 mg/L NiO NPs and in N, atmosphere
compared to cells exposed to NPs in normal (O2) atmosphere (Fig 4.4F). These data all together

confirm that mitochondria are an important origin of OS induced by NiO NPs.

4.3.6. NiO NPs decrease intracellular levels of GSH
Reduced glutathione (GSH) is the major intracellular redox buffer, acting as the first line of cellular
defence against oxidative injury (Winther and Jakob, 2013). To obtain further insights into the role of
OS in NiO NP toxicity, the intracellular levels of GSH were compared in cells incubated in the absence
(control) or the presence of NPs. Staining yeast cells with monochlorobimane, which exhibits a high
sensitivity to GSH (Perez et al, 2013), showed that nontreated cells displayed a typical blue
fluorescence due to the formation of bimane-glutathione adducts. Cells incubated with NiO NPs
displayed a faint fluorescence (Fig 4.5A). These observations suggest a reduction of intracellular levels
of GSH in yeast cells exposed to NiO NPs. The quantification of fluorescence signal showed a
significant decrease in cells treated with NiO NPs compared to the control (Fig 4.5B), which confirms

the microscopic observations.
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Figure 4.4. Role of mitochondria in the production of ROS induced by NiO NPs. A-D - Comparison of the effects caused by
NiO NPs on S. cerevisiae BY4741 wild-type (WT) and the respective isogenic p® mutant. A — Levels of O~ detected using DHE.
B, C — Levels of H20. detected with H.DCFDA and DHR123, respectively. D — Cell viability, evaluated by CFU counting on YEP
agar. E and F — Influence of the atmosphere on WT cells exposed to NiO NPs. WT cells were incubated under normal (air) or
nitrogen (N2) atmosphere. E — Levels of ROS detected with H.DCFDA. F — Cell viability, evaluated by CFU counting on YEP agar.
A, B, C and E are typical examples of an experiment performed three times. The data represent the mean of four fluorescent
readings. D, F — represent the mean of three independent experiments. Standard deviations (SD) are presented (vertical error
bars). Means with different letters are significantly different (P<0.05; ANOVA).
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4.3.7. Glutathione-deficient mutants display increased susceptibility to NiO NPs
The role of GSH in NiO NPs-induced OS was also examined using the knockout mutants gsh7A and
gsh2A, which lack either GSHT or GSH2, the genes responsible for the enzymes L-y-glutamylcysteine
synthetase and y-glutamylcysteine, respectively (Grant, 2001). The gshTA and gsh2A strains, without
and with a reduced level of GSH, respectively, displayed an increased sensitivity to NiO NPs (Fig 4.5C)

compared to WT. These results led us to verify if these mutants underlie augmented OS.
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Figure 4.5. Involvement of the reduced glutathione (GSH) in the protection against the toxicity of NiO NPs. Yeast strains, in
the absence (control) or presence of NiO NPs, were incubated in MES buffer for 6h. A — Photomicrographs obtained by
fluorescence and phase-contrast microscopy of S. cerevisiae BY4741 cells incubated in the absence or presence of 100 mg/L
NiO NPs. After incubation, cells were stained with mBCl. Cells non-exposed to NiO exhibited blue fluorescence (formation of
bimane-glutathione conjugates), which was absent in cells exposed to NiO NPs. B — Intracellular level of GSH in S. cerevisiae
BY4741, estimated by measuring the fluorescence signal after staining with mBCl. C — Cell viability of S. cerevisiae BY4741 wild-
type (WT) and the isogenic GSH-deficient mutant strains gsh7A and gsh2A. Cell viability was evaluated by CFU counting on YEP
agar. The data represent the mean (= SD) of three independent experiments. D — Intracellular levels of ROS detected with
H2DCFDA. Experiments of fluorescence measurements (B and D) are typical examples of an experiment performed three times.
The data represent the mean (+ SD) of four fluorescent readings. Means with different letters are significantly different (P<0.05;
ANOVA).
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As seen in Figure 4.5D, the gsh1A and gsh2A strains displayed an increased level of ROS compared to
WT strain, even in the absence of the NPs. Both the gsh7A and gsh2A strains presented a significant
increase in ROS generation when exposed to NiO NPs, compared to the WT strain (Fig 4.5D). This may

explain the reduction in cell viability observed in these mutants (Fig 4.5C).

4.3.8. Single-gene mutants devoid in enzymatic defences do not display increased
susceptibility to NiO NPs
To evaluate the role of different antioxidant enzymes, single-gene mutants deficient in the main
enzymes associated with the defence against OS (Sod1p, Sod2p, Ctt1p, Ctalp, Gpx3p, Grx1p, Tsalp
and Pprx1p) were exposed to 100 mg/L NiO for 6 h. Surprisingly, the single-gene mutants sod 74,
sod2A and ctt1A were more resistant to 100 mg/L NiO NPs than the WT strain (Fig 4.6). The
susceptibility of the mutants ctalA, gpx3A, grx1A, tsalA and prx1A to 100 mg/L NiO NPs were not
significantly different from the WT strain (Fig 4.6).
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Figure 4.6. Susceptibility of S. cerevisiae BY4741 and the isogenic mutant strains lacking enzymatic defences against oxidative
stress to NiO NPs. Cell viability of S. cerevisiae BY4741 wild-type (WT), and mutants was evaluated by CFU counting on YEP
agar. The data represent the mean (+ SD) of three independent experiments. Means with different letters are significantly
different (P<0.05; ANOVA).

4.4. Discussion
NiO NPs are almost insoluble in MES buffer, being only a low amount of Ni2* released by the NPs (see

Chapter 3). In the previous Chapter, it was proposed that the toxic effects induced by NiO NPs are
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mainly produced by the NPs themselves, by an indirect mechanism: NPs adsorb to the yeast cell wall
and enhance the release of Ni’* at the NP-yeast cell wall interface, leading to an activation of toxic
responses.

OS constitutes one of the main mechanisms of the toxicity of metal oxide nanoparticles (Nel et al.,
2006). Nevertheless, the underlying mechanisms associated with OS induced by NiO NPs are not
understood. The present study shows that neither NiO NPs nor Ni?* is able to induce abiotic
extracellular ROS (Fig 4.1); these findings are compatible with the fact that Ni?* is not considered a
catalyst of the Haber-Weiss reaction since it is a redox-inactive metal (Avery, 2001). These results also
indicate that the ROS accumulated in yeast cells upon exposure to NiO NPs were intracellularly
generated (Fig 4.2A). Our results confirm the ability of NiO NPs to induce intracellular ROS
production, as described in works with different cell lines such as A549, Hep-2, MCF-7and HepG2
(Ahamed et al., 2013; Horie et al., 2011; Siddiqui et al., 2012). This result is consistent with our previous
studies (please see Chapter 3), in which we found that NiO NPs exert a toxic effect on S. cerevisiae by
an indirect mechanism. The impact of NiO NPs on the redox status of yeast cells was characterized
using three oxidant-sensitive fluorescent probes: DHE, H.DCFDA and DHR123. Using these probes, it
was possible to identify the presence of O~ and H.O; in yeast cells exposed to NiO NPs (Fig 4.3). It
was also shown that the use of AA (a scavenger of free radicals) or PBN (a spin trapping agent)
abrogates intracellular ROS accumulation induced by NiO NPs and significantly restored yeast viability
(Fig 4.2B). Taking together, these results strongly suggest that the loss of cell viability induced by NiO
NPs can be likely attributed to ROS generation.

We also show here that yeast cells without components of the respiratory chain (p° strain) did not
accumulated detectable levels of O~ and possessed low levels of H,O,, compared to the WT strain
(4.4A, B and Q). Although Oy~ itself is not very reactive to biomolecules (Dawes, 2004), it can be the
source of the generation of more powerful ROS, such as H,O,. We hypothesize that during respiration,
the leakage of electrons from the mitochondrial respiratory chain is the primary source of O™ and, in
turn, Oy~ are most likely the main origin of H,O,. Consistent with this possibility, we found that the
treatment of yeast cells with a free radical spin trapping agent (PBN) strongly reduces the level of
H,O; (Fig 4.2B). On the other hand, yeast cells exposed to NiO NPs in nitrogen atmosphere displayed
low levels of ROS and an enhanced viability compared to the same cells incubated in normal
atmosphere (Fig 4.4E and F). Together, these results strongly indicate that NiO induces the production
of Oy at the mitochondrial level, which seems to be an important source of the intracellular ROS

observed. It has been shown that Ni?* can interfere with iron homeostasis, displacing iron in redox-
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active molecules (Arita et al., 2009; Hausinger, 1993; Ruotolo et al., 2008). Complex I and /Il of the
mitochondrial electron transport chain (molecular complexes containing iron) (Voet et al., 1999)
constitute one of the main sites at which electron leakage to oxygen occurs and is one of the main
sites of production of O, (Drose and Brandt, 2012). It can be hypothesized that the Ni?* released
from NiO NPs can inhibit or interfere with the electron transport at mitochondria by displacing iron
from the electron transport chain of the inner mitochondrial membrane. Compatible with this
possibility, it was found that nickel ions were able to induce intracellular ROS (see Chapter 3). The
presence of iron can also enhance ROS formation through the Fenton reaction.

Oxidative stress occurs as a consequence of an imbalance between the ROS production and the action
of antioxidant defence mechanisms. Here, we show that yeast cells exposed to NiO NPs displayed
reduced levels of GSH compared with cells not exposed to NPs (Fig 4.5A, B). A similar result was
described when different cell lines were exposed to NiO NPs (Abudayyak et al., 2017; Horie et al,
2011; Siddiqui et al., 2012). The depletion of the GSH levels can be associated with higher production
of ROS. In other words, the decrease of the GSH content can be explained by its increased
consumption by scavenging free oxygen radicals induced by the NPs. The reduction of GSH levels in
yeast cells exposed to NiO can also be explained by the high affinity of Ni?* to thiol containing
molecules, such as GSH (Hausinger, 1993). The stable bond of Ni?* to the cysteine residue of GSH
induces the depletion of the pool of these molecules, reducing the cellular antioxidant defences. We
also observed that gsh7A and gsh2A strains, without or with a reduced level of GSH, respectively,
when exposed to NiO NPs, displayed reduced viability and enhanced accumulation of ROS compared
to the WT strain (Fig 4.5C, D). Cumulatively, these results highlight the importance of GSH in the
defence against NiO NPs-induced OS.

A correlation between NiO NPs concentration, loss of cell viability (Fig 4.2B), ROS generation (Fig 4.3)
and GSH depletion (Fig 4.5B) were observed. This is likely because the OS induced by NiO NPs resulted
from a combination of an increase in ROS production in the mitochondria (as result of the
perturbation of respiratory chain) and the reduction of antioxidant cellular defences (as consequence
of GSH depletion). This may be a possible mechanism of NiO NPs-induced loss of cell viability,
mediated through OS, in S. cerevisiae.

A common response of yeast cells exposed to metal stress is the activation of the OS response. It has
been described that antioxidative genes, such as CTT1, GRX1, GRX2, GPX1, GTT2, TRX3 and PRX1
(Hosiner et al.,, 2014; Kucukgoze et al., 2013; Takumi et al., 2010) are induced in S. cerevisiae following

exposure to Ni?*. Interestingly, single-gene mutant strains deficient in the main enzymes involved in
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the defence against OS, namely, sod 1A, sod2A, ctt1A, ctall, gpx3A, grx1A, tsalA and prx1A, were not
more susceptible to NiO NPs than the WT strain (Fig 4.6). These results can be attributed to the fact
that some genes, such as the genes associated with the defence against OS in yeast, do not confer a
specific phenotype when deleted due to gene redundancy or the existence of compensatory parallel

pathways (Dawes, 2004).

4.5. Conclusions

In this chapter, the mechanisms underlying the ROS generation induced by NiO NPs were elucidated.
Thus:

e Cells of S. cerevisiae exposed to NiO NPs displayed intracellular accumulation of Oy and H,O5;

¢ Mitochondria are an important source of ROS;

e Yeast cells exposed to NiO NPs displayed decreased levels of GSH.
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Chapter 5 - Nickel oxide (NiO) nanoparticles trigger caspase- and

mitochondria-dependent apoptosis in yeast Saccharomyces
cerevisiae*
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5.1. Introduction

Due to their unique physiochemical properties and reactivity, the metal oxide nanoparticles (NPs) are
increasingly manufactured in the last decade. Nickel oxide (NiO) NPs are used for multiple
applications, such as catalysts, memory cells, electrode materials in multilayer ceramic capacitors,
diesel-fuel additives and pigments for ceramics and glasses (EPRUI, 2017). As the nanotechnology
industry expands, the exposure to NiO NPs emerges as a significant occupational hazard. In addition,
a deeper understanding of the potential impact of NiO NPs on the environment and human health is
required.

Adverse effects as consequence of the exposure to NiO NPs, such as, cytotoxicity, inflammation and
genotoxicity in human pulmonary cells, has been reported (Capasso et al., 2014; Cho et al., 2010; Horie
et al.,, 2009; Magaye and Zhao, 2012). The International Agency for Research on Cancer classed nickel
compounds as group 1 (carcinogenic to humans) and metallic nickel was classed as group 2B (possible
carcinogenic to humans) (IARC, 1990).

Cell death can be classified into a not programed “accidental cell death” (ACD) and “regulated cell
death” (RCD). The first subtype of cell death (ACD) occurs as a consequence of the exposure of cells
to severe physical, chemical or mechanical stimuli; cells demise in an uncontrollable manner as a result
of their immediate loss of structural integrity. RCD involves a genetically encoded machinery and can
result from multiple signalling pathways, including apoptosis. The designation “programed cell death”
(PCD) is used to refer RCD that is executed in specific physiological scenarios (Galluzzi et al., 2015;
Galluzzi et al., 2018). Many human diseases, such as several neurological disorders (for example,
Huntington's, Parkinson’s and Alzheimer's disease) and cancer are associated with the dysregulation
of cell death pathways (Munoz et al., 2012). In this context, it has been shown that the exposure to
NiO NPs induce apoptosis in different cell lines, such as in human bronchial epithelial (BEAS-2B) (Duan
et al, 2015), lung epithelial (NCIH460) (Pietruska et al., 2011), liver (HepG2) (Ahamed et al., 2013;
Saquib et al., 2018) and neuronal cells (SH-SY5Y) (Abudayyak et al., 2017).

The yeast S. cerevisiae is a relevant eukaryotic cell model in different fields, such as biochemistry,
molecular and cellular biology. In the last decade, this unicellular microorganism has been used in the
study of RCD (Mirisola et al., 2014; Wloch-Salamon and Bem, 2013). This yeast displays some
similarities (orthologues) with mammalian (including human) cells, which makes it an effective cell
model to human diseases (Karathia et al., 2011). In Chapter 3, it was found that the exposure of yeast
cells of S. cerevisiae to NiO NPs induced the loss of metabolic activity and cell viability in a dose-

dependent manner. In Chapter 4, it was observed that the loss of cell viability induced by NiO could
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be attributed to the intracellular generation of reactive oxygen species (ROS) and glutathione
depletion. It is described that oxidative stress is a common denominator of RCD initiation (Strich,
2015). The present Chapter aimed to characterize the cell death observed in S. cerevisiae upon
exposure to NiO NPs. For this purpose, yeast cell death induced by NiO NPs was assessed by
monitoring the loss of plasma membrane integrity and cell viability. Subsequently, the presence of
typical morphological and biochemical features of apoptotic cell death was examined in yeast cells
exposed to a cytotoxic concentration of NiO NPs. In addition, the dependence of known apoptotic

regulators/executors (Ycalp and Aif1p) in the RCD NiO NPs-induced was evaluated.

5.2. Materials and Methods
5.2.1. Preparation of nickel oxide nanoparticles stock suspensions

The NiO NPs preparation and characterization were previously described in Chapter 3.

5.2.2. Strains, media, growth conditions and treatments

Experiments were carried out using the yeast Saccharomyces cerevisiae BY4741 (MATq; his3A7;
leu2A0; met15A0; ura3A0) as a wild-type strain (WT); in addition, the respective knockout mutants in
the AIFT or YCAT genes were also used. Strains were obtained from European Saccharomyces
cerevisiae Archive for Functional Analysis (EUROSCARF).

S. cerevisiae BY4741 strain was maintained at 4 °C on YPD agar containing 5 g/L yeast extract (Difco-
BD), 5 g/L peptone (Difco-BD), 10 g/L glucose (Merck) and 15 g/L agar (VWR Chemicals). The knockout
strains were maintained on YPD agar with 0.2 g/L Geneticin (G418 disulfate salt, Sigma-Aldrich). The
assessment of respiratory-deficient (RD) mutants (see below) was carried out using YPGly agar
medium. YPGly agar is similar to YPD agar, replacing glucose by 2 % (v/v) of glycerol (Merck). In the
canavanine assay (see below), the synthetic dextrose (SD) minimal agar medium (Amberg et al., 2005),
containing 6.7 g/L yeast nitrogen base without amino acids (Difco-BD), 20 g/L glucose, 15 g/L agar,
0.02 g/L uracil (Sigma-Aldrich), 0.02 g/L L-methionine (Sigma-Aldrich), 0.1 g/L L-leucine (Sigma-
Aldrich), 0.02 g/L L-histidine HCI (Sigma-Aldrich) without or with 60 mg/L canavanine (Sigma-Aldrich)
(SD+can), Was used.

All strains were grown in YPD broth to exponential phase by incubating the cells overnight, to an

ODggo of ~1.0, with continuous shaking (150 rpm) at 30°C.
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After growth, cells were harvested by centrifugation (2.500xg, 5 min), washed twice with water,
resuspended at 1 x 107 cells/mL in 10 mM MES buffer (Sigma-Aldrich), pH 6.0, with 20 g/L glucose,
and incubated without (control) or with 100 mg/L NiO NPs, at 30°C, 150 rpm, up to 48 h.

The effect of 25 mg/L cycloheximide (Sigma-Aldrich) on the toxicity induced by NiO NPs was assessed
by pre-incubation with this compound for 30 min before the exposure to NiO NPs. Control

experiments have shown that, at the concentration used, cycloheximide was not toxic to yeast cells.

5.2.3. Survival assay
The effect of NiO NPs on yeast cells was assessed by a cell viability assay (clonogenic test), as
previously described in Chapter 3. Cell viability was calculated considering the number of colony-

forming unit (CFU)/mL at zero time as reference (100 %).

5.2.4. Evaluation of plasma membrane integrity
Plasma membrane permeability was accessed using the non-permeant propidium iodide (PI) probe.
Yeast cells (1 x 107 cells/mL) were incubated with 4.5 umol/L Pl (Sigma), for 10 min, at room
temperature in the dark.
Plasma membrane potential was monitored by staining the cells with bis 1,3-dibutylbarbituric acid
trimethine oxonol (DiBAC4(3)), known as Oxonol (Oxo) (Molecular Probes, Invitrogen) (Epps et al.,
1994). Yeast cells (1 x 107 cells/mL) were incubated with 1.94 umol/L Oxo (final concentration), for 10
min, at 30°C, in the dark. In double staining protocol (Oxo/PI), cells were first stained with Oxo and,
subsequently, with PI, as described above.
As a positive control (cells with depolarized and permeabilized membrane), yeasts were heated at
65°C, for 1 h.
The percentage of Pl or Oxo negative cells was determined by fluorescence microscopy (Leica DLMB,
equipped with a HBO-100 mercury lamp and a filter set 13 [excitation filter (band pass filter, BP) BP
450- 490, dichromatic mirror 510 and suppression filter (long pass filter, LP) LP 515] from Leica. Yeast
cells double stained (Oxo/Pl) were observed using the filter set I3, GFP (excitation filter BP 450-490,
dichromatic mirror 500 and suppression filter BP 500-550) or N2.1 (excitation filter BP 515-560,
dichromatic mirror 580 and suppression filter LP 590) from Leica. In each experiment, two samples of
at least 200 cells (total > 400 cells) were counted in randomly selected microscope fields.
Images were acquired with a Leica DC 300 F camera and processed using Leica IM 50-Image Manager

software.
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5.2.5. Annexin V staining
Annexin V (fluorescein isothiocyanate, FITC-conjugated), a protein that specifically binds to
phosphatidylserine (PS) residues was used to detect the externalization of PS (Vermes et al., 1995).
After treatment, yeast cells were collected, washed two times with 40 mmol/L phosphate buffered
saline (PBS) (pH 6.8) and resuspended at 1 x 107 cells/mL, in sorbitol buffer (1.2 mol/L sorbitol, 0.5
mmol/L MgClz, 35 mmol/L K;HPO4, pH 6.8). Cell walls were digested by incubation, with 90 U/mL
lyticase (Sigma-Aldrich), in sorbitol buffer, for 45 min at 28°C. Then, cell suspensions (1 mL) were
centrifuged (250 x g, 5 min), resuspended in 60 pL of incubation buffer (containing Annexin-V-FLUOS
labelling solution and propidium iodide) (Roche) and incubated for 10 min at 25°C. Cells were
observed in a fluorescence microscope using a filter set 13. In each experiment, two samples
containing at least 100 cells (total > 200 cells) were counted in randomly selected microscope fields.

Images were acquired and processed as described above.

5.2.6. Assessment of mitochondrial membrane potential

The evaluation of mitochondrial membrane potential (AW,) was carried out using the probe
3,3'dihexyloxacarbocyanine iodide (DiOCs(3)) (Sigma-Aldrich) (Pozarowski et al., 2003; Rottenberg
and Wu, 1998). Yeast cells (1 x 107 cells/mL) were collected and incubated with 30 nmol/L DiOCe(3)
for 20 min at 30°C, in the dark. Then, the cells were dispensed (200 uL per well), in quintuplicate, in a
96-well flat microplate (Orange Scientific). Fluorescence intensity (in relative fluorescence units, RFUs)
was measured in a Perkin Elmer (Victor3) microplate reader at a fluorescence excitation wavelength
of 485/14 nm and an emission wavelength of 535/25 nm. AW,, was expressed as the ratio between
the fluorescence in the assay and the fluorescence in the control (non-treated cells).

Cells were also double stained with DiOCs(3) and PI. After DiOCg(3) staining, cells were incubated with
Pl, as described above. Stained cells were observed in an epifluorescence microscope, equipped with

a filter set GFP (DiOCs(3)) or N2.1 (PI). Images were acquired and processed as described above.

5.2.7. Evaluation of nuclear alterations
After treatment with NiO NPs, cells were fixed with 3.5 % (w/v) formaldehyde, stained with 3 pmol/L
diaminophenylindole (DAPI; Sigma-Aldrich) for 15 min, at room temperature, in the dark, and
mounted with ProLong Gold antifade reagent (Molecular Probes, Invitrogen), as previously described

(Bussche and Soares, 2011). Cells were observed in an epifluorescence microscope equipped with a
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filter set A (excitation filter BP 340-380, dichromatic mirror 400 and suppression LP 425), from Leica.
In each experiment, two samples containing at least 200 cells (total > 400 cells) were evaluated in

randomly selected microscope fields. Images were acquired and processed as described above.

5.2.8. Mitochondrial mutation assay
The quantification of respiratory-deficient (RD) mutants induced by NiO NPs was assessed through
the complete lack of growth of these mutants on non-fermentable media (YPGly) (Eki, 2018; Gomes
et al., 2008). Appropriate dilutions of cell suspensions were plated on YPD and YPGly. The percentage

of RD cells was calculated as previously described (Sousa and Soares, 2014).

5.2.9. Nuclear DNA mutation rate detection (canavanine assay)
The rate of mutation induced by NiO NPs was determined by the selection of inactivation of the
permease CANT gene (canavanine assay) (Madia et al., 2009). Cell suspensions (1x107 cells/mL) were
appropriately diluted and plated on a medium lacking arginine and containing 60 mg/L L-canavanine
(Sigma-Aldrich) (SD+can). In parallel, convenient dilutions of the cell suspensions were plated on the
same medium (SD) without canavanine. The plates were incubated for 5-7 days at 30°C. The frequency
of mutation was calculated considering the number of UFC/mL on SD.can plates (Can® cells) and the

number of UFC/mL on SD plates (total viable cells).

5.2.10. Reproducibility of the results and statistical analysis
All experiments were performed at least three times in duplicate. The data are presented as mean
values + standard deviations (SD); where no error bars are shown, SD are within the points. In the
experiment where fluorescence was quantified, a typical example of an experiment repeated at least
three times is presented; each data represents the mean (+ SD) of five fluorescent readings.
Statistical differences between control and treated cells were tested using unpaired t test. P values

<0.05 were considered statistically significant.
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5.3. Results

5.3.1. Impact of NiO NPs on cell viability and plasma membrane integrity
Cell viability was evaluated by quantification of the reduction of the number of colony-forming units,
after different periods of contact time of yeasts with NiO NPs. The exposure to NiO NPs induced an
abrupt loss of cell cultivability. Cell viability dropped to ~60 % in the first 8h (Fig 5.1A); later exposure
to NiO NPs induced a slower reduction of cell viability: ~33 % of viable cells at 48 h (Fig 5.1A).
To define a lethal scenario in yeast cells exposed to NiO NPs, a kinetic assessment of cell membrane
integrity was carried out through the monitoring of propidium iodide (Pl) uptake. It is assumed that
viable cells exclude PI (Pl negative cells) (Fig 5.1D - control). As it can be observed in Fig 5.1B, a small
proportion of the cell population (2 %) stayed permeable to Pl after 8h of contact with NiO NPs.
The uptake of Pl requires a significant damage of the cell membrane. This means that the permeability
to Pl represents an irreparable damage of plasma membrane (permanent loss of the barrier function)
(Davey and Hexley, 2011) and cell death (Carmona-Gutierrez et al., 2018; Galluzzi et al., 2015). On the
other hand, it has also been reported that the uptake of the lipophilic anionic probe DiBAC4(3), known
as Oxonol (Oxo), occurs in less damaged cells (Davey et al., 2004) with reduced membrane potential
(depolarized cell membrane) (Epps et al, 1994; Novo et al., 2000). Non-stressed cells displayed a
polarized membrane remaining unstained (Oxo negative cells) (Fig 5.1D - control). To obtain further
information about the impact of NiO on yeast plasma membrane, after exposure to NPs, cells were
stained with Oxo. The exposure of yeasts to NiO NPs up to 8h did not have any impact on the plasma
membrane potential, as cells remained Oxo (-) (Fig 5.1C). After this time, the cells became permeable
to Oxo. Thus, after 24 and 48 h of exposure to NPs, ~20 and 50 % of cell population was Oxo (+),
respectively (Fig 5.1C). After the same time of exposure to NPs, the yeast cells Pl (+) were ~8 and 15
%, respectively (Fig 5.1B). The comparative analysis of the cells stained with Oxo and PI revealed that
there was a fraction of cells, which membrane presented a reduced potential, becoming Oxo (+),
although they maintained the impermeability to PI (Fig 5.1B, C). These results indicate that under NiO
stress, the de-energization precedes the permeabilization of cell membrane. This possibility was
confirmed by fluorescence microscopic observation of the yeast cells exposed to NPs and double
stained with Oxo and PI, where it was possible to detect PI(-)/Oxo (+) cells (Fig 5.1D). However, all
cells PI (+) presented a depolarized membrane (Oxo +) (Fig 5.1D). Taken all results together, they
evidence that the loss of cultivability preceded the loss of membrane potential and the plasma

membrane integrity.
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After the exposure of yeasts to NiO NPs for 24 h, ~8 % of yeast cells have passed the “point of no
return” (Davey, 2011) as exhibited irreversible plasma membrane permeabilization (Pl positive cells)
and thus can be classified as dead (Galluzzi et al., 2015). At this time (24 h), although only ~55 % of
cell population displayed the ability to undergo proliferation (Fig 5.1A), ~80 % of cell population kept
intact membrane (Pl -/Oxo -) and, thus, can be classified as viable which suggest RCD in yeast cells
exposed to NiO NPs. These results prompted us to further characterize the cell death phenotype NiO

NPs-induced through the assessment of different morphological and biochemical features.

5.3.2. NiO NPs induce cell death with typical apoptotic hallmarks

In Chapter 4, yeast cells exposed to NiO NPs presented an intracellular overload of reactive oxygen
species (ROS), which can mediates yeast cell death by apoptosis. To confirm this possibility, yeast cells
exposed to NiO NPs were double stained with Annexin V-FITC/PI to detect the externalization of
phosphatidylserine (PS). The exposure of PS at the outer leaflet of the plasma membrane (loss of
membrane asymmetry) is considered an early sign of apoptosis and one of the most reliable apoptosis
markers (Eisenberg et al., 2010). Cells Annexin V (+)/PI (-) (Fig 5.2A) are considered apoptotic (Mirisola
et al,, 2014). As it can be seen in Fig 5.2B, after 6 h of exposure to NiO NPs, the percentage of yeast
cells Annexin V (+)/PI (-) was significantly different from the control; after this time, an increase of the
apoptotic cells was observed.

Another feature of apoptosis is the requirement of de novo protein synthesis (Acosta-Zaldivar et al.,
2016; Kitagaki et al., 2007; Ludovico et al., 2002; Ludovico et al., 2001; Madeo et al,, 1999). To test this
possibility, the effect of cycloheximide (cyh), a protein synthesis inhibitor in eukaryotes (Smith, 2000),
on RCD NPs-induced was investigated. Yeast cells were incubated for 6 or 24 h with NiO in the
presence or absence of 25 mg/L cyh and CFUs were counted. NiO- and cyh-treated cells displayed a
higher % of CFUs compared to the NiO-treated cells in the absence of cyh (Fig 5.2C). This result
suggests that the loss of cell viability in response to NPs stress requires the participation of cellular
machinery, namely de novo protein synthesis, which is consistent with an apoptotic program.
Apoptotic cells present chromatin condensed and modification of the shape of the nucleus as a
consequence of the proteolysis of key nuclear proteins (Martelli et al,, 2001). In order to evaluate if
NiO NPs induces chromatin condensation and modification of nucleus morphology, non-treated
(control) and NiO-treated yeast cells were stained with the DNA-binding dye DAPI. Fluorescence
microscopy observations revealed that NiO-treated yeast cells displayed ring and kidney-shaped

condensed chromatin, characteristic of apoptotic cells (Fig 5.2D).
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Figure 5.1. Cell viability and plasma membrane integrity in yeast cells of S. cerevisiae BY4741 exposed to NiO NPs. Cells were
suspended in MES buffer in the absence (control) or presence of 100 mg/L NiO NPs. A — Cell viability evaluated by colony
forming units (CFU) counting. B — Membrane permeability assessed by propidium iodide (PI) exclusion. C — Membrane
polarization monitored by Oxonol (Oxo) exclusion. D — Photomicrographs of cells not exposed (control) or exposed to 100
mg/L NiO for 24 h and then double stained with Pl and Oxo. Cells were visualized by florescence, using the filter set I3 (green
and orange-red fluorescence), GFP (green fluorescence) or N2.1 (orange-red fluorescence), or by phase-contrast microscopy.
The data represent the mean (+ SD) of at least three independent experiments.

Control cells displayed a homogenous round-shaped nuclei (Fig 5.2D). Yeast population exposed for
8 h to NiO NPs presented a % of cells with an apoptotic nuclei significantly different from the control
(cells not exposed to NiO); the % of cells with an apoptotic nuclei increased with the exposure time
to NPs (Fig 5.2E).

Taken together all results presented above, they indicate that NiO NPs induced an apoptotic

phenotype in yeast cells.
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Figure 5.2. Yeast cells of S. cerevisiae BY4741 exposed to NiO NPs exhibited typical apoptotic hallmarks. Cells were suspended
in MES buffer in the absence (control) or presence of 100 mg/L NiO NPs. A — Visualization of cells double stained with Annexin
V-FITC/PI; fluorescence microscopy and respective phase contrast images (right side). B — Evolution of the percentage of
apoptotic cells (Annexin +/Pl-). C — Cell viability, in the absence (NiO without cyh) or the presence (NiO with cyh) of the protein
synthesis inhibitor cycloheximide (cyh), evaluated by CFU counting. D — Photomicrographs of cells stained with DAPI;
fluorescence microscopy and respective phase contrast images (right side). Control cells presented homogeneous round
nucleus and mitochondria (arrows). Mitochondria appeared as small dots predominantly located at the periphery of the cells.
Cells treated with NiO NPs for 24 h displayed kidney (middle panel) or ring (bottom panel) shape nucleus, characteristic of
apoptotic cells; in these cells, it was not possible to visualize mtDNA. E — Determination of cells exhibiting chromatin
condensation (apoptotic nuclei) monitored by fluorescence microscopy after DAPI staining. The data represent the mean (+
SD) of at least three independent experiments. Mean values are significantly different: *P<0.05 in comparison with untreated
cells (control); unpaired t test.
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5.3.3. NiO NPs induce mitochondrial membrane depolarization
It has been shown that mitochondria play a central role during the execution of RCD by apoptosis in
yeast cells (Guaragnella et al., 2012; Ligr et al., 1998; Madeo et al., 1999; Manon et al., 1997; Pereira et
al., 2008). Modification of the mitochondrial membrane potential (AW,,) lead to the disruption of
mitochondrial function. In the present work, AW, was assessed by quantification of the fluorescence
of cells stained with the membrane potential-sensitive probe DiOCs(3). This probe accumulates in the
negatively-charged mitochondrial matrix and the extent of their uptake, as measured by the intensity
of cellular fluorescence, reflects the AW, (Perry et al., 2011; Rottenberg and Wu, 1998). Observation
of the control cells, by fluorescence microscopy, allowed the visualization of the typical mitochondrial
networks as a result of the polarization of the inner mitochondrial membrane (Fig 5.3A). Fluorescence
quantification revealed that after 1h of exposure to NiO NPs, yeast cells presented a progressive
reduction of fluorescence (up to 6-8 h), comparatively to control cells (Fig 5.3B). These results indicate
that NiO NPs induce the depolarization of the mitochondrial membrane. Microscopic observation of
cells exposed to NPs for 8 h confirmed the presence of yeasts with decreased green fluorescence and
even the presence of yeasts that failed to accumulate DiOCs(3) (Fig 5.3A) probably as a consequence
of the dissipation of the mitochondrial membrane potential. Yeast cells exposed to NiO NPs for 24 h

presented a higher fluorescence comparatively to cells exposed for 6-8h (Fig 5.3B).
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Figure 5.3. NiO NPs induces depolarization of the mitochondrial membrane (AWm) in S. cerevisiae BY4741. Cells were exposed
for 24 h in the absence (control) or presence of 100 mg/L NiO NPs and, subsequently, stained with DiOCs(3). A — Visualization
of yeast cells. Arrow 1: cells with decreased green fluorescence; arrow 2: cell that failed to accumulate DiOCe(3). Fluorescence
microscopy (left side) and respective phase contrast images (right side). B — AWm monitored with the probe DiOC¢(3). This is a
typical example of an experiment performed at least three times. The data represent the mean (+ SD) of five fluorescent
readings. Mean values marked with * are significantly different (P<0.05).
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However, this increase of fluorescence can be explained by the presence of some cells exhibiting a
strong green fluorescence, all over the cells, as result of the accumulation of DiOCe(3) in the cytosol
and not due to the repolarization of mitochondrial membrane. The double staining of these cells with
DiOCe(3) and PI confirmed that the cells strongly fluorescent presented a permeabilized plasma

membrane (Pl+ cells) (Fig 5.4).

GFP N2.1 Phase-contrast

10 ym

Figure 5.4. Double staining [DiOCs(3) and propidium iodide] of S. cerevisiae BY4741 exposed to NiO. Yeast cells were exposed
to 100 mg/L NiO NPs for 24 h in MES buffer and, subsequently, stained as described in Material and methods. Cells were
visualized by florescence, using the filter set GFP (green emission) or N2.1 (orange-read emission), or by phase-contrast
microscopy.

5.3.4. NiO NPs induce apoptosis Ycalp and Aif1p-dependent

In order to better characterize the RCD, the effect of NiO NPs on the cell viability of knockout mutant
strains ycaTA and aif1A, devoid in protein known to be involved in apoptotic cell death, was evaluated.
The proteases known as caspases are usually activated in the early stages of apoptosis and play a
pivotal role in the yeast cell death execution (Carmona-Gutierrez et al., 2010; Mazzoni and Falcone,
2008). Yeast cells bear the metacaspase Ycalp, which is an ortholog of mammalian caspases (Madeo
et al., 2002). The disruption of YCAT gene (ycalA strain) render cells significantly more resistant to the
toxic effect of the NPs (Fig 5.5), which suggest that NiO-induced cell death is caspase-dependent.
The apoptosis-inducing factor (Aif1p), is a flavoprotein with NADH oxidase activity localized in the
mitochondrial intermembrane space of healthy cells; yeast Aif1p undergoes a translocation to the
nucleus upon apoptosis induction (Wissing et al., 2004). As it can be seen in Figure 5.5, the aif 1A strain
presented an enhanced survival in response to NiO NPs comparatively to WT strain; this fact suggests
the involvement of this mitochondrial apoptotic regulator in the RCD NiO NPs-induced.

Altogether, the results presented above argue in favour of the involvement of the metacaspase Ycalp

and the mitochondrial apoptotic factor Aif1p in the execution of apoptosis induced by NiO NPs.
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Figure 5.5. NiO NPs induces cell death Yca1p and Aif1p-dependent in S. cerevisiae BY4741. Viability evaluated by CFU counting
of wild-type (WT), ycalA and aif1A exposed to 100 mg/L NiO NPs. The data represent the mean (+ SD) of at least three
independent experiments. Mean values are significantly different: *P<0.05 in comparison with untreated cells (control);
unpaired t test.

5.3.5. NiO NPs induce mitochondrial and nuclear DNA damage

Mitochondrial DNA (mtDNA) encodes several subunits of the electron respiratory chain (de
Zamaroczy and Bernardi, 1985; Evans, 1983). The damage of mtDNA leads to the abolishment of
respiration (formation of respiratory-deficient (RD) cells, also known as petite mutants). RD cells are
unable to growth on non-fermentable carbon sources, such as glycerol (Yazgan and Krebs, 2012). In
Chapter 3, it was found that mitochondria is the main source of intracellular ROS NiO NPs-induced.
Since mtDNA is very susceptible to oxidative injury (Richter et al., 1988), the possibility of
mitochondrial genome to be damaged upon exposure to NiO was evaluated by determining the
percentage of RD cells. As it can be seen in Figure 5.6A, the percentage of RD cells increased over the
time of NiO NPs exposure. Consistent with this result, the presence of cells lacking mtDNA (as revealed
by DAPI staining) in the population exposed to NPs for 24 h (Fig 5.2D, NiO treated cells) was observed.
In control cells, the percentage of RD cells remained approximately constant (2 %), which correspond
to the values usually described for the spontaneous formation of these mutants (Clark-Walker et al.,
1981). The results obtained indicate the damage of mtDNA, which means that mitochondrial genome
is one of the targets of the ROS generated in the mitochondria.

Canavanine assay was used to evaluate the possible damage of nuclear DNA due to intracellular ROS
accumulation in yeast cells exposed to NiO. This assay is based on the mutation in the plasma
membrane arginine permease (coded by CANT gene), which originate cells (can®? mutants) resistant
to L-canavanine (an analogue of L-arginine) (Hu et al., 2013). It was possible to observe an increase

of the number of CanR colonies (among the population of viable cells) in cells exposed to NiO NPs

82



comparatively to the control. The mutation frequency NiO NPs-induced increased over time of
exposure: after 6 and 24 h of exposure to NiO NPs, the frequency of Can® mutations was
approximately 7- and 12-fold higher compared with cells not exposed to NiO NPs (Fig 5.6B). These
results demonstrate the damage of nuclear DNA by NiO NPs. In control, the frequency of CanR
mutations was similar after 6 and 24 h (7 per 107 viable cells), which is similar to the rate described in

the literature (10-20 per 107 viable cells) (Letavayova et al., 2008).
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Figure 5.6. NiO NPs induces mitochondrial and nuclear DNA damage in S. cerevisiae BY4741. Cells were suspended in MES
buffer in the absence (control) or presence of 100 mg/L NiO NPs. A — Mitochondrial DNA damage assessed through the
formation of respiratory-deficient cells mutants (cells without capacity to growth on non-fermentable carbon source - YPGly).
B — Nuclear DNA damage evaluated through the formation of canavanine resistant (Can®) mutants. The data represent the
mean (+ SD) of at least three independent experiments. Mean values are significantly different: *P<0.05 in comparison with
untreated cells (control); unpaired t test.

5.4. Discussion

The manufacturing and use of metal oxide NPs, such as NiO NPs, increased greatly in the last decade
and, inevitably, raised concerns and uncertainties about the possible adverse effects of NPs to the
environment and the human health. In Chapter 3, it was proposed that NiO NPs exert their toxic effect
over yeast cells by an indirect mechanism: NiO NPs adsorb to the cell wall and releases nickel at the
NP-cell wall interface originating a toxic response. Up to now, little is known about the mechanisms
underlying the loss of yeast cell viability NiO NPs-induced. In order to understand deeply the toxicity

mechanism induced by NiO NPs, the well-known apoptotic model S. cerevisiae was used.

83



It was shown that the exposure of yeast cells to NiO NPs up to 24 h induced a loss of cell proliferation
(cell viability) without disruption of cell membrane integrity (Fig 5.1). However, extending the exposure
of yeast cells to NiO originated the cell death (plasma membrane breakdown, accessed through Pl
staining) (Fig 5.1). It was also found that yeast cells exposed to NPs lost the plasma membrane
asymmetry (PS exposure to the outer membrane leaflet) (Fig 5.2). The loss of cell viability induced by
NiO required the involvement of the metacaspase Ycalp (Fig 5.5) and was attenuated by the presence
of a protein synthesis inhibitor (cycloheximide) (Fig 5.2C). All these features are typical hallmarks of
RCD by apoptosis in yeast cells (Carmona-Gutierrez et al., 2018; Carmona-Gutierrez et al., 2010;
Ludovico et al., 2001). Our results are in agreement with those which described the PS externalization
(Abudayyak et al., 2017; Duan et al,, 2015) and the involvement of caspase-3 in apoptosis induced by
NiO NPs in mammalian cell lines (Ahamed et al,, 2013; Duan et al.,, 2015; Pietruska et al., 2011; Siddiqui
et al, 2012). These results also suggest that S. cerevisiae and mammalian cell lines, exposed to NiO
NPs, shares some common apoptotic features.

In Chapter 4, it was observed that antioxidants [L-ascorbic acid (an efficient scavenger of free radicals)
(Arrigoni and De Tullio, 2002; Nimse and Pal, 2015) and N-tertbutyl- « -phenylnitrone, known as PBN
(a free radical spin trapping agent) (Xu et al., 2012)] prevented ROS overload and abolished almost
fully the loss of cell viability NiO NPs-induced; these results strongly suggest that oxidative damage
plays a central role in the yeast cell death. The increased level of ROS, previously observed, was most
likely in the origin of the damage of the nuclear DNA (observed through the increase of Can1®
mutants) (Fig 5.6B). Our results are in agreement with those describing DNA damage in human cell
lines exposed to NiO NPs (Abudayyak et al., 2017; Ahamed et al., 2013; Capasso et al., 2014; Siddiqui
et al, 2012). In addition, in the present Chapter, the induction of RD mutants in yeast cells exposed to
NPs was shown (Fig 5.6A), which can also be attributed to the increased ROS levels in these cells. The
loss of part or all of the mtDNA was further confirmed through the observation, by fluorescence
microscopy, of yeast cells stained with DAPI; in the cells exposed to NiO for 24 h, it was not possible
to visualize mtDNA (Fig 5.2D, NiO treated cells).

The involvement of mitochondria in yeast apoptosis upon exposure to different stimuli have been
described (Guaragnella et al., 2012; Ludovico et al., 2002; Pereira et al., 2008). Consistent with the
possibility of NiO NPs to induce a mitochondria-dependent apoptosis, in Chapter 4, it was shown that
mitochondria is the main contributor for the increase of ROS production. Here, it is described
mitochondrial membrane depolarization (Fig 5.3), most likely, as consequence of the permeabilization

of the membrane. AW, dissipation and the preservation of cell membrane integrity (Fig 5.1A, B) are
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usually characteristic of early apoptotic cells (Cottet-Rousselle et al., 2011). The induction of formation
of mutants with a petite phenotype, as it was described above (Fig 5.6A), together with our previous
results, which have shown that cells from a derivative p® mutant (without mitochondrial DNA)
presented reduced levels of ROS and increased resistance to NiO NPs (please see Chapter 4), reinforce
the possibility of an active role of mitochondria in the execution of an apoptotic program in response
to the exposure to NiO NPs.

Literature describes the requirement of the apoptosis inducing factor (Aif1p) in RCD induced by
several stimuli (Pereira et al.,, 2008; Strich, 2015). Yeast cells without the mitochondrial pro-apoptotic
factor Aif1p (aif1A strain) presented a higher resistance to NiO NPs (Fig 5.5), which suggests the
participation of the Aif1p in the execution of RCD by apoptosis. This result also supports the role of
mitochondria in the apoptosis induced by NiO NPs. It is also described that in response to apoptotic
stimuli, Aif1p is released from mitochondria and translocated to the nucleus, where chromatin
condensation and DNA fragmentation is carried out and, thus, cellular demise is provoked (Wissing
et al., 2004). Modifications of the nucleus morphology (including the increase of cells with ring and
kidney-shaped condensed chromatin) was observed in yeast cells treated with NPs (Fig 5.2D); these
facts are compatible with the possibility of Aif1 participation as executioner of the RCD NiO-induced.
In resume, it was shown that the exposure of yeast cells to NiO NPs induce its cell death, which exhibits
several typical features of RCD by apoptosis: (i) loss of proliferation capacity dependent of the
participation of cellular machinery, namely de novo protein synthesis and the activation of the
metacaspase Ycalp; (i) externalization of phosphatidylserine at the surface of the cytoplasmic
membrane in cells retaining membrane integrity and (iii) modification of nucleus morphology. Other
further insights were also obtained, namely mitochondrial membrane potential dissipation, induction
of petite mutants and the participation of the Aiflp; these facts support the mitochondrial
involvement in the RCD NiO NP-induced. An overview of the sequence of detrimental effects

associated with NiO NPs-induced in the yeast S. cerevisiae is presented in Figure 5.7.
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Figure 5.7. Sequence of events associated with NiO NPs-induced cell death in the yeast S. cerevisiae. Proposal based on the
results obtained in the present and previous Chapters 3 and 4.

5.5. Conclusions

Yeast cell death process induced by NiO NPs was characterized in this Chapter:
« NiO NPs induced typical phenotypic apoptotic markers;

« Results support that yeast cell death is Ycalp metacaspase-dependent;

* Yeast cell death can be mediated by a mitochondria-dependent apoptotic pathway.
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Chapter 6 - Metal(loid) oxide (Al.03, Mn304, SiO2 and Sn0O>)
nanoparticles cause cytotoxicity in yeast via intracellular
generation of reactive oxygen species*

Antioxidant
Al,0,4 (Ascorbic acid)

*Published in Applied Microbiology and Biotechnology (2019), DOI: 10.1007/s00253-019-09903-y
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6.1. Introduction

MOx NPs constitute an important group of nanomaterials (Corr 2012; Klaine et al. 2013). The global
market of MOx NPs was estimated to be between 280,000 to 1.3 million tons per year, which is led by
Asian-Pacific (~34 %), North American (~30 %) and European (~30 %) market (Nanotech 2015). The
analysts forecast that the global MOx NPs market is growing at a mean annual rate of 9.5 % during
the period 2016-2020 (Research 2017).

MOx NPs present a wide range of applications being used in electronic devices, optic lenses, medicine
(implants, cancer diagnosis, therapy and bio-imaging), personal care products, paints, coatings, water
treatment, energy storage and fuel cells (Andreescu et al. 2012; Fei and Li 2010; Laurent et al. 2018;
Nanotech 2015). Among the different MOx NPs, Al;O3, In203, Mn3QOy, SiO; and SnO, NPs have been
widely used. Al,O3 NPs are employed due to their chemical stability, mechanical strength and electrical
insulation capacity (Nanotech 2015). In,O3 NPs are used in batteries as a substitute of mercury, in
ceramics and electronics due to their optical and antistatic properties (AzoNano 2018; Laurent et al.
2018; Research 2018). Mn304 NPs are employed in capacitors because these nanoparticles present
superior electrochemical properties (Tian et al. 2013). SiO, NPs present unique properties, such as
mechanical, catalytic, magnetic and optical properties, which lead them to be used in paints, plastic,
ceramics, batteries and cosmetics (Report 2018). Due to their semiconductor, electronic, optical and
catalytic properties, SnO, NPs can be used in a variety of applications in industry, such as, solar cells,
photo catalysis and sensors (Chavez-Calderon et al. 2016).

The increasing use of MOx NPs leads, inevitably, to an augmented concern related to its possible
toxicity. Studies in soils showed that Al,Os, SiO, and SnO, NPs had an impact in bacterial and in fungal
community (Chai et al. 2015; Chavez-Calderon et al. 2016; McGee et al. 2017). Other studies showed
that AlOs, Mn3Os and SiO, NPs caused growth inhibition of bacteria (Escherichia coli and
Staphylococcus aureus), alga (Pseudokirchneriella subcapitata) and protozoa (Tetrahymena
thermophila and Paramecium multimicronucleatum), and bioluminescence reduction of the bacterium
Vibrio fischeri (Aruoja et al. 2015; Li et al. 2012). SnO, NPs caused a reduction of cell viability and
provoked the damage of cell membrane in the bacteria E. coli and Bacillus subtilis (Chavez-Calderon
et al. 2016).

To better understand the toxic modes of action of the MOx NPs, the use of a cell model is crucial.
Despite the emerging commercial importance of NPs, a very limited information has been published
regarding the toxicity of the NPs studied in the present Chapter. As far as we know, the toxicity of

these NPs remains poorly investigated and their toxicity mechanisms are not elucidated, as well.
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Taking into account these facts, the main aim of the present Chapter was to evaluate the toxic effects
of five NPs (Al,O3, In,03, Mn304, SiO,, SnO;) using the yeast Saccharomyces cerevisiae as a cell model.
The impact of NPs was tested up to 100 mg/L as it is the maximum limit of concentration, advised by
the Organization for Economic Co-operation and Development (OECD), for testing toxicity (OECD
2011). The NPs toxicity was evaluated under growing conditions on yeast-extract-peptone (YEP) broth
(growth inhibition assay) or in a buffer medium (cell viability assay). In order to obtain a mechanistic
approach of the toxic impact of NPs on yeast cells, plasma membrane integrity, metabolic activity and
intracellular accumulation of reactive oxygen species (ROS) was assessed. To further evaluate the role
of the oxidative stress (OS) on the cytotoxicity induced by MOx NPs, yeast cells were co-exposed to
NPs and an anti-oxidant (ascorbic acid). Then, the cell viability, esterase activity and intracellular ROS
accumulation was accessed and compared. Together the studies here presented allow to characterize

the possible hazard of these NPs.

6.2. Materials and Methods
6.2.1. NPs characteristics and stock suspensions preparation

The main characteristics of Al;Os, In,03, Mn304, SiO2 and SnO, NPs used in the present Chapter
(namely, purity, particle size and surface area) can be found in Table 6.1. The purity of NPs was
determined by their digestion with aqua regia, as previously described in Chapter 3; metals (Al, In, Mn
and Sn) content was determined by atomic absorption spectroscopy with flame atomization (AAS-FA)
in an Analytik Jena novAA 350 spectrometer (Analytik Jena; Jena, Germany).

NPs stock suspensions at 0.5 g/L were prepared in deionized water. The suspensions were vigorously
shaken, sonicated for 15 minutes in an ultrasonic bath (80 — 160 W; Bandelin, Sonorex RK 100; Berlin,
Germany) and sterilized by UV light, as previously described in Chapter 3. NPs stock suspensions were
stored in the dark for up to 1 month, at 4 °C. Before use, NPs stock suspensions were shaken and

sonicated as described above.

6.2.2. Characterization of NPs suspensions in different media
In the characterization of the MOx NPs, the hydrodynamic size (Z-average diameter) and the zeta
potential were measured in deionized water (stock suspensions), yeast-extract-peptone (YEP) broth
[5 g/L yeast extract (Difco-BD), 5 g/L peptone (Difco-BD) and 10 g/L glucose (Merck)] orin 10 mmol/L
2-(N-morpholino) ethanesulfonic acid buffer (MES, Sigma-Aldrich) with 20 g/L glucose (Merck), pH
6.0.
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Table 6.1. Characteristics of the nanoparticles used in this Chapter.

Molecular Particle Surface
NP Mass Purity (%) size (nm) area Company Reference
(g/mol) (m?/g)
Al,03 101.96 995 + 1.0 <50 (TEM)® >40P Sigma-Aldrich 544833
<100
n203 277.63 99.3 + 1.12 n.d. Sigma-Aldrich 632317
(TEM)P
Mn304 228.82 99.1 +1.0° 30 (TEM)® 65° abcr GmbH 101631
10-20
SiOz 60.08 99.5P n.d. Sigma-Aldrich 637238
(BET)P
<100 (TEM)
SnO; 150.71 99.6 + 0.92 X 47.2¢ Sigma-Aldrich 549657

2Determined in this Chapter. The data correspond to the mean values and standard deviations of seven independent
experiments performed in duplicate (n=14).

PAccording to the manufacturer.

Source: Masuda et al. 2010.

BET: Brunauer-Emmett-Teller. n.d.: not determined or information not available. TEM: transmission electron microscopy.

MOx NPs were suspended at a final concentration of 100 mg/L and incubated in the same conditions
of the assays with yeast cells, as described below. The Z-average diameter and the zeta potential were
measured using a Zetasizer Nano ZS (Malvern Instruments; Malvern, UK), coupled with Zetasizer
Software version 7.11, as previously described in Chapter 3.

MOx NPs agglomeration was also characterized by a sedimentation assay (Aruoja et al. 2015;
Hartmann et al. 2013; OECD 2017). For this purpose, NPs were suspended in YEP or MES buffer, at a
final concentration of 100 mg/L and agitated at 150 rpm for 24 h, at 30 °C, in the absence of yeast
cells. For a given incubation time, the turbidity of the samples were monitored by spectrophotometric
measurement of the absorbance at 600 nm, for 60 min. The percentage of initial ODsoo after 60 min
was calculated according to Eq. 6.1:

% of initial ODggo after 60 min = (ODy/OD;) x 100 6.1)
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where ODy is the ODgoo after 60 min of settling and OD; is the ODeoo at zero time. The % of initial ODsoo

after 60 min calculated was plotted against the NPs incubation time.

6.2.3. Dissolution of NPs in different media
The stability of NPs was evaluated by quantifying the metal(loid)s dissolved in YEP or MES buffer. As
control, the metal(loid)s dissolved in deionized water (pH 6.0) were also quantified. NPs were
suspended in the different media, at 100 mg/L, and incubated in the conditions described below
(please see section 6.2.5). After 24 h, samples were taken and centrifuged at 20,000 x g, for 30 minutes,
at 25 °C. Then, Al, In, Mn and Sn ions were determined in the supernatants by AAS-FA. Si was
determined by inductively coupled plasma-optical emission spectrometry (ICP-OES) in an iCAP 7000
Series Spectrometer (Thermo Fisher Scientificc Cambridge, UK); Si standard stock solution of 1000

mg/L Si was obtained from Sigma-Aldrich.

6.2.4. Strain, medium and growth conditions
The yeast S. cerevisiae BY4741 was used in this Chapter. The strain was obtained from EUROSCARF
collection (Frankfurt, Germany) and maintained at 4 °C on YEP agar [YEP broth with 20 g/L agar
(Merck)].

The pre—cultures and cultures were obtained as described before in Chapter 3.

6.2.5. Yeast exposure conditions

The toxic effects induced by Al;Os, In;03, Mn304, SiOz or SnO, NPs on yeast cells were evaluated. In
addition, the toxic impact caused by the respective metal ions (in the case of Al;,O3, In,O3, Mn304 and
SnO; NPs) was compared. The stock solutions of the metals used were: AI(NO3z)s; (1000 mg/L, Merck),
In(NO3); (1000 mg/L, Sigma-Aldrich), MnCl, (2000 mg/L, Merck) and SnCls (1000 mg/L, Merck). Due
to the high affinity of Si to oxygen, the chemical behavior of Si (a metalloid) is different from the
metals (Hirner and FlaBbeck 2005). Thus, the dissolution of SiO,, in water, originate the forming of
orthosilicic acid, Si(OH)4 (ller 1978), which is silicon tetrahedrally co-ordinated to four hydroxyl groups
(Perry et al. 2003). Therefore, experiences with Si, similar to those performed with metal ions, could
not be done.

Yeast cells were exposed to chemicals in YEP broth (yeast growth inhibition assay) or in 10 mmol/L
MES buffer, pH 6.0, with 20 g/L glucose (yeast viability assay). In yeast growth inhibition assay, test

tubes containing 1.0 mL of double-strength YEP broth was inoculated with yeasts, in exponential
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phase of growth, at 1x10° cells/mL; different concentrations of each NP or the respective metals were
also added: 50, 75 and 100 mg/L MOx NPs or 1.25, 3.12, 6.25, 12.5, 25 and 50 mg/L of the respective
metals (toxicants final concentrations). The total volume of each assay (2.0 mL) was adjusted with
sterile deionized water. Biotic (yeast cells without toxicants) and abiotic controls (NPs suspensions, at
the same concentrations used in the biotic assays, in the culture medium, without yeast cells) were
also prepared. Cultures and controls were incubated at 30 °C. After 24 h, the optical density at 600
nm was measured and corrected considering the respective abiotic control. The yeast cell response
(growth reduction) was evaluated as a function of the concentration of the toxic agent using as
comparison the growth of non-exposed cells (biotic control). The test endpoint is the percentage of
growth, expressed as cell yield, in a similar way to that proposed by the OECD for the evaluation of
the toxicity of chemical substances using algae or cyanobacteria (OECD 2011); cell yield is defined as
the cell concentration at 24 h minus the cell concentration at the start of the assay.

Alternatively (yeast viability assay), cells in exponential phase of growth were suspended (1x10’
cells/mL) in MES buffer with glucose and incubated without (control) or with the MOx NPs (50, 75 and
100 mg/L) or the respective metals (0.125, 1.25, 3.12, 6.25, 12.5 mg/L), at 30 °C, 150 rpm. The assay
was carried out in 100-mL Erlenmeyer flasks with a final volume of 20 mL. After the exposure to
toxicants for 24 h, samples were taken (two replicates), serially diluted with sterile deionized water
and dispersed over YEP agar surface (from the convenient dilution) in duplicate for each replica. The
cultures were incubated for 3-5 days at 30 °C. Colony-forming units (CFU) per millilitre were
determined from the number of colonies formed and the sample dilution. After this period of
incubation, no further CFUs appeared. As toxicity endpoint, the cell viability was determined
considering the number of colony-forming unit (CFU)/mL, at zero time, as reference (100 %).

The effect concentration (EC) values of the metals in YEP or MES buffer were determined. EC1o, ECys,
ECso, EC75 and ECqo values represent the concentration of metal ions that induce the inhibition of 10,
25, 50, 75 or 90 %, respectively, of yeast growth in YEP (growth inhibition assay) or the reduction of
cell viability in MES buffer (cell viability assay), after 24 h. The EC values were calculated using the
linear interpolation method (TOXCALC version 5.0.32, Tidepool Scientific Software).

The toxic effects of MOx NPs supernatants were also evaluated. For this purpose, yeast cells were
exposure to 100 mg/L MOx NPs in MES buffer with glucose, in 100-mL Erlenmeyer flasks. Cell
suspensions were agitated at 150 rpm, at 30 °C. After 24 h of incubation, cells were harvested by
centrifugation (20,000 xg, 30 min, 25 °C) and the clear supernatants carefully collected. Then, yeast

cells in exponential phase of growth at 1x107 cells/mL were exposed to MOx NPs supernatants, in
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100-mL Erlenmeyer flasks. Cell suspensions were incubated at 30 °C, 150 rpm, for 24 h and the viability
determined as described above.

The influence of L-ascorbic acid (AA), an antioxidant, on MOx NPs toxicity was evaluated by pre-
incubation of yeasts, in exponential phase of growth, at 1x107 cells/mL, in MES buffer with glucose
and 10 mmol/L AA (Merck) for 30 min before the exposure to MOx NPs. Cell suspensions were
incubated in the same conditions described above. After 24 h of incubation, cell viability was evaluated

as described above.

6.2.6. Staining procedures
Cell membrane integrity was evaluated using propidium iodide (Pl, Sigma-Aldrich), as described in
Chapter 4. Cells were exposed to 100 mg/L MOx NPs, for 24 h, at 30 °C, as described above. Cells
were analysed, using an epifluorescence microscope (Leica Microsystems; Wetzlar GmbH, Germany)
equipped with a HBO 100 mercury lamp and the 13 filter set from Leica. In each condition tested, at
least 200 cells were counted, in duplicate (total 2400 cells) in randomly selected microscope fields.
Metabolic activity of yeast cells was assessed using the fluorescent dyes fluorescein diacetate (FDA,
Sigma-Aldrich) or 2-chloro-4-(2,3-dihydro-3-methyl-(benzo-1,3-thiazol-2-yl)-methylidene)-1-
phenylquinolinium iodide (FUN-1, Molecular Probes, Invitrogen), as described in Chapter 3. Cells were
analysed by fluorescence microscopy, as described above, for cell membrane integrity. Hydrolyse of
FDA (esterase activity) was also quantified, as described in Chapter 3. Fluorescence (in relative
fluorescence units, RFU) was quantified in a microplate reader at fluorescence excitation wavelength
of 485/14 nm and an emission of 535/25 nm (PerkinElmer, Victor3).
Intracellular generation of ROS was monitored with 20 umol/L 2,7’ -dichlorodihydrofluorescein
diacetate (H.DCFDA, Sigma-Aldrich), at 25 °C for 10 min, as described in Chapter 3. After 24 h, cells
were placed in quadruplicate in 96-well flat microplate and the fluorescence was measured as
described for esterase activity (hydrolysis of FDA).
For the determination of ROS in abiotic conditions, H,DCFDA was deacetylated to H,DCF as previously
described (Aruoja et al. 2015). MOx NPs were incubated in MES buffer with glucose for 24 h, in the
same conditions of the biotic assays. Then, samples (100 L) were mixed with equal volume of 52
pmol/L H.DCF solution, incubated for 45 min in the dark at 25 °C and the fluorescence quantified in
a microplate reader as described in Chapter 4. Blank and positive control were prepared by replacing
the sample by equal volume of MES or 26 umol/L H2O,, respectively. Abiotic ROS was expressed as

the ratio of fluorescence of the samples/fluorescence of the blank.
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6.2.7. Reproducibility of the results and statistical analysis
Z-average diameter and zeta potential measurements were determined in duplicate; in each
determination, at least ten measurements were performed. All others studies were repeated at least
three times, in duplicate (n>6). The data reported are mean values + standard deviation (SD). The
mean values were subjected to unpaired t test or one-way ANOVA followed by Tukey-Kramer multiple

comparison method; P values <0.05 were considered statistically significant.

6.3. Results
6.3.1. Characterization of NPs suspended in different media

The characteristics of the MOx NPs studied, namely purity, particle size (in powder), and surface area
are presented in the Table 6.1. To further characterize the main physico-chemical properties of the
NPs suspended in different media (MES buffer with glucose or YEP broth), the following properties
were evaluated: agglomeration (Z-average diameter), surface charge (zeta potential) and solubility
(quantification of the metal(loid) dissolved from the NPs). The assays were performed in the absence
of yeast cells but in the same conditions of the biotic assays (with yeast cells). For comparative
purposes, NPs were suspended in deionized water and the same properties were evaluated.

At zero time (immediately after the suspension in a given medium), the NPs studied, except SnO,
presented a hydrodynamic size (Z-average diameter), in aqueous media tested, between 600 and
1400 nm (Fig 6.1A). Since the NPs tested, when in powder, presented a size <100 nm, according to
the manufacturers (Table 6.1), these results suggest an immediate agglomeration of the NPs, when
suspended in agueous media. The Z-average diameter of In,03, Mn304 and SiO, NPs were similar, in
all media tested. The Z-average diameter of Al,Os3, in MES buffer, and SnO; in both media (YEP or MES
buffer) were higher than in deionized water (Fig 6.1A). The agglomeration of the NPs increased
through the 24 h of incubation period, in both media, being particularly notorious in MES buffer (Fig.
1A). After 24 h, the agglomerates of Al,O3, In,O3, Mn304 and SnO; NPs could be seen with the naked
eye in MES buffer (Fig 6.2). These observations were further confirmed through the measurement of
NPs sedimentation profiles (Fig 6.3). In YEP, MOx NPs were more stable, which was translated by a
lower sedimentation capacity over time (Fig 6.3); in this medium, the NPs agglomeration was not

evident and the formation of agglomerates could not be seen with the naked eye.
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Figure 6.1. Nanoparticles properties in aqueous suspension. NPs were suspended at 100 mg/L in water, YEP or 10 mmol/L
MES buffer, in the absence of yeast cells, and were incubated at 150rpm for 24 h. A — Z-average diameter. B — Zeta potential.
C - Dissolved metal(loid) from the NPs after 24 h of incubation. The data represent the mean values of at least three
independent experiments, performed in duplicate (n>6); standard deviations are presented (vertical error bars).
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All NPs studied presented a negative zeta potential (between — 9 and -26 mV), except Al,Os in water
and in MES buffer (~14 mV) (Fig 6.1B). For all NPs, the zeta potential values remained similar or
become less negative after 24 h of incubation (-9 to -22 mV), except Al,Os3 in MES buffer which
become less positive (~2 mV) and SiO; in water which become more negative (-21 mV). These results
indicate that NPs formed relatively instable suspensions, which is compatible with the observed

agglomeration.

AlLO,

Sio, Mn,O, In,0,

SnO,

Figure 6.2. Nanoparticles suspensions in MES buffer. The NPs were suspended at a final concentration of 100 mg/L and
agitated at 150 rpm for 24 h, at 30 °C. Right-side images: bottom of the Erlenmeyer flasks after 24 h of incubation.
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Figure 6.3. Sedimentation profiles of the nanoparticles in different media. The NPs were suspended in YEP or MES buffer, at a
final concentration of 100 mg/L and agitated at 150 rpm for 24 h, at 30 °C. The data are presented as mean values from at least
three independent experiments performed in duplicate (n26); standard deviations (SD) are presented (vertical error bars); where
no error bars are shown, SD are within the points.
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The amount of metal(loid) released from the NPs, in the absence of yeast cells, in the different media,
was low (<6 mg/L) (Fig 6.1C). Similar results were observed, in YEP broth or MES buffer, in the presence
of yeasts (Fig 6.4), which suggests that the presence of cells did not interfere with NPs dissolution.
These results indicated that the NPs were poorly soluble (<8 %) in MES buffer or YEP broth (Table
6.2).
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Dissolved metal(loid)
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Figure 6.4. Influence of yeast cells on nanoparticles dissolution. NPs were suspended at 100 mg/L in YEP broth or 10 mmol/L
MES buffer, in the presence of yeast cells, and were incubated at 150 rpm for 24 h. The data represent the mean values of at
least three independent experiments, performed in duplicate (n>6); standard deviations are presented (vertical error bars).

6.3.2. Impact of the NPs and respective ions on the growth and cell viability
As a first approach, the toxic effect of the NPs over the yeast S. cerevisiae was assessed through a 24
h growth inhibition assay, in rich medium (YEP). The presence of the NPs did not affect, significantly,
the yeast growth (Fig 6.5A). As reported above (Fig 6.1C), Al;O3, In,03, Mn30O4 and SnO; NPs release
metal ions (NPs dissolution). Thus, for comparative purposes, the effect of the respective metal ions
on yeast growth was also evaluated. Aluminium, indium and tin presented similar growth inhibition
profiles (Fig 6.5B), which was translated by similar 24h-ECso values (10-13 mg/L) (Table 6.3).
Manganese was the less toxic (Fig 6.5B), with a 24h-ECsg value of 21 mg/L (Table 6.3).
Another strategy to evaluate the NPs toxicity consisted in the incubation of yeast cells with the
chemicals, in a buffer (10 mmol/L MES buffer, at pH 6.0, containing 20 g/L glucose). NPs toxicity was
evaluated through a clonogenic assay: determination of the ability of the NPs-exposed yeasts to form
colonies on YEP agar, without toxicant. Except In,Os, the other MOx NPs induced a significant loss of
cell viability, in a dose-dependent manner (Fig 6.5C). The exposure of yeast cells to 100 mg/L of Al,Os3,
Mn30s, SiO; and SnO; NPs, for 24 h, reduced the cell viability to 50-70 % (Fig 6.5C).
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Table 6.2. Percentage of nanoparticles solubilisation in YEP broth or MES buffer.

Solubilisation (%)

Without yeast cells With yeast cells
Nanoparticle YEP MES YEP MES
Al:O3 7.06 + 0.32 4.03 £ 0.09 7.14 £ 0.15 411+ 0.25
In,03 0.62 + 0.07 0.64 £ 0.03 0.57 £ 0.07 0.68 + 0.04
Mn304 1.54 + 0.04 7.29 £ 0.13 1.63 + 0.09 6.81 + 0.67
SiO; 1.09 £ 0.06 1.11 £ 0.05 1.15 £ 0.02 1.13 £ 0.04
SnO; 335+ 042 246 + 0.29 2.71 £ 0.27 242 £ 0.11

The NPs were suspended in YEP broth or MES buffer at a final concentration of 100 mg/L and agitated at 150 rpm for 24 h, at

30 °C, in the absence or the presence of yeast cells. The data correspond to the mean values and standard deviations of three
independent experiments performed in duplicate (n=6).

The metals ions correspondent to the NPs (Al, In, Mn and Sn) induced the loss of cell viability (Fig
6.5D) and displayed 24h-ECsg values between 0.8 and 2.7 mg/L (Table 6.3). These values were about

ten times lower that those observed in rich medium (YEP) (Table 6.3).

Table 6.3. Effect concentration (EC) values of the metals corresponding to the nanoparticles studied.

24h-EC values (mg/L)

Metal Medium ECo ECas ECso ECss ECoo
AR+ 5.6 £ 0.6 83+04 13+ 1 194 £ 0.2 24 £ 1
In3* VEP 1.7 £ 0.1 2702 11+ 1 19.6 £ 0.5 25+ 1
Mn?2* 78+ 1.0 14.0 + 1.1 21 + 1 349126 47 £ 1
Sn#* 49+0.2 7.1+0.1 10.0+01 146+03 218+0.2
AR+ 0.15+ 0.01 0.23 £ 0.01 1.7 £ 0.1 3.2+ 0.1 3.9 £ 0.1
In3* MES 0.22+0.01 038+0.01 086+002 18=+0.1 2.8 +0.1
Mn2* 0.19+0.01 034+001 083002 14+0.1 1.6 + 0.1
Sn# 094 + 0.2 1.7 + 0.1 2.7 £ 0.1 45+0.2 10 + 1

EC10, ECas, ECs0, EC75 and ECso values represent the metal concentration that reduced cell viability in MES buffer (cell viability
assay) or inhibited the growth of yeast cells in YEP (growth inhibition assay), after 24 h, by 10, 25, 50, 75 or 90 %, respectively.

The data correspond to the mean values and standard deviations of three independent experiments performed in duplicate
(n=6).
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Figure 6.5. Impact of the nanoparticles and respective metal ions on yeast growth and cell viability. Yeast cells were exposed
to the different toxicants in YEP broth (A and B) or in MES buffer (C and D) and the growth (growth inhibition assay) or the cell
viability (colony forming units, CFU, counting) was assessed after 24 h. The data are presented as mean values from at least
three independent experiments performed in duplicate (n>6); standard deviations are presented (vertical error bars). Mean
values are significantly different: *P<0.05 in comparison with untreated cells (control); unpaired t test.

6.3.2. Where does the toxicity of the NPs come from?
To investigate whether the toxicity observed was due to the nanoparticles, to the chemical species
released (NPs solubilisation) or to the combination of both, the loss of cell viability induced by the
NPs at 100 mg/L was compared with the toxicity associated to the respective supernatants, which
contained the metal(loid)s released by the NPs. The comparative analysis revealed that the toxicity of

SiOz NPs was mainly caused by the NPs themselves, as the supernatant had no impact on the cell
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viability (Fig 6.6). For both Al,O3 and SnO. NPs, the toxicity was higher than the corresponding
supernatants (Fig 6.6), which indicated that the NPs contributed, partially, to the observed toxicity.
Thus, for Al,O3; and SnO; NPs, the loss of yeast cell viability could be attributed to both the NPs and
the respective released ions from the NPs. Mn3O4 NPs supernatant had a higher toxicity effect than
the NPs, which suggested that the toxicity of the NPs can be mainly caused by the released Mn ions
while the contribution of the Mn304 NPs to the loss of cell viability could be, practically, neglected
(Fig 6.6). The assessment of the impact of the ionic metals, corresponding to the amount of metal
dissolved from 100 mg/L NPs, showed a similar toxic effect to the one observed for the respective
NPs supernatant (Fig 6.6), which confirmed that the impact of the NPs supernatant was related to the

release of the ions by the NPs.
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Figure 6.6. Comparison of the effect of the nanoparticles, the respective supernatants or by the dissolved metal on yeast cells.
Yeasts were exposed for 24 h to the different NPs (100 mg/L), in MES buffer, or to the respective supernatants or to the
respective dissolved metal. Cell viability was evaluated by colony forming units (CFU) counting. The data are presented as mean
values from at least three independent experiments performed in duplicate (n>6); standard deviations are presented (vertical
error bars).

6.3.3. Possible cellular targets of NPs

To evaluate the possible cytotoxic effects of the NPs, the cell membrane integrity and the metabolic
activity of yeast cells exposed for 24 h to NPs, in MES buffer, were assessed.

Membrane integrity was evaluated using a dye (Pl) exclusion assay: cells with an intact plasma
membrane are not able to accumulate Pl; they were Pl negative cells (Hewitt and Nebe-Von-Caron
2001). All NPs studied, up to 100 mg/L, did not provoke a significant modification of plasma
membrane integrity, as ~100 % of cells remained PI negative (Fig 6.7A).

Metabolic health of yeast cells was assessed using a FUN-1 dye processing assay (Millard et al. 1997)

and a fluorescein diacetate (FDA)-based cell esterase activity assay (Breeuwer et al. 1995).
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Metabolically active cells are able to process FUN-1 dye, forming cylindrical intravacuolar structures,
ClIVs (orange-red structures), as showed before in Chapter 3. With the exception of In,O3, the NPs
studied induced a small but significant reduction of the % of cells with the ability to process the FUN-
1 dye (Fig 6.7B). Metabolic active cells were able to hydrolyse FDA (FDA+ cells). The exposure of yeast
cells to MOx NPs caused a reduction of the percentage of FDA positive cells, except for In,Os (Fig
6.7C). The nonfluorescent FDA substrate is hydrolysed, by the action of nonspecific intracellular
esterases, into a fluorescent product (fluorescein) and two acetate molecules (Breeuwer et al. 1995).
The decrease of the green fluorescence can be used as an indicator of the reduction of esterase
activity. The quantification of green fluorescence exhibited by yeast cells loaded with FDA and
exposed to MOx NPs revealed that Al,O3 and Mn3O4induced the higher reduction of esterase activity,
followed by SnO; and SiO; (Fig 6.7D). All together, these results indicate that the exposure to all NPs
studied, except In;0s3, induce a reduction of the metabolic activity in yeasts, in the absence of loss of

membrane integrity.

6.3.4. Relationship between the ROS generation and the NPs cytotoxicity

The ability of NPs and/or their respective metal ions to generate ROS in abiotic conditions (cell free)
was evaluated. For this end, a test was performed in which the NPs at 100 mg/L were incubated in
MES buffer, for 24 h. ROS generation was evaluated using the general redox sensor H,DCFDA,
deacetylated (H.DCF) (Tarpey et al. 2004; von Moos et al. 2016). The evaluated NPs were not able to
generate ROS under abiotic conditions (Fig 6.8A).

Yeast cells exposed to all NPs (except In,O3), for 24 h, presented a significant accumulation of
intracellular ROS (Fig 6.8B).

To test whether ROS accumulation was the main cause of cytotoxicity induced by the NPs, yeast cells
were exposed to NPs in the presence of L-ascorbic acid (AA), a known free radicals scavenger agent
(Arrigoni and De Tullio 2002; Nimse and Pal 2015). Subsequently, the levels of intracellular ROS,
metabolic activity and cell viability were assessed. Yeast cells co-exposed to NPs and AA presented a
significant reduction of the intracellular level of ROS (Fig 6.8B). For all NPs, except SiO,, the intracellular
levels of ROS of the yeasts co-exposed to the NPs and AA, were not significantly different from the
control (Fig 6.8B). The co-exposure to AA practically restored the survival (Fig 6.8C) and the metabolic
activity (Fig 6.8D) of yeast cells incubated with NPs. Together, these results strongly support the
possibility that the toxicity exerted by the MOx studied, on yeast cells, can be attributed, mainly, to

the induction of intracellular accumulation of ROS.
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Figure 6.7. Influence of the nanoparticles on membrane integrity and metabolic activity of yeast cells. Yeasts were exposed for
24 h to 100 mg/L of the different NPs in MES buffer; control: cells incubated in MES buffer in the absence of NPs. A — Membrane
integrity assessed by propidium iodide (PI) exclusion assay. B and C - Quantification of the percentage of metabolically active
cells; yeasts were stained with FUN-1 or FDA, respectively. D - Assessment of esterase activity by the hydrolysis of FDA. The
data are presented as mean values from at least three independent experiments performed in duplicate (n>6); standard
deviations are presented (vertical error bars). Mean values are significantly different: *P<0.05 in comparison with untreated
cells (control); unpaired t test.

6.4. Discussion

MOx NPs accounted for the largest share of the total NPs market. In the last decade, an exponential
use of this type of nanomaterials, in the most varied daily products, was observed (Corr 2012).
However, the increased use of MOx NPs have also raised concerns about the possible toxic impacts

of these nanomaterials.
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Physico-chemical characterization of the NPs is essential to understand their behavior and toxicity. In
both media tested (MES buffer and YEP broth), the hydrodynamic size increased over time (Fig 6.1A)

while a reduction of the zeta potential values was observed (Fig 6.1B).
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Figure 6.8. L-ascorbic acid reverts the toxic effects induced by the nanoparticles on yeast cells. A — Assessment of the possible
pro-oxidant effect of MOx NPs. NPs at 100 mg/L were incubated with H.DFC in MES buffer, for 24 h. Blank and positive control
were obtained by incubating the H.DCF probe in MES buffer or with 26 pmol/L H202, respectively. B — Evaluation of the oxidative
stress induced by MOx NPs. Yeast cells were incubated with 100 mg/L NPs, in MES buffer for 24 h, without (NPs) or with 10
mmol/L L-ascorbic acid (NPs+AA); control: cells incubated in MES buffer in the absence of NPs, without (light blue) or with AA
(light orange). Levels of intracellular ROS were quantified using H.DCFDA. C and D - yeast cells co-exposed to 100 mg/L MOx
NPs and 10 mmol/L AA, in MES buffer, for 24 h; control: cells incubated in MES buffer, with AA, in the absence of NPs. C —
Evaluation of cell viability by colony forming units (CFU) counting. D — Metabolic activity assessed through the hydrolysis of
FDA. The data are presented as mean values from at least three independent experiments performed in duplicate (n>6);
standard deviations are presented (vertical error bars). A, C and D - mean values are significantly different: *P<0.05 in
comparison with untreated cells (control); unpaired t test. B - means with different letters are significantly different (P<0.05);
one-way ANOVA followed by Tukey-Kramer multiple comparison method.
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These low zeta potential values indicated that the NPs were instable in aqueous suspension, having
tendency to form agglomerates (Hanaor et al. 2012). This effect was particularly evident in MES buffer
where the agglomeration of the NPs could be observed, with the naked eye, in the Erlenmeyer flasks
(Fig 6.2). The properties of these MOx NPs in different aqueous media, such as Dulbecco’s Modified
Eagle medium, OECD algae medium and Luria-Bertani medium, was described in the literature. Similar
zeta potential values to those here presented for In,O3 (Ahamed et al. 2017), Mn304 and SiO; (lvask
et al. 2015), as well as similar Z-average diameter for Al,O3 (Park et al. 2016), Mn3O4 (lvask et al. 2015),
SiO; (Bondarenko et al. 2016) and SnO, NPs (Chavez-Calderon et al. 2016) were reported. The MOx
NPs studied presented a low solubility (<8 %) in YEP or MES buffer (Table 6.2). This poor solubility is
in agreement with the data described in the literature. In fact, the amount of metal(loid)s released
from the NPs, here presented, is of the same order of magnitude of the values reported for In,O3
(Bomhard 2018; Jeong et al. 2016), Mn304 (lvask et al. 2015), SiO, (Van Hoecke et al. 2008) and SnO;
NPs (Chavez-Calderon et al. 2016).

All NPs studied did not provoke yeast growth inhibition, up to 100 mg/L, when incubated in a protein
rich medium (YEP) (Fig 6.5A). It is described that proteins form complexes with NPs, leading to a
protein “corona” that defines the biological properties of the NPs (Cedervall et al. 2007; Kharazian et
al. 2016). Probably, the formation of protein-coated NPs leads to the reduction of their toxicity, as it
was described with other MOx NPs and cell models (Nguyen and Lee 2017). In addition, the metals
released by the NPs (Fig 6.1C) should be, most likely, complexed by YEP components, which reduce
their bioavailability and consequently their toxicity. Consistent with this possibility, it was found that
24h-ECso values of metals in YEP were about ten times higher than those observed in MES buffer
(Table 6.3), where no metals complexation occurs (Ferreira et al. 2015).

Except for In,O3, where no toxic effects on yeast cells were observed, all other NPs studied induced a
loss of cell viability in a dose-dependent manner (Fig 6.5C). Regarding the causes that may induce
NPs toxicity, the analysis of the effect of NPs and the respective supernatants (Fig 6.6) raises different
possibilities. In the case of SiO,, the toxicity over yeast cells was most likely mainly caused by the NPs
themselves, since the supernatant had no impact on cell viability (Fig 6.6). A similar observation was
reported when the Photobacterium phosphoreum was exposed to Fe;Os, Co304, Cr,O3 and NiO NPs
(Wang et al. 2016). The toxicity of Al,Os and SnO, NPs could be attributed to both the NPs and the
respective released ions (Fig 6.6). A similar result was described when the bacterium E. coli was
exposed to Al,O3 NPs (Simon-Deckers et al. 2009). The loss of yeast cell viability induced by Mn304

NPs could be mainly caused by the released Mn ions, since the contribution of the Mn304 NPs to the
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toxicity could be, practically, neglected (Fig 6.6). A similar effect was described when human lung
epithelial cells were exposed to Mn304 NPs (lvask et al. 2015).

All NPs studied did not have any pro-oxidant effect (ROS generation in abiotic conditions) (Fig 6.8A).
These results are compatible with the fact that Al,Os and SnO. are considered redox-inactive
(Chemicals 2018a; Chemicals 2018b). In the case of Mn304 NPs, although considered redox-active
(Urner et al. 2014), in the concentration tested, these NPs were unable to oxidized H,DCF. In the
present work, it was observed that Al,0s, Mn304, SiO2 and SnO; NPs induced a significant intracellular
accumulation of ROS in yeasts (Fig 6.8B). Due to the absence of a pro-oxidant effect of the NPs, it can
be deduced that the ROS presented by yeast cells were intracellularly generated. The triggering of OS
on yeast cells by the MOx NPs studied (except by In,0s) is in agreement with the literature, which
describe the ability of these NPs to induce OS in different cell models. Thus, it was reported that Al,O3
caused OS in plant wheat roots (Triticum aestivum) (Yanik and Vardar 2018) and in human
lymphocytes (Rajiv et al. 2016). Mn3O4 NPs induced elevated ROS levels in rat alveolar macrophages
(Urner et al. 2014) and alveolar epithelial cells (Frick et al. 2011) and SiO» NPs provoked the generation
of ROS in different cell lines: lymphocyte (Azimipour et al. 2018), intestinal cells (Setyawati et al. 2015),
lung and bronchial epithelial cells (Eom and Jinhee Cho 2011; Manke et al. 2013).

Main targets of ROS include membrane lipids, nucleic acids and ROS-susceptible proteins (Avery
2011). The levels of intracellular ROS in yeast cells exposed for 24 h to all NPs studied were not enough
to induce the loss of cell membrane integrity (Fig 6.7A). Similarly, it was described that SiO; did not
have any impact on membrane integrity of algal cells Scenedesmus obliquus (Liu et al. 2018). Although,
it was reported the disruption of cell membrane in yeasts exposed to Al2O3 NPs (Garcia-Saucedo et
al. 2011) or Mn;03 (Otero-Gonzalez et al. 2013), both results were observed in the presence of 1 g/L
NPs, which corresponded to a concentration ten times higher than the one used in the present study.
The incubation of yeast cells with Al,03;, Mn30a, SiO; or SnO; induced a small, but significant, loss of
the metabolic activity (Fig 6.7B, C and D). A decrease of the metabolic activity due to the exposure to
Mn30, NPs was observed in different animal cells (Titma et al. 2016). The reduction of the hydrolytic
activity of the esterases could be due to the oxidation of this enzyme as consequence of the
intracellular ROS accumulation. It was reported that protein oxidation can occur by different modes,
which includes cleavage of peptide bonds and oxidation of sensitive amino acid residues, such as
those containing aromatic side chain or sulfhydryl groups (Cecarini et al. 2007). Compatible with the
possibility that OS may have been responsible for the reduction of yeast hydrolytic activity, it was

observed that the simultaneous incubation of the cells with NPs and AA, almost (SiO;) or completely
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abrogated (Al,O3, Mn304 and Sn0O,) the OS (Fig 6.8B) and restored the esterase activity (Mn3O4 and
SiOy) of yeast cells (Fig 6.8D). In addition, yeast survival was completely (SiO) or almost completely
restored (Al,03, Mn304 and SnO;) (Fig 6.8C) when the cells were co-exposed to NPs and AA. The
reversibility of the toxic effects, induced by the MOx NPs, due to the presence of AA, strongly indicates

that OS is, most likely, the main contributor of the cytotoxicity observed in yeast cells.

6.5 Conclusions

The present work contributes to the characterization of the mechanisms of toxicity associated with
MOx NPs:

e The MOx NPs displayed a tendency to agglomerate and were insoluble (dissolution <8 %);

e Al;03, Mn304 SiO2 and SnO; NPs induced the loss of yeast cell viability, caused by the NPs
themselves (SiOy), both NPs and respective released ions (Al,Os and SnO,) or only by released ions
(Mn30y).

e These NPs also induced the loss of metabolic activity and intracellular ROS accumulation;

e The intracellular accumulation of ROS constitutes the main cause of the cytotoxicity in yeasts

treated with Al;O3, Mn30y4, SiO,> and SnO, NPs.
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7.1. Introduction

Among the different nanomaterials, metal oxide NPs have been subject to significant interest due to
their easy synthesis and extensive usage. Nickel oxide (NiO), is used in ceramic materials, chemical
catalysts, printing inks, electronic components, biosensors and water purification methods
(Ravindhranath and Ramamoorty, 2017; Srivastava et al., 2014; Zhou et al,, 2017; Zhu et al., 2012).
The widespread use of NPs has inevitably increased their unintended introduction into aquatic and
terrestrial environments. Thus, concerns have been raised regarding the potential adverse effects of
NPs on biota and human health (Batley et al., 2013; Beaudrie et al., 2013). In fact, the characteristics
that give NPs their exceptional chemical properties can also provide them with intrinsic toxicity.
Various negative impacts of NiO NPs on aquatic organisms have been described, including
bioluminescence inhibition in the bacterium Vibrio fischeri (Nogueira et al., 2015), growth inhibition
in the algae Chlorella vulgaris and Pseudokirchneriella subcapitata (Gong et al., 2011; Nogueira et al.,
2015; Oukarroum et al., 2017), toxicity to zebrafish (Danio rerio) (Kovriznych et al., 2014), and oxidative
stress in the crustacean Artemia salina (Ates et al, 2016) and the aquatic plant Lemna gibba
(Oukarroum et al., 2015b). Nevertheless, NiO NPs did not cause a significant increase of mortality in
the estuarine amphipod Leptocheirus plumulosus (Hanna et al., 2013).

P. subcapitata has been considered to be an important organism, being recommended by
international agencies, such as the OECD and U.S. EPA (OECD, 2011; US-EPA, 2002) as a toxicity
bioindicator of freshwater environments due to its ecological relevance, ubiquitous distribution and
high sensitivity to a wide range of hazardous substances, including heavy metals and organic
compounds (Geis et al., 2000; Rojickova-Padrtova and Marsalek, 1999).

Although there is a general consensus from the scientific community and intergovernmental
organizations (such as the OECD) about the urgency and importance of knowledge related to the
potential environmental adverse effects of NPs (Hunt et al, 2013), there are no safe guidelines
regarding their release into fresh or salt water (Baker et al., 2014). Taking into account that aquatic
environments are considered to be an important environmental sink for NPs, their environmental fate
and corresponding potential toxic effects deserve further investigation. In fact, the increasing use of
NPs requires an improved understanding of their potential impacts on the environment. However,
the possible environmental hazards of NiO NPs have been poorly studied, and only a few studies are
available on their mechanisms of action.

This chapter aimed to investigate the possible adverse effects of NiO NPs on aquatic systems using

the alga P. subcapitata as a test organism by means of a mechanism-based approach. To achieve this
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objective, the impacts of NiO NPs on algal growth, plasma membrane integrity, metabolism (esterase
activity and reactive oxygen species accumulation), photosynthesis (pigment production and

photosynthetic activity), and morphology and on the algal cell cycle was evaluated.

7.2. Materials and Methods

7.2.1. Preparation of the NiO NP stock suspension
Nickel oxide nanoparticles (NiO NPs) with a particle size of <50 nm and a purity of 99.8% (trace metal
basis) were obtained from Sigma-Aldrich. The stock suspensions (0.5 g/L NiO NPs) were prepared in

deionized water, sterilized, shaken and sonicated as described before in Chapter 3.

7.2.2. Characterization of NiO NPs in suspension

The characterization of NiO NPs in suspension was performed in OECD algal test medium under the
same conditions of the assays and in the absence of algal cells. However, some experiments (Ni
dissolution from the NPs and NiO agglomeration) were also performed in OECD medium in the
presence of algal cells.

Hydrodynamic size was measured using dynamic light scattering (DLS) with a polystyrene cuvette
(DTS0012) and zeta potential using a disposable folded capillary cell (DTS1070) at 25°C in a Zetasizer
Nano ZS (Malvern Instruments, UK) and the Zetasizer software, version 7.11. The sedimentation of
NiO agglomerates in OECD medium was also monitored by spectrophotometrically measuring the
absorbance at 600 nm for 30 min and determined as described before in Chapter 6.

NiO NPs dissolution in OECD medium was quantified using atomic absorption spectroscopy with
flame atomization (AAS-FA) in a PerkinElmer AAnalyst 400 spectrometer. For this analysis, NiO NPs
at different concentrations were incubated for up to 72 h under the same conditions as the assays.
At defined times, samples were taken and centrifuged at 20.000x g for 30 min at 25°C. Alternatively,
NiO NPs were removed from the media through centrifugal ultrafiltration using a membrane with a
nominal molecular weight limit of 3 kDa (Merck Millipore, Amicon Ultra-15 3K). For this purpose, the
NiO NP suspensions were placed in ultrafiltration tubes and centrifuged at 3.200xg for 20 min at
25°C, and the Ni concentration in the filtrate was determined as described above. The literature
indicates that this filter rejects particles greater than 1.3 nm (Ma et al., 2014). Using this procedure, it
is assumed that the filtrate predominately contains free nickel ions and soluble nickel complexes;
agglomerates greater than 1.3 nm were retained on the membrane. The total nickel content in the

NiO NP suspensions was digested using aqua regia (a mixture of nitric and hydrochloric acid at a
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molar ratio of 1:3, respectively) for 1 h. The remaining solutions were subsequently filtered through

a 0.45-um-pore-size filter, and the Ni content was determined using AAS-FA.

7.2.3. Strain, medium, culture conditions and alga exposure to NiO NPs or Ni3*
The freshwater green alga Pseudokirchneriella subcapitata (strain 278/4) was obtained from the
Culture Collection of Algae and Protozoa (CCAP), UK. The alga was maintained in OECD medium
(OECD, 2011) with 15 g/L agar (Merck) at 4°C in the dark.
The pre-cultures were prepared weekly by inoculating 40 mL OECD medium in 100 mL Erlenmeyer
flasks with algal cells. Then, the cells were incubated at 25°C for 3 days on an orbital shaker at 100
rpm under continuous “natural white” light-emitting diodes (LEDs) with a colour temperature of
4,000-4,200 K and an intensity of 4,000 lux at the surface of the flasks. The cultures were obtained by
inoculating the cells from the pre-cultures at an initial concentration of 5x10* cells/mL in 100 mL
OECD medium in 250 mL Erlenmeyer flasks. The cultures were incubated for 2 days under the
conditions described for the pre-cultures. After incubation, the algal cells were centrifuged at 2500xg
for 5 min and suspended in deionized water.
Dose-response curves and the effect concentration (EC) values were determined by the exposure of
algal cells, in exponential-phase of growth (2 days cultures), at a final concentration of 5 x 10*
cells/mL, to seven concentrations of NiO NPs or Ni (from a stock solution of 1000 mg/L NiCl,, Merck),
arranged in a geometric series, in 250 mL Erlenmeyer flasks containing OECD medium, at a total
volume of 100 mL. As a control, algal cells were incubated in the same medium in the absence of the
toxicant. Controls and assays were incubated for 72 h under the same growth conditions
(temperature, agitation and light) described above. After incubation, algal cell concentrations were
determined using an automated cell counter (TC10, Bio-Rad). The algal growth (yield) was calculated
considering the cell concentration at the end of the assay minus the starting cell concentration. 72h-
EC10, ECa5 ECso, EC7s and ECqp values representative of the NiO NPs or Ni?* concentration that induced
the inhibition of 10, 25, 50, 75 or 90 % of algal growth, compared to control, after an exposure for
72h were calculated using a linear interpolation method (TOXCALC version 5.0.32, Tidepool Scientific
Software).
In the assessment of the impact of NiO NPs or Ni?* over algal cells (biological endpoints described
below), cells in exponential phase of growth (2 days cultures) were inoculated in OECD medium in
250 mL Erlenmeyer flasks, at a final concentration of 5x10* cells/mL, and exposed to 1.1, 1.6 or 4 mg/L

NiO NPs, in the same cultural conditions described above. The final volume of the assays was 100

123



mL. After exposure to toxicants for 72 h, algal cells were centrifuged at 2500xg for 5 minutes and
resuspended in OECD medium at final concentration of 3 x 108 cells/mL. These cellular suspensions
were further used for determining the various metabolic and physiological parameters described

below.

7.2.4. Cell membrane integrity
The plasma membrane integrity was monitored using the probe SYTOX Green (SG, Molecular Probes,
Invitrogen). After treatment, algal cells at 1x10° cells/mL were stained with 0.5 umol/L SG, for 20 min,
in the dark, at room temperature, as previously described (Machado and Soares, 2012). As positive
control (cells with permeabilized plasma membrane), cells were heat treated (65 °C for 1h) in a water
bath. The cells were observed using a Leica DLMB epifluorescence microscope equipped with an
HBO-100 mercury lamp and the GFP filter set from Leica. In each experiment, two samples of ~200

cells were scored in randomly selected microscope fields.

7.2.5. Metabolic activity
Metabolic activity was assessed through a fluorescein diacetate-based cell esterase activity assay.
After treatment, cells were diluted to 5x10° cells/mL, in OECD medium and subsequently stained with
20 uymol/L fluorescein diacetate (FDA, Sigma-Aldrich) for 40 min, at 25 °C, in the dark, as previously
described (Machado and Soares, 2013). Cells not exposed to NPs (metabolically active, positive
control) and heat-treated (negative control) were also stained with FDA. The assays were conducted
in quintuplicate in sterile 96-well flat microplates (Orange Scientific). Fluorescence intensity (in
relative fluorescent units, RFUs) was measured in a Perkin-Elmer (Victor3) microplate reader at a
fluorescence excitation wavelength of 485/14 nm and an emission wavelength of 535/25 nm.
Fluorescence was corrected by subtracting cell, culture medium and dye autofluorescence and
normalised considering the cell concentration. The effect of NPs on esterase activity was expressed
as the ratio of fluorescence in the cells exposed to NiO relatively to the fluorescence in the control

(non-treated cells).
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7.2.6. Mitochondrial membrane potential
The mitochondrial membrane potential (AWm) was determined using 3,3'-dihexyloxacarbocyanine
iodide (DiOCg, Sigma-Aldrich). Cells, at a final concentration of 1x10° cells/mL resuspended in OECD
medium were incubated with 2.5 pmol/L DiOCe, during 10 minutes, at room temperature, in the dark.
As negative control, algal cells (after grown in the absence of toxicant) were treated with 50 umol/L
of the H* ionophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP, Sigma-Aldrich) for 10 min;
subsequently, algae were stained with DiOCs, as described above. The stock solution of CCCP (5
mmol/L) was prepared in dimethylsulfoxide (DMSO; Sigma-Aldrich); in the assay, the final
concentration of DMSO was <1 % (v/v). Fluorescence was quantified (in quintuplicate), corrected and
normalized as described above (metabolic activity). Effect of the toxicants on AWm was expressed as
the ratio of fluorescence in the cells exposed to NiO relatively to the fluorescence in the control (non-

treated cells).

7.2.7. Reactive oxygen species (ROS) production in abiotic and biotic conditions

ROS production by NiO NPs in OECD medium, in the absence of cells (abiotic conditions) was
quantitatively detected using 2',7'-dichlorodihydrofluorescein (H.DCF). For this purpose, 2',7'-
dichlorodihydrofluorescein diacetate (H.DCFDA, Sigma-Aldrich) was deacetylated to H.DCF as
described in the literature (Aruoja et al., 2015). NiO NPs (4 mg/L) or Ni?* (3.1 mg/L) were incubated
in OECD medium in the same conditions (temperature, agitation and light) described above for the
assays with algal cells. After 72h of incubation, samples of 100 uL were combined with 100 uL of 52
pmol/L H>DCF solution, placed in a 96-well microplate and incubated at room temperature, in the
dark, for 45 minutes. Blank and positive control were prepared by substituting the sample by equal
volume of OECD medium or 52 pymol/L H0, (prepared in OECD medium from a stock solution of
30 %, Panreac), respectively. Fluorescence was measured, corrected and normalized as described
above (metabolic activity). Abiotic ROS was expressed as the ratio of fluorescence of the assay
relatively to the fluorescence of the blank. At least five replicates were prepared for each sample.

Intracellular ROS accumulation was evaluated using H.DCFDA. Algal cells at 1x10° cells/mL were
stained with 10 pmol/L H,DCFDA , placed in quintuplicate in a 96-well microplate and incubated for
90 min, at 25°C, in the dark, as previously described (Machado and Soares, 2016). Fluorescence was
quantified, corrected and normalized as described above for esterase activity. Intracellular ROS
accumulation was expressed as the ratio of fluorescence of the assay relatively to the fluorescence of

the control (cells not exposed to NPs).
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Samples were observed using an epifluorescence microscope equipped with appropriate filter
settings (GFP for ROS; N2.1 for chlorophyll a autofluorescence) from Leica. The images were obtained
with a Leica DC 300 F camera using a 100x oil immersion N plan objective and processed using Leica

IM 50-Image manager software.

7.2.8. Photosynthetic pigments quantification
Algal cells were resuspended in OECD medium at final concentration of 3 x 108 cells/mL. The pigments
were extracted by placing the algal cells in 90% acetone (VWR Chemicals) at 4 °C for 20 h. The
concentrations of chlorophyll a (chl a), chlorophyll b (chl b) and carotenoids were determined by
UV/Vis spectrometry, as previously described (Clesceri et al., 1999; Strickland and Parsons, 1972) and
normalized considering the algal cell concentration. Photosynthetic pigment concentrations were
expressed as the ratio between the pigment content in the assay and the pigment content in the

control.

7.2.9. Photosynthetic performance
The parameters related to photochemical and non-photochemical quenching of Photosystem Il (PSII)
of algal cells were determined by pulse amplitude modulated (PAM) fluorescence assay, using a
chlorophyll fluorometer (Walz, JUNIOR-PAM, Effeltrich, Germany). After treatment, algal cells in OECD
medium at a final concentration of 3 x 10 cells/mL were dark adapted for 30 min and the minimal
fluorescence (Fp) was measured. Subsequently, the maximum fluorescence (F») were obtained by
exposing the cells for 600 ms to a blue LED saturation pulse of 10000 umol/m?s light intensity and a
measuring beam of 5 Hz. Fluorescence parameters were automatically calculated using the
WinControl software (version 3.25), according to the equations presented in Table 7.1 and expressed

as the ratio of the values in cells exposed to NiO NPs and the values in control cells.
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Table 7.1. Fluorescent parameters of PSIl determined by pulse amplitude modulated (PAM) fluorescence assay.

Parameter Description Equation Reference
F, Variable Fy = (Fm-Fo) Juneau et al., 2002
fluorescence
Maximum Kitajima and
F/Fm quantum yleld of Fo/Fm = (Fm - FO)/Fm Butler, 1975
PSII
Dps Quantum yield of Dpsi = (F'm-F)/F'm Genty et al,, 1989
photosystem Il
Photochemical s e Schreiber et al.,
qP quenching P = (FmF)/(F mF o) 1986
Relative electron
rETR rETR = PAR X ETRfactor X (PS2/Ppps) X Ppsi Walz, 2007
transport rate
Non- Bilger and
NPQ photochermcal NPQ = (Fn/F 'm)-1 Bjorkman, 1990
quenching

Where: Fois the minimal level of fluorescence of dark-adapted cells (keeping PSII reaction centres open); Fm is the maximum
level of fluorescence obtained with a saturating light pulse (closes all PSII reaction centres); F'm is the maximal fluorescence
level when PSII reaction centres are closed by a strong light pulse; F”is the fluorescence level shortly before a strong light
pulse; Fois the minimum chlorophyll fluorescence level in the presence of open PSII reaction centres; PAR is the photosynthetic
active radiation; ETRrctor is the ratio of photons absorbed by photosynthetic pigments to incident photons; PSz/Pres are the

photons absorbed via PSI, related to absorption of photons by photosynthetic pigments.
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7.2.10. Cell volume determination
Photos of algal cells incubated for 72 h in OECD medium in the absence (control) or the presence of
the toxicants were acquired in randomly selected fields, in phase-contrast microscopy, using a 100X
objective and a digital camera. The images were processed with a Leica IM 50-Image manager
software. Algal biovolume was determined as previously described (Machado and Soares, 2014a),
assuming that P. subcapitata generally conforms to the shape of a sickle-shaped cylinder (Sun and
Liu, 2003). For each experimental condition, a minimum sample of 200 cells was used and the relative

frequency (i.e, the % of the number of times) of each biovolume was determined.

7.2.11. Cell-cycle stage analysis
After treatment, algal cells were resuspended in OECD medium at final concentration of 3 x 108
cells/mL; cell membrane was permeabilized [by treatment with 1-pentanol (70 %, v/v) for 1 h] and,
subsequently, stained with SG as described in cell membrane integrity subsection. Cells were
observed using an epifluorescence microscope, equipped with a filter set GFP (Leica) and images
were acquired and processed as described above. P. subcapitata cell cycle was divided in four stages,
as previously described (Machado and Soares, 2014). In each experimental condition, for the
determination of the % of cells belonging to each cycle stage, at least 200 cells were considered in

randomly selected fields.

7.2.12. Reproducibility of the results and statistical analysis
All studies were repeated, independently, at least three times in duplicate (n>6), except the
hydrodynamic size distribution and the zeta potential of the NiO NPs, which were performed one
time in duplicate. Statistical analysis was provided using one-way ANOVA (P < 0.05), followed by

Tukey—Kramer multiple comparison method.
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7.3. Results
7.3.1. Characterization of the NiO NP suspensions in OECD medium

According to the manufacturer, the primary (nominal) size of individual NiO NPs is <50 nm. This size
was confirmed by transmission electron microscopy micrographs (see Chapter 3). After suspension
(zero time) in OECD medium, the NiO NPs presented a Z-average diameter (mean size), determined
using DLS, of ~800 nm (Table 7.2), which indicates the almost immediate agglomeration of the NPs.
The NP agglomerations increased in size over time and presented a Z-average diameter of ~3400
nm after 72 h (Table 7.2). The NP suspensions presented a polydispersity index of 1.0, which indicates
that the sample had a very broad size distribution of agglomerates (Table 7.2). The surface charge of
the NiO NPs was evaluated based on the measurement of zeta potential. Once suspended in algal
medium, the NPs presented a negative charge of -7.6 mV, which was maintained at a similar value
over time (Table 7.2). The suspension of the NPs did not affect the pH of the OECD culture medium
and the growth of the algal cells caused a small increase in the pH value of the culture medium (Table

7.2).

Table 7.2. Characteristics of NiO NPs suspensions in OECD algal medium.

NiO]  Time Z-.average Zeta. pH. of medium PH of .
(ma/L) h) diameter Pdi potential (without algal medium (with
9 (nm) (mV) cells) algal cells)

0 772 + 73 0.51 + 0.05 -76 +0.8 7.51 +0.03 7.52 +0.02
1.6
72 3389 + 655 1.0 £ 0.1 -106 = 14 7.39 = 0.07 7.71 £ 0.03

The data reported for Z-average diameter and zeta potential are the mean values + standard deviation of one experiment
performed in duplicate. Where Pdl is the polydispersity index. In each determination, at least ten measurements were
performed.

The inspection of the Erlenmeyer flasks containing NPs indicated the presence of agglomerates that
were obviously visible to the naked eye after 72 h of incubation, particularly for 10mg/L (Fig 7.1A).
The changes in the NiO NP agglomeration process were alternatively monitored by spectroscopy at
600 nm. The sedimentation of NP agglomerates in the algal medium increased with the incubation
time for 4 mg/L NiO (Fig 7.1B). For the highest concentration of NPs tested (10 mg/L), the
sedimentation markedly increased in the first 8 h of incubation (Fig 7.1B).

Another important characteristic of NiO NPs in suspension is their ability to solubilize and release
Ni%* (dissolution of NPs). It was possible to observe that, for 1.6 mg/L NiO NPs, the concentrations of
soluble Ni were similar during the exposure time: 0.22 + 0.02 mg/L Ni** (Fig 7.1C); these Ni
concentrations corresponded to the dissolution of the NPs of 18% and 9%, respectively. For

comparative purposes, the dissolution of 1.6 mg/L NiO NPs in deionized water was also evaluated.
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After 72 h, the amount of soluble Ni in water (0.25 + 0.03 mg/L) was similar to that found in OECD
medium. Control experiments showed that when 1.6 mg/L NiO was suspended in OECD medium and
the NPs were separated from nickel species through ultrafiltration after 72 h, a similar amount of
dissolved Ni (0.24 + 0.03 mg/L) was found. This means that the amount of soluble Ni is independent
of the process used to separate the NPs. At the end of the incubation of the algal cells (72 h) with 1.6
mg/L NiO, the concentration of soluble Ni was also similar (0.21 mg/L) to that found under abiotic

conditions (in the absence of algal cells).
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Figure 7.1. Characterization of NiO NPs suspensions in OECD medium. A - Macroscopic aspect of NiO NPs suspensions; inset:
high magnification image of NPs agglomerates, limited by the white-box. B - Evolution of NiO NPs sedimentation over the
time. NiO NPs were suspended in OECD medium at a final concentration of 4 or 10 mg/L. C - Ni released by NiO NPs in OECD
medium. The data represent the mean values of at least three independent experiments, performed in duplicate (n26);
standard deviations (SD) are presented (vertical error bars). Where no error bars are shown, SD are within the points.

7.3.2. Algal cells enhance NiO NP agglomeration in OECD medium
The presence of algal cells increased the agglomeration of NiO NPs in OECD medium (Fig 7.2A).
Fluorescence microscopy of the large agglomerates revealed the presence of algal cells inside the
agglomerates and in the surrounding media (Fig 7.2B). These hetero-agglomerates (composed of
algae and NiO NPs) presented a non-compact structure and were easily dispersed by agitation (Fig
7.2C). The P. subcapitata cells exposed to NiO presented agglomerated NPs adsorbed onto the algal
surface (Fig 7.2C).
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Figure 7.2. Influence of algal cells in NiO NPs agglomeration. A — NPs were suspended in OECD medium at 4 mg/L in the
absence or inoculated with 5x10* algal cells/mL. Suspensions were agitated for 72h at 100 rpm A — Erlenmeyer flasks without
or with algal cells in the presence of 4 mg/L NiO, respectively. Inset: high magnification images of white boxes. B — Microscopy
images of NiO NPs suspensions, in OECD medium, showing the interior of the agglomerates with entrapped algal cells. C —
NiO NPs attached to P. subcapitata algal cells surface.

7.3.3. NiO NPs present an algistatic effect
The potential hazard presented by NiO NPs was assessed using the OECD algal growth inhibition test
(OECD 2011). NiO NPs inhibit algal growth in a concentration-dependent manner. Figure 7.3 shows
the dose-response curve expressed as the percentage of growth inhibition (yield) of the algal cells

exposed to NiO for 72 h.
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Figure 7.3. Dose-response curves of P. subcapitata exposure to NiO NPs or Ni2* in OECD medium. The data are presented as
mean values from at least three independent experiments performed in duplicate (n>6); standard deviations (SD) are
presented (vertical error bars). Where no error bars are shown, SD are within the points.

The NPs presented 72 h-ECyo, 72 h-ECso and 72 h-ECg values of 1.1, 1.6 and 3.7 mg/L, respectively
(Table 7.3). For comparative purposes, the algae were exposed to Ni%*, and a dose-response curve
was also drawn (Fig 7.3). Ni?* displayed 72 h-EC1q, 72 h-ECspand 72 h-ECqo values of 8.0x1073, 4.2x 10"
2 and 13x10% mg/L, respectively. A global comparison (EC1o, ECzs, ECso, EC75 and ECqp values) of NiO
NP and Ni?* toxicity is presented in Table 7.3.

Table 7.3. Effect of NiO NPs or Ni?* on P. subcapitata.

72h-EC (mg/L)

Toxicant 10 25 50 75 90
NiZ* 0.80x 102 + 20x102 ¢ 42x102 + 80x1072 ¢ 13x102 ¢
0.2 x 102 0.3 x 102 0.5 x 102 0.5x 1072 1.9x 1072
NIO NPs 1.10 + 0.02 1.30 + 0.02 1.6 + 0.1 2.30 + 0.03 3.7 £ 0.1

(0.87 £0.02)> (1.03 +£0.02)* (1.26 £ 0.08)* (1.82 £ 0.02)* (2.92 + 0.08)*

72h-ECo, ECas ECso, EC7s and ECeo values represent NiO NPs or Ni?* concentration that induces the inhibition of 10, 25, 50, 75
or 90 % of alga growth, in OECD medium, after exposure to the toxicant for 72 h. Values were obtained from three independent
experiences performed in duplicate (n=6).

2EC values calculated on metal basis (mg Ni?*/L).

The reduction in algal biomass (yield) after 72 h could be the consequence of the disruption of plasma
membrane integrity (algicidal effect) or a decrease in the algal growth (algistatic effect). To elucidate
whether an algicidal or algistatic effect can be attributed to NPs, the algal cells were exposed to 1.1,
1.6 and 4 mg/L NiO, corresponding to =72 h-ECqq, 72 h-ECsgand 72 h-ECq values, respectively. The
plasma membrane integrity was assessed using the membrane-impermeant probe SYTOX green (SG)

(Machado and Soares, 2012).
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Cells exposed to up to 4 mg/L NiO NPs for 144 h (6 days) retained the majority of their cell membrane
integrity since >85% of the cells were not able to incorporate SG [SG (-) cells] (Fig 7.4A). The exposure
to NiO NPs led to a slowdown in cell division (Fig 7.4B). Algal cells exposed to 4 mg/L NiO NPs divided
6 times, with their growth being arrested after 96 h. Together, these results indicate that the NiO NPs

had an algistatic effect on the P. subcapitata cells.
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Figure 7.4. Impact of NiO NPs on the plasma membrane integrity and growth of P. subcapitata. Algal cells were exposed to 1.1,
1.6 and 4 mg/L NiO, which correspond or are close to 72h-ECio, 72h-ECso and 72h-ECo values, respectively. A - Impact of NiO NPs
on plasma membrane integrity. Cells were incubated without (control) or with NiO NPs for 72 h (3 days) or 144 h (6 days).
Membrane integrity was assessed by SYTOX Green exclusion. B — Evolution of the growth of P. subcapitata in OECD medium in
the absence (control) or the presence of NiO NPs. The data are presented as mean values from at least three independent
experiments performed in duplicate (n>6); standard deviations (SD) are presented (vertical error bars). Where no error bars are
shown, SD are within the points. A - The means for a given incubation time are not significantly different (P<0.05) (ANOVA).

7.3.4. NiO NPs reduce metabolic activity and induce intracellular ROS accumulation
To further elucidate the causes of the algistatic effect attributed to NiO, the impact of NPs on algal
metabolic activity was assessed using a fluorescein diacetate-based cell esterase activity assay; in this
assay, the amount of fluorescence is related to the metabolic activity of the esterases (Machado and
Soares, 2013). Algal cells exposed to 1.1-1.6 mg/L NiO NPs did not show a significant modification of
esterase activity compared to the control. However, a significant decrease in esterase activity was
observed for 4 mg/L NiO NPs (Fig 7.5A). These results indicate that a significant loss of metabolic activity

only occurred at a NiO concentration at which algal growth was arrested.
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The potential pro-oxidant activity of NiO NPs, i.e., the ability of NPs to generate extracellular reactive
oxygen species (ROS), under abiotic conditions (cell free), was evaluated using the general ROS probe
deacetylated H,DCFDA (Aruoja et al., 2015; Tarpey et al., 2004). Since the mechanisms underlying ROS
production by the NiO NPs could be associated with the redox properties of the nanoparticles
themselves and/or the release of Ni?* (dissolution of the NPs), the production of abiotic ROS by 3.1
mg/L Ni** was evaluated; this Ni** concentration corresponds to the complete dissolution of 4 mg/L
NiO NPs. As can be observed in Figure 7.5B, the NiO NPs and Ni2* were not able to cause the
significant generation of abiotic ROS in OECD algal medium. Nevertheless, the algal cells exposed to
NiO NPs for 72 h presented the intracellular accumulation of ROS (Fig 7.5C). The quantification of the
ROS generated in algal cells allowed the observation that NiO NPs, even at the lowest concentration
(1.1 mg/L), were able to significantly induce oxidative stress (Fig 7.5D). At the highest studied
concentration of NiO NPs (4 mg/L), an increase in intracellular ROS accumulation (~1.6 times higher

than the control) was observed (Fig 7.5D).

7.3.5. NiO NPs decrease pigment content and photosynthetic performance

In algal cells, ROS are normally generated in the mitochondrial respiratory chain or in chloroplast
thylakoids in photosystem Il (PSIl) or photosystem | (PSI) (Apel and Hirt, 2004; Asada, 2006). Stress
factors that affect mitochondrial or chloroplast function can increase intracellular ROS accumulation.
ROS, in turn, can damage mitochondria or chloroplasts and, as a consequence, contribute to
respiration or photosynthesis impairment through the consequent extra ROS generation, causing a
vicious cycle. The oxidative stress experienced by algal cells exposed to NiO led us to investigate the
effects of the NPs on mitochondria and chloroplasts.

The functionality of algal mitochondria can be studied though the measurement of the inner
mitochondrial membrane potential (AWn), which can be performed using lipophilic cations, such as
DiOCe (Haugland, 2005). P. subcapitata cells exposed to NiO NPs at concentrations of up to 4 mg/L
for 72 h did not display significant permeabilization of the inner mitochondrial membrane (AW,
dissipation) compared to untreated cells (control) (Fig 7.6), which suggests that no damage to

mitochondrial function occurred in algal cells within the range of NiO NPs tested.
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Figure 7.5. Impact of NiO NPs on the metabolism and ROS production by P. subcapitata. A- Metabolic activity was assessed
through the hydrolysis of FDA (esterase activity assay). Algal cells were incubated in the absence or the presence of NiO NPs,
in OECD medium, for 72 hours. B — Possible production of abiotic ROS by NiO NPs and Ni?*. NiO at 4 mg/L or Ni?* at 3.1 mg/L
were incubated with H.DFC in OECD medium, for 72 h, in the dark. Blank and positive control were obtained by incubating the
H2DCF probe in OECD medium or with 26 uM Hz0Oz, respectively. C - Visualization of control (cells incubated in the absence of
NiO, without ROS) and cells exposed for 72 h to 4 mg/L NiO NPs showing intracellular ROS (green fluorescence) (left side, GFP
filter). Algal auto-fluorescence was observed with N.21 filter. Phase-contrast images (right side). D — Assessment of intracellular
ROS in algal cells incubated for 72 h in OECD medium in the absence or in the presence of NiO NPs. The data are presented
as mean values from at least three independent experiments. In each experiment, five fluorescent readings were performed
(n>15). Standard deviations are presented (vertical error bars). Statistical differences were subject to ANOVA. The results with
asterisks are significantly different (P<0.05).

135



0.6 -
0.4 A

A¥Ym
(RFU/RFU of control)

0.2 - .
0.0 1— : : _

IR

Q
)
©

NiO NPs (mg/L)

Figure 7.6. Effect of NiO NPs on the mitochondria membrane potential (AWm) of P. subcapitata. Algal cells were incubated for
72 h in the absence or in the presence of NiO NPs; subsequently, cells were incubated with DiOCe. As negative control, algal
cells after grown in the absence of toxicant were treated with 50 pmol/L of carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
and then stained with DiOCs. The data are presented as mean values from at least three independent experiments, performed
in duplicate (n>6); standard deviations are presented (vertical error bars). Statistical differences were subject to ANOVA. The
result with an asterisk is significantly different (P<0.05).

In photosynthetic organisms, intracellular ROS accumulation is usually associated with
photoinhibition, the bleaching of photosynthetic pigments (He and Hader, 2002) and a reduction in
PSIl photosynthetic efficiency (Nishiyama et al., 2006). The increased levels of ROS observed in the
algal cells exposed to NiO NPs led us to determine the contents of chlorophyll a (Chl a), b (Chl b) and
carotenoids. Algal cells exposed to 4 mg/L NiO presented a significant decrease in photosynthetic
pigments; lower concentrations of NiO NPs did not cause a significant decrease in Chl a, Chl b or
carotenoids (Fig 7.7A). A detailed analysis of photosynthesis performance was carried out using a
pulse amplitude modulated (PAM) fluorescence assay. The maximum quantum yield of PSIl (F./Fn) is
a measure of the intrinsic (theoretical maximum) efficiency of PSIl photochemicals (Maxwell and
Johnson, 2000). The determination of this parameter revealed that photosynthetic performance
significantly decreased when the algal cells were incubated with 4 mg/L NiO NPs (Fig 7.7B). The
control cells presented a F./Fn value of 0.61 + 0.02, which is within the values indicated for P.
subcapitata (0.62-0.64) (Drabkova et al., 2007; van der Grinten et al,, 2010), showing that the non-
treated algae were photochemically efficient. The calculation of the effective photochemical quantum
yield of PSIl (®psi), which estimates the fraction of the absorbed quanta used in the PSII
photochemistry (Maxwell and Johnson, 2000), allowed the detection of a reduction in light utilization
efficiency in the algal cells exposed to all tested concentrations of NiO (Fig 7.7C). The coefficient of

photochemical quenching (gP) is an index that represents the proportion of light excitation energy
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trapped by the ‘open’ PSIl reaction centres used for electron transport (Juneau et al., 2002) and reflects
the redox state of the primary (quinone, Qa) electron acceptor (Misra et al., 2012). The determination
of gP revealed a reduction in the fraction of open PSII reaction centres in the algal cells exposed to
NiO (Fig 7.7D). The calculation of the relative electron transport rate (rETR) offers an empirical estimate
of the flow rate of electrons through the photosynthetic chain (Consalvey et al., 2005). The exposure
of algal cells to 4 mg/L NiO was also observed to cause a significant decrease in the photosynthetic
rETR (Fig 7.7E). It is likely that the change in the equilibrium between the excitation rate and the
electron transfer rate caused the PSII reaction centre to enter a more reduced state. This leads the
cell, as a compensatory mechanism, to dissipate more luminous energy through heat or other
methods. Non-photochemical quenching (NPQ) represents all quenching processes of PSIl not
directly associated with photochemistry and can be seen as a regulatory process that quenches
chlorophyll excitation (Consalvey et al., 2005; Juneau et al., 2002). Therefore, taking into account the
decrease in @pg, the dissipation of energy via the non-regulated photochemical pathway (increase in

NPQ) was expected; however, the opposite effect was observed (Fig 7.7F).

7.3.6. NiO NPs cause algal morphology modifications and the deterioration of cell cycle
progression
The modification of the algal biovolume due to exposure to heavy metals, particularly under growth
inhibition conditions, has been described in the literature (Cid et al., 1996; Franklin et al., 2001; Le
Faucheur et al., 2005; Machado and Soares, 2014). In this context, the impact of NiO NPs on the
morphology of P. subcapitata was evaluated. The cell volume of algae exposed to 1.1 or 1.6 mg/L NiO
NPs for 72 h was similar to that in the control (Fig 7.8A). However, for 4 mg/L NiO NPs, an increase in
the mean cell volume compared to the control was observed. For this NP concentration, a wide range
of cell sizes was observed, which was reflected in the large standard deviation associated with the

measurement of the mean cell volume (Fig 7.8A).
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Figure 7.7. Evaluation of pigment content and photosynthetic parameters in P. subcapitata exposed to NiO NPs. Algal cells
were incubated for 72 h in OECD medium in the absence or in the presence of NiO NPs. A - Photosynthetic pigments:
chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoids. B - Maximum quantum yield of PSIl (F./Fm). C - Effective
photochemical quantum yield of PSII (®esi). D - Coefficient of photochemical quenching (gP). E — Relative electron transport
rate (rETR); F -Non-photochemical quenching (NPQ). The data are presented as mean values from at least three independent
experiments, performed in duplicate (n>6); standard deviations are presented (vertical error bars). Statistical differences were
subject to ANOVA. The results with asterisks are significantly different (P<0.05).

A detailed analysis of the relative frequency distribution of the two cell populations (control cells and
cells exposed to 4 mg/L NiO) showed that =100% of the non-treated cells presented a cell volume of

between 20 and 70 um3. The exposure of algal cells to 4 mg/L NiO triggered a shift to the right in the

138



algal population distribution in which *70% of the algal cells presented a biovolume of between 70
and 300 um? (Fig 7.8B).

Considering that an increase in cell volume occurred in the algae exposed to 4 mg/L NPs, i.e., under
conditions in which their growth was practically arrested (Fig 7.4B), the impact of NiO on the algal cell
cycle was investigated. The green alga P. subcapitata reproduces asexually via autospores (van den
Hoek et al.,, 1997). By staining the nucleus of algal cells using a fluorescent probe, it is possible to
identify 4 different stages: cells released from autospores (stage 1), cell growth (stage 2), cell division
1: primary cleavage (stage 3), and cell division 2: secondary cleavage (stage 4), and the release of the
four autospores (Machado and Soares, 2014b). It was observed that >90% of the algal cells exposed
to 4 mg/L NiO NPs were in cell stage 2, while the untreated cells (control) were distributed across the
4 cycle stages (Fig 7.8C). These data reveal that the exposure to NiO disturbed the progression of the
algal cell cycle. Algae exposed to 4 mg/L NiO divided 6 times and subsequently stopped growing (Fig
7.4B) almost synchronously (>90% of the cells remained in stage 2) prior to the first cell division and
had an increased cell volume (Fig 7.8D). According to the classical model of the cell-division cycle
(Smith and Fornace, 1996), the cells that remained in stage 2 were likely in the G1 phase before DNA
replication (S phase). It was also possible to observe that less than 5% of the population was able to
progress through the reproductive cycle (stage 4) (Fig 7.8C). Algae exposed to 4 mg/L NiO for 72 h

markedly increased in size and had an aberrant shape (Fig 7.8D).

7.4. Discussion

The characterization of NiO NPs in an aqueous suspension is very important to understand their
potential ecotoxicity and thus to identify their potential environmental and toxicological risks.
Therefore, knowledge regarding NiO NP agglomeration, surface charge, and stability (dissolution of
NPs) is essential for understanding their bioavailability and mobility (Wilkinson, 2013). The
characterization of NiO in OECD medium showed that NPs are not stable (low negative zeta potential
values) (Table 7.2), having a tendency to form agglomerates. NP agglomerates increase in size over
time, undergo rapid sedimentation (Fig 7.1B) and can be seen with the naked eye after 72 h (Fig 7.1A).
The agglomeration of NPs can be attributed to their negative surface charge (-10.6 mV) (Table 7.2)
and the presence of Ni** (released from the NPs), which lead to attractive forces between particles
through divalent cation bridges. NiO agglomeration has also been described by other authors when
NPs are suspended in different cell culture media (Karlsson et al., 2014; Nogueira et al., 2015; Siddiqui

et al.,, 2012).
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Figure 7.8. Impact of NiO NPs on P. subcapitata bio-volume and cell cycle. Algal cells were incubated for 72 h in OECD medium
in the absence or in the presence of NiO NPs. A — Algal biovolume was determined assuming that P. subcapitata generally
conforms to the shape of a sickle-shaped cylinder. B - Relative frequency of algae biovolume. The algae biovolumes were
grouped in different classes. Relative frequency is the percentage of biovolumes falling in each class. C - Distribution of algal
cells through the cell cycle. Stage 1: cell released from the autospore; stage 2: cell growth; stage 3: cell division 1; stage 4: cell
division 2. D - Photomicrographs of fluorescence plus phase contrast images of algal cells at different stages, not exposed
(control) or exposed to 4 mg/L NiO NPs. The data are presented as mean values from at least three independent experiments
performed in duplicate (n26); standard deviations are presented (vertical error bars).

The presence of algal cells intensified NP agglomeration (Fig 7.3A). Microscopic analysis of the hetero-
agglomerates revealed the formation of larger structures containing algal cells (Fig 7.3B). Due to the
loose nature of these structures, the algae present inside the agglomerates should not be nutritionally
limited as a consequence of diffusional limitations. Similar algal entrapment by Al,Os was observed
in P. subcapitata (Aruoja et al.,, 2015), Scenedesmus sp. and Chlorella sp. (Sadiq et al., 2011).

Algae make essential contributions to aquatic systems. P. subcapitata is an important model organism

in freshwater environments, being frequently used in toxicity assessments of a large variety of
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substances, including metals and metal-oxide NPs (Aruoja et al, 2015; Bondarenko et al, 2016;
Machado et al,, 2015). In the present study, the potential ecotoxicological hazards of NiO NPs were
evaluated using the algal growth inhibition assay (OECD, 2011) with P. subcapitata. NiO NPs presented
a 72 h-ECsp of 1.6 mg/L (Table 7.3), allowing this NP to be classified as toxic (1-10 mg/L) (Bondarenko
et al,, 2016). The 72 h-ECso value presented here is lower but at the same order of the magnitude as
the value described for the same alga (8.3 mg/L) with NiO NPs of a different size (100 nm) (Nogueira
et al, 2015) and another alga, Chlorella vulgaris, with a 72 h-ECso value of 32 mg/L and a 96 h-ECsg
value of 14 mg/L (Gong et al., 2011; Oukarroum et al., 2017). Higher concentrations of NiO NPs were
required to inhibit the growth of bacteria (24 h-ECso values for Escherichia coli, Bacillus subtilis and
Staphylococcus aureus of 160, 122 and 121 mg/L, respectively) (Baek and An, 2011) and to cause the
mortality of zebrafish (Danio rerio) (96 h-LCso value of 420 mg/L; concentration causing 50% mortality
in adult zebrafish) (Kovriznych et al., 2013), which highlights the sensitivity of algal cells, particularly
P. subcapitata, to toxicants.

The toxicity of NiO NPs can be attributed to the NPs themselves, the release of Ni2* or both. Due to
the formation of NiO NP agglomerates and the presence of the cell wall in algal cells, it would seem
rather unlikely that NiO NPs are taken up by the algae. Similarly, it has been proposed that Ag NPs
are not internalized by algal cells (Li et al., 2015). However, a surface effect of NPs cannot be ruled
out. In fact, P. subcapitata cells incubated with NiO displayed agglomerated NPs adsorbed on their
surface (Fig 7.2C). The adsorption of NP agglomerates on the algal surface may have a negative
impact, for instance, by inhibiting the activity of extracellular enzymes, as was described for Ag NPs
(Yue et al., 2017). Another possibility of how NPs can exert their toxic effects may be through their
dissolution. The Ni?* released from the NPs can be taken up by the alga. Indeed, the amount of Ni2*
leached from the NPs seems to be sufficient to explain the majority of the toxicity of NiO NPs on P.
subcapitata algal cells, as can be deduced from the comparison of the NiO and Ni2* 72 h-EC values
(Table 7.3) and the amount of Ni solubilized by the NPs (Fig 7.1C).

The decreased growth observed in the algal cells exposed to NiO could result from different causes,
including increased cell death, reduced metabolic activity (as a consequence of altered photosynthesis
or disturbed mitochondrial function) and cell cycle deterioration. The exposure of algal cells to up to
4 mg/L NiO for 72 h caused a reduction in growth without a loss of membrane integrity (Fig 7.4). The
permeability of the plasma membrane to dyes such as propidium iodide and SYTOX green represents

irreparable damage to the membrane barrier function and cell death (Galluzzi et al., 2015). The results
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presented here strongly suggest that NiO has an algistatic effect, i.e., growth reduction without cell
death.

One of the main paradigms in nanotoxicology is the tendency of NPs to induce intracellular ROS
production (Nel et al., 2006; von Moos and Slaveykova, 2014). The exposure of P. subcapitata cells to
NiO NPs induced ROS overload, even at a low concentration (1.1 mg/L) (Fig 7.5D). It is likely that
oxidative stress is a common event associated with NiO NP exposure and toxicity. In fact, intracellular
ROS have been observed in cells of different species after exposure to NiO NPs: yeast (Saccharomyces
cerevisiae) (please see Chapter 3), the alga Chlorella vulgaris (Oukarroum et al., 2017), the crustacean
Artemia salina (Ates et al., 2016), the aquatic plant Lemna gibba (Oukarroum et al., 2015a), rats (lung
cells) Jeong et al., 2016) and humans, including liver (Ahamed et al., 2013), lung carcinoma (Horie et
al., 2011), breast cancer and airway epithelial cells (Siddiqui et al., 2012).

It has been shown that the PAM fluorescence assay is a simple, fast and sensitive tool for evaluating
the impacts of toxicants on the photosynthetic activity of PSIl (Juneau and Popovic, 1999; Kumar et
al, 2014). It is commonly accepted that PSIl is the most vulnerable part of the photosynthetic
apparatus, and damage to PSll is generally seen as signal of stress (Maxwell and Johnson, 2000). The
maximum PSII quantum efficiency (F./Fm) indicates the potential capacity of photosynthetic cells to
convert light energy into chemical energy (El-Berdey et al., 2000). The exposure of algal cells to
concentrations of up to 1.6 mg/L NiO did not affect the F./Fn, which indicates that the light harvesting
capacity of PSIl remains undamaged at up to this concentration of NPs. Disturbance to the maximum
photosynthetic capacity was only observed in algal cells exposed to 4 mg/L NiO (Fig 7.7B). However,
the exposure of algal cells to all tested concentrations of NiO caused a significant reduction in the
efficiency of the PSIl photochemistry (®psi) (Fig 7.7C), which indicates an overall reduction in
photosynthesis. These results are in agreement with studies in the literature that indicate that ®pg is
a sensitive indicator for assessing algal responses to toxicants (Juneau and Popovic, 1999; Kumar et
al., 2014). The reduction in photochemical efficiency associated with the exposure to NPs seems to be
(at least in part) related to a perturbation to the electron transport process as indicated by the
reduction in the rETR (Fig 7.7E). The slowdown of PSIl electron flow caused a reduction in the
proportion of PSII reaction centres that were open (reduction in gP) (Fig 7.7D) and ultimately a
reduction in the photosynthetic efficiency (®psi). Thus, the impairment of photosynthesis seems to be
associated with damage to the reaction centres of PSII. The electrons that are no longer used in the
photochemistry could be leaked and used to reduce molecular oxygen (ROS production). ROS

formation can potentially damage the chloroplasts through oxidative stress. Disturbance to the
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electron transport process can explain the intracellular ROS overload in algae exposed to NiO NPs
(Fig 7.5D). This possibility is in agreement with the literature, which suggests that the reaction centres
of PSII and PSI are the main locations of ROS production in photosynthetic organisms (Asada, 2006).
Some herbicides have also been described as being able to induce ROS production in plants by
blocking electron transfer, as the OS are generated in the reaction centre of PSIl (Rutherford and
Krieger-Liszkay, 2001). Due to the inhibition of the photochemical energy-consuming pathway (Fig
7.7C), algal cells may dissipate excess energy through non-photochemical processes in order to
preserve the photosynthetic apparatus (Baker, 2008). However, a significant reduction in non-
photochemical quenching (NPQ) in algal cells exposed to all concentrations of NiO NPs was observed
(Fig 7.7F), which likely reflects the failure of the cells to protect PSIl from photodamage through both
regulated and unregulated (conversion of energy in the antenna complex to heat) energy dissipation
pathways. A similar effect was observed when the alga C. reinhardtii was exposed to biocides (Almeida
et al, 2017).

Chlorophytes (freshwater green algae) are able to take up heavy metals via the metal transporters and
carriers used for the uptake of essential elements (Pfeiffer et al., 2017). It is likely that the Ni** released
by the NPs enters the algal cells, inhibiting the synthesis of photosynthetic pigments (Fig 7.7A) and
damaging the PSII reaction centre, as described above. In agreement with this possibility, it has been
reported that the presence of heavy metals can bleach photosynthetic pigments by inhibiting their
synthesis in parallel with the destruction of the photosynthetic apparatus (Kupper et al., 2002; Shakya
et al., 2008).

The exposure of algal cells to low, sub-lethal concentrations of NPs (1.1 and 1.6 mg/L NiO, which
corresponded to the ~72 h-ECio and ~72 h-ECso values, respectively) induced the intracellular
accumulation of ROS (Fig 7.5D) and caused disturbance to the photosynthetic activity, as described
above (Fig 7.7C). The algal cells exposed to a higher but also sub-lethal concentration of NPs (4 mg/L
NiO, which corresponded to the ~72 h-ECq value) were only able to divide in a limited way (~6 times)
before their growth stopped (Fig 7.4C). It is likely that this discontinuation of growth can be attributed
to the arrest of the cell cycle prior to the first cell division (cell growth stage 2) (Fig 7.8C), which in turn
led to the formation of algal cells of increased size (Fig 7.8A, B) and aberrant morphology (Fig 7.8D).
It can be hypothesized that this abnormal phenotype can result from the arrest of the cell cycle as a
consequence of the increased levels of ROS observed in these cells (Fig 7.5D) combined with a

reduction in metabolic activity (Fig 7.5A) and photosynthetic performance (Fig 7.7C).
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7.5. Conclusions

The mechanisms of toxicity action of NiO NPs on P. subcapitata was evaluated in this Chapter:

« Using growth inhibition assay, NiO NPs can be classified as toxic;

» The toxic effects observed in P. subcapitata were mainly caused by the Ni?* released by the NPs;
* NiO NPs reduced the photosynthetic efficiency and enhanced intracellular ROS;

« NiO NPs induced cell cycle arrest (prior the first cell division) and aberrant alga morphology.
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8.1. Introduction

In the emerging field of nanotechnology, the nanoparticles (NPs) exhibit unique physical and chemical
properties due to their limited size (<100 nm). Metal(loid) oxide (MOx) NPs, such as aluminium oxide
(Al;03), indium oxide (In,03), manganese oxide (Mn304), silicon dioxide (SiO») and tin oxide (IV) (SnOy)
can be used in a wide range of fields, such as optics, electric and electronics, medical imaging,
cosmetics, plastic production, ceramics, fuel additives and aerospace industry (Andreescu et al., 2012;
Laurent et al., 2018; Nanotech, 2015; Tian et al.,, 2013; Vranic et al., 2019).

The safe use of nanotechnology, on an industrial scale, requires a careful evaluation of the potential
environmental and human health risks that can result from the release of NPs into the environment.
The increasing use of NPs inevitably intensifies their unintended introduction into the environment.
Thus, the NPs toxicity data are very important for the risks evaluation in aquatic environments. Algae,
as primary producers, represent the base of food chain (first trophic level). Therefore, due to their
ecological importance, the alga Pseudokirchneriella subcapitata have been used in the assessment of
toxicity (algal growth inhibition assay) (Geis et al., 2000; OECD, 2011; US-EPA, 2002).

Studies carried out in the last decade evidence that NPs, including MOx NPs can cause toxic effects.
Concerning to Al;O3, In;03, Mn304, SiO; and SnO; NPs, a very limited information about their potential
toxicity over algal cells is available. In this context, it was described that Al,O3 NPs caused growth
inhibition and reduction of chlorophyll content in the green algae Chlorella sp. and Scenedesmus sp.
(Sadig et al., 2011) and in the red alga Porphyridium aerugineum Geitler (Karunakaran et al., 2015).
SiOz NPs inhibited the growth of the marine algae Dunaliella tertiolecta (Manzo et al., 2015); similarly,
growth inhibition, reduction of chlorophyll and protein content in P. aerugineum Geitler exposed to
SiO2 NPs was described (Karunakaran et al., 2015). Aruoja et al. (2015) showed that Al,03, Mn304 and
SiO, NPs caused growth inhibition of the alga P. subcapitata. Nonetheless, Al,Os, In,O3 and SnO, NPs
seems to be nontoxic to the marine diatom Skeletonema costatum (Ng et al.,, 2015).

Despite the commercial importance of metal(loid)-based NPs, a limited information can be found in
the literature regarding the potential ecotoxicity of the NPs studied, namely: i) the hazard evaluation;
i) the understanding of the mechanisms behind NPs toxicity. In this sense, this Chapter aimed to
assess the ecotoxicity (assessment and categorization of NPs hazardous) of five NPs (Al,O3, In,0s,
Mn30,, SiO; and SnO;) by means of the environmental relevant organism P. subcapitata, using algal
growth inhibition assay. In addition, NPs physico-chemical properties [hydrodynamic size, zeta
potential, agglomeration, dissolution and abiotic production of reactive oxygen species (ROS)] were

characterized in order to understand their toxic impact. With regard to shed light on the mechanisms
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behind NPs toxicity, key-responses, at sub-cellular level, of the freshwater alga P. subcapitata were
evaluated as potential markers of cytotoxicity; thus, plasma membrane integrity, intracellular
accumulation of ROS, metabolic activity and photosynthetic performance was assessed in algal cells
chronic exposed (72 h) to different NPs concentrations. To our knowledge, this is the first work that
provides a comprehensive study of the impact of Al,Os, In203, Mn304, SiO, and SnO; NPs on the
physiology of the microalga P. subcapitata. This work contributes for the systematic characterization

of the potential pollutant hazards of MOx NPs in the aquatic environment.

8.2. Materials and Methods
8.2.1. Preparation of nanoparticles stock suspensions
The following NPs were used, as described in Chapter 6: Al,03 (<50 nm), In,03 (<100 nm); Mn30O4 (<30
nm), SiO, (<20 nm) and SnO; (<100 nm), with a purity >99.1 %.
Stock suspensions of 0.5 g/L of the different NPs (or 1 g/L in the case of In,O3 NPs) were prepared in

deionized water; shaken, sonicated and sterilized as described in Chapter 6.

8.2.2. Characterization of NPs in aqueous suspension

The characterization of the NPs was performed in OECD algal medium or in water in the absence of
algal cells, under the same conditions of the assays with algae (as described below; section 8.2.4).
The hydrodynamic size was evaluated by dynamic light scattering (DLS) and zeta potential, at 25 °C,
in a Zetasizer Nano ZS (Malvern Instruments, UK) with Zetasizer software (version 7.11), as described
in Chapter 7. For this purpose, the NPs were suspended at a concentration corresponding to 72h-ECsg
values (see section 8.2.4); In,O3 NPs were suspended at 100 mg/L.

The stability of the NPs was studied by measuring the metal(loid)s dissolved from the NPs. Thus, the
NPs were suspended in water or OECD medium at a concentration corresponding to 72h-ECso values
(see section 8.2.4) or at 100 mg/L. After 72 h of incubation, samples were taken, centrifuged at 20,000
x g, for 30 minutes, at 25 °C and the supernatants carefully removed. The metal(loid)s were quantified
by atomic absorption spectroscopy with flame atomization (AAS-FA) (Mn), with electrothermal
atomization (AAS-EA) (Al, In and Sn) or by inductively coupled plasma — optical emission spectrometry
(ICP-OES) (Si) in an Analytik Jena novAA 350, a Perkin EImer AAnalyst 600 spectrometer or a Termo
Fisher iCAP 7000 series spectrometer, respectively. The total concentration of Al, In, Mn or Sn present

in the NPs was evaluated by total digestion of the NPs with aqua regia as described in Chapter 3,
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samples were filtered through a 0.45-pm-pore-size membrane and metals content determined by
AAS-FA.

NPs agglomeration was evaluated through a sedimentation assay, as previously described in Chapter
7. Briefly, NPs were suspended in OECD medium at 100 mg/L and agitated at 150 rpm for 72 h, at 25
°C. For a given incubation time, the settling of NPs agglomerates was monitored,
spectrophotometrically (OD) at 600 nm, over a period of 60 min, and determined as described before

in Chapter 6.

8.2.3. Strain, medium and culture conditions
In this study, the freshwater green alga Pseudokirchneriella subcapitata (strain 278/4) was used. The
alga was obtained from the Culture Collection of Algae and Protozoa (CCAP), UK, and maintained in
OECD agar medium (OECD, 2011).
The pre-cultures and cultures were prepared and incubated as described before in Chapter 7. After
growth, algal cells were harvested by centrifugation (2,500 x g for 5 min) and suspended in deionized

water.

8.2.4. Algal bioassays
Dose-response curves of Al;Os3, In;03, Mn304, SiOz or SN0, NPs were performed using the freshwater
alga growth inhibition test (OECD, 2011). The toxicity caused by the respective metal ions (in the case
of Al,O3z, In;03, Mn304 and SnO, NPs) was compared. Similar experiences with Si (a metalloid) could
not be done, since the chemical comportment of this element is different from the metals (Hirner and
FlaBbeck, 2005); the dissolution of SiO, in water, originate the forming of orthosilicic acid (ller, 1978).
Algal cells in exponential phase of growth (2 days), at 5x10* cell/mL, were exposed (at least) to seven
concentrations of toxicants, arranged in a geometric series, in OECD medium. The assays were
conducted in 250 mL Erlenmeyer flasks, at a final volume of 100 mL. As control, algal cells were grown
in the absence of toxicant. The metals stock solutions used were: AI(NO3); (1000 mg/L, Merck),
In(NOs3)3 (1000 mg/L, Sigma-Aldrich), MnCl, (2000 mg/L, Merck) and SnCls (1000 mg/L, Merck). After
72 h of incubation, under the conditions described above, algal cell concentrations were determined
using an automated cell counter. The test endpoint was biomass yield, defined as biomass (number
of cells/mL) at the end of the exposure period (72 h) minus the biomass at the start of the exposure
period (OECD, 2011). The 72h-EC4q, ECys, ECso, EC75 and ECqp values, which represent the toxicant

concentration that induces an inhibition of 10, 25, 50, 75 or 90 %, respectively, of algal growth, after
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72 h, when compared with control, were determined using a linear interpolation method (TOXCALC
version 5.0.32, Tidepool Scientific Software).

P. subcapitata algal cells were also exposed for 72 h to three concentrations of each nanoparticle,
corresponding to the 72h-EC1o, 72h-ECso, and 72h-ECq values, previously calculated. The assays were
carried out as described above for the determination of dose-response curves. After exposure to NPs,
algal cells were centrifuged at 2,500 x g for 5 min and resuspended in OECD at a final concentration
of 3x10° cells/mL (for photosynthetic performance assay; please see section 8.2.7) or 1x10° cells/mL

(for membrane integrity and ROS production assays) or 5x10° cells/mL (for metabolic activity).

8.2.5. Algae entrapment assay
The dispersibility of NPs-algae hetero-agglomerates was evaluated using an algal entrapment test. A
known concentration of algal cells (1x10° or 3x10° cells/mL, which corresponded to the minimal and
maximal cell concentrations achieved at the end of ECi and ECq assays, respectively) was incubated,
in the same conditions of algal bioassays, with the highest NPs concentration tested; for these NPs
concentrations, no algal growth was observed. After 72 h of incubation, the algal-NPs suspensions
were vortexed and dispersed cell concentrations were determined using an automated cell counter.
The reduction of algal cells in suspension (in percentage), which corresponded to the algae entrapped

in the NPs agglomerates, was determined considering the initial algal cells concentration as reference.

8.2.6. Staining procedures

SYTOX Green (SG) staining was used to evaluate the impact of NPs on plasma membrane integrity of
algal cells (Machado and Soares, 2012), as previously described in Chapter 7.

The metabolic activity of algal cells was evaluated using fluorescein diacetate (FDA) (Machado and
Soares, 2013), as previously described in Chapter 7. Fluorescence was corrected by subtracting cell,
culture medium and dye autofluorescence. The results were expressed as the ratio of fluorescence in
the cells exposed to MOx NPs/fluorescence in the control (non-treated cells).

The intracellular accumulation of ROS was quantitatively assessed using the fluorescent probe 2',7'-
dichlorodihydrofluorescein diacetate (H.DCFDA; Sigma-Aldrich), as described in Chapter 7.
Fluorescence was measured and corrected and the results expressed as described above for metabolic
activity.

The production of ROS by NPs, in abiotic conditions (in the absence of cells) was also quantified by

deacetylation of the probe H,DCFDA to H,DCF, as previously described (Aruoja et al,, 2015). NPs (at
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a concentration corresponding to the respective 72h-ECqy value) were incubated for 72 h, in OECD
medium, in the same conditions described above for the assays with algal cells, as described before
in Chapter 7. Briefly, 100 pL of samples were collected and incubated with 100 pL of 52 umol/L H.DCF,
placed in quintuplicate in a 96-well microplate and incubated in the dark for 45 min at 25°C. A blank
and a positive control were prepared by replacing the sample by equal volume of OECD medium or
52 pmol/L H,0,, respectively, as previously described in Chapter 7. Fluorescence was measured and
corrected as described above for metabolic activity. The results were presented as the ratio of

fluorescence of the assay/fluorescence of the blank.

8.2.7. Algal photosynthetic performance determination
Photosynthetic performance of Photosystem Il (PSIl) of algal cells was evaluated trough the
determination of the effective photochemical quantum vyield of PS Il (®ps) by pulse amplitude
modulated (PAM) fluorescence assay, using a chlorophyll fluorometer (Walz, JUNIOR-PAM). Algal cells
not exposed (control) or exposed to NPs were suspended in OECD medium at 3x10%/mL. After a dark
adaption for 30 min the minimal fluorescence was measured. Then, the maximum fluorescence was
determined by exposing the cells for 600 ms to a blue LED saturation pulse of 10,000 pmol/m?2.s light
intensity and a measuring beam of 5Hz. ®ps; was automatically calculated using the WinControl
software (version 3.25), as described before in Chapter 7 (Table 7.1) (Genty et al., 1989). The results
were expressed as a ratio of the values in assay (cells treated with the MOx NPs) and the values in

control.

8.2.8. Microphotographs
Algal cells in the presence of NPs were also microscopically observed by phase-contrast and
fluorescence microscopy using an 13 filter set from Leica. All images were acquired with a Leica DC
300F camera, using a N plan x100 objective, and were processed using Leica IM 50-Image manager

software.
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8.2.9. Reproducibility of the results and statistical analysis
The hydrodynamic size and zeta potential measurements were performed one time in duplicate; in
each measurement, ten repetitions were considered. The others studies were repeated at least three
times in duplicate (n>6). The data are presented as mean values * standard deviations (SD). The mean
values were subject to one-way ANOVA, followed by Tukey-Kramer multiple comparison method; in
some experiments, differences between control and treated cells were tested using unpaired ¢ test. In

all experiments, P values <0.05 were considered statistically significant.

8.3. Results

8.3.1. Physico-chemical characterization of NPs suspensions
The NPs suspensions were characterized in the algal (OECD) medium; for comparative purposes, the
same analysis was performed in deionized water.
The hydrodynamic (Z-average) diameter of the NPs in suspension as well as the zeta potential was
determined after the preparation of the suspensions (0 h). Z-average diameter of the NPs, in OECD
medium, ranged between 418 and 3859 nm while in water ranged between 145 and 1785 nm (Fig
8.1A). Since all NPs, when in powder, presented a nominal size <100 nm, these results showed that
the NPs agglomerated, almost instantaneously, after suspension in aqueous solution. The
agglomeration of all NPs studied, increased over the time, in OECD medium, as it can be seen in the
sedimentation profiles of the NPs (Fig 8.2). This effect was particularly evident for Mn3O4 and In,O3
NPs where agglomerates could be detected with the naked eye (Fig 8.3).
The zeta potential of NPs, in both media, presented negative values (between -11 and -25 mV), except
for Al,O3 NPs in water, which presented a value of +14 mV (Fig 8.1B). In a general way, the magnitude
of the zeta potential values was lower in OECD medium comparatively to water (Fig 8.1B).
The solubility of all NPs, after 72 h of incubation, at a concentration corresponding to 72h-ECspvalues,

was similar in OECD medium and deionized (Fig 8.1C).
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Figure 8.1. Physico-chemical characterization of the nanoparticles in water and in OECD medium. NPs were suspended in
water or OECD medium, at 72h-ECso values, except for In.Os NPs, which were suspended at 100 mg/L. A and B — Z-average
diameter and zeta potential, respectively, at 0 h (immediately after suspension of the NPs). C — Dissolved metal(loid) from the
NPs at 72 h. The data represent the mean values; standard deviations are presented as vertical error bars. The hydrodynamic
size and zeta potential measurements were performed one time in duplicate; in each measurement, ten repetitions were
considered. NPs solubility experiences were carried out at least three times in duplicate (n>6).
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For comparative purposes, the NPs were suspended in OECD medium at 100 mg/L. Mn3O4 NPs were
the most soluble; for these NPs, after 72 h of incubation, the amount of Mn ions released was 1000
ug/L (Fig 8.4), which corresponded to a NPs solubilisation of 4.2 %. The Si released from NPs was 452
ug/L (Fig 8.4), which corresponded to a NPs solubilisation of ~1 %. The other NPs studied displayed
a much lower solubility (<0.15 %). The suspension of NPs in OECD medium did not modify
substantially the pH during the incubation period of 72 h, varying in general between 7.54 to 7.61 or

7.51 to 7.81 in the absence or presence of algae, respectively.

Al203 ® |n203 Mn3O4 @ S|02 @ Sn02

% of initial ODggop., after

0 +—r—b—aF—r—r—"——rr-
0 12 24 36 48 60 72
Time (h)
Figure 8.2. Sedimentation profile of the nanoparticles in OCED medium. NPs were suspended in OECD medium at 100 mg/L
and incubated for 72 h, at 100 rpm, at 25 °C, in the absence of algal cells. At defined times, samples were collected and the

absorbance was measured spectrophotometrically at 600nm. The data are presented as mean values from at least three
independent experiments performed in duplicate (n26); standard deviations are presented (vertical error bars).

8.3.2. Hazardous ranking of NPs
In the last decade, there has been a rapid advance of nanotechnology in terms of developing of new
nanomaterials along with their commercial applications, which makes the aspect of nanosafety
particularly important. In this context, the potential toxic impact of Al,03, Mn304, In,O3, SiO; and SnO;
NPs was evaluated using the microalga P. subcapitata through the OECD algal growth inhibition test
(OECD, 2011). For comparative purposes, the toxicity of the corresponding metal ions was also
studied. Hence, P. subcapitata cells were exposed to a series of geometric concentrations of the
toxicants and the corresponding dose-response curves (expressed as % of growth inhibition) were

constructed (Fig 8.5).
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Figure 8.3. Macroscopic observations of the nanoparticles suspended in OECD medium. NPs were suspended in OCED medium
at a concentration corresponding to the 72h-ECeo value, except for In203 NPs, which were suspended at 100 mg/L, in the
absence of algal cells. Suspensions were incubated for 72 h, at 100 rpm, at 25 °C. Right-side images: bottom of the Erlenmeyer

flasks.
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Figure 8.4. Dissolved metal(loid) from the nanoparticles. NPs were suspended in OCED medium, in the absence of algal cells,
at 100 mg/L and incubated for 72 h in the same conditions described in Fig 8.3. The data are presented as mean values from
at least three independent experiments performed in duplicate (n>6); standard deviations are presented (vertical error bars).

Among the NPs studied, SnO; was the most toxic with a 72h-ECso value of 2.1 mg/L (Table 8.1).
Considering the 72h-ECsp values (Table 8.1), the decreasing order of toxicity of the NPs studied is:
Sn0O,>Al,03>Mn304>Si0,>1n,0s. Relatively to the metal ions present in the NPs, the decreasing order
of toxicity is: Sn**>In3*>Al**>Mn?* (Table 8.1). A detailed comparison of the NPs hazardous,

considering the respective 72h-EC1o, ECzs, ECso, EC75 and ECgo values is presented in the Table 8.1.
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Figure 8.5. Dose-response curves of the nanoparticles or the respective metals ions. A and B — Algal cells of P. subcapitata
exposed to NPs or to metal ions, respectively, in OECD medium, for 72 h. The data are presented as mean values from at least
three independent experiments performed in duplicate (n>6); standard deviations are presented (vertical error bars). Where
no error bars are shown, SD are within the points.
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Table 8.1. Toxicity of the nanoparticles studied or the respective metal ions to P. subcapitata.

72h-EC values (mg/L)?

Toxicant 10 25 50 75 90
ALO 44+ 04 6.2 +09 94 +03 21 + 1 30 £ 1
23 (23+02) (3.2 £ 0.5) (50 0.2) (11 £ 0.5) (16 + 0.5)
0 41+6 67 + 4 110 + 5 164 + 3 319 + 22
a3 (34 + 5) (55 + 4) (91 £ 5) (136 + 3) (264 + 18)
NP  MniO 58+05 75+02 12 + 1 28 + 1 45 + 1
34 (42 + 04) (5.4 + 0.1) 8.6+ 0.7) (20 + 1) (32 + 1)
<o 48+ 17 17 + 2 33 + 1 7+3 120 + 4
2 (2.2 +0.8) (7.9 + 0.9) (15 + 1) (34 + 1) (56 + 2)
<0 0.59 + 0.09 0.92 + 0.04 2.1+ 0.1 11+ 1 21 + 1
2 (046 £ 0.07) (072 +003) (1.7 +0.1) (8.6 + 0.8) (17 £ 1)
AR+ 0.11 + 0.03 017 +0.02 026+001 039+002 051+ 0.0T
2.0x1072 + 6.2x102 +
3+
Metal In 0.5¢102 0.8x10°2 0.18 + 0.01  0.62 + 0.04 1.0 £ 0.1
ions?  Mn2* 23+0.1 58+ 0.8 9.0+ 05 2142 38+4
1.1x102 + 1.5x102 + 3.0x102 +
4+
Sn 035102 04102 0451072 0.11 +0.01  0.16 + 0.01

a72h-ECio, ECas, ECso, EC75 and ECoo values of the nanoparticles or the respective metal ions that induce the inhibition of 10, 25,
50, 75 or 90% of algal growth, compared to control, in OECD medium, after exposure to the toxicant for 72 h. Values were
obtained from three independent experiences performed in duplicate (n=6); standard deviations are presented.

b72h-EC values were calculated based on nominal exposure concentrations (mg nanoparticle/L); values in parenthesis: 72h-EC
values calculated on metal basis (mg metal/L).

€72h-EC values were calculated based on nominal exposure concentrations (mg metal/L).

8.3.3. How can NPs affect algal growth?

NPs can exert a toxic impact on algae by different ways, such as: sequestration of the cells by the NPs
(isolating the cells from nutrients), generation of ROS in the external milieu or through the release of
metal(loid)s (NPs dissolution) (Aruoja et al., 2015; Rogers et al., 2010; Wang et al,, 2017).

Algal cells can be sequestered due to their co-agglomeration with NPs; in this situation, the access of
algae to nutrients, present in the culture medium, can be reduced or impaired. The co-agglomeration
of NPs and algal cells was observed for Al,O3, Mn3O4 and SnO. NPs; this effect was particularly
notorious at high NPs concentrations (corresponding to 72h-ECq values). These hetero-agglomerates
presented a loose structure appearance (Fig 8.6A) and were easily dispersed by simple vortexing of
the suspensions. After the stirring of these hetero-agglomerates, the algal cells entrapped in these
structures was <7 % (Table 8.2). In these algal-NPs agglomerates, it was possible to observe cells

inside and at the periphery of the structures as well as in the surrounding medium.
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Figure 8.6. Possible toxic mechanisms of the nanoparticles. A — Microscopic visualization of algal-NPs agglomerates. Algal cells
were incubated with NPs for 72 h, at a concentration corresponding to 72h-ECeo values. B — Evaluation of abiotic ROS production
by nanoparticles. NPs were suspended in OECD medium at a concentration corresponding to 72h-ECso values and incubated
for 72 h in the same conditions of the biotic assays. Blank and positive control were prepared by incubating the H.DCF probe
with OECD medium or 26 umol/L H2O2, respectively. The data represented the mean values from at least three independent
experiments performed in duplicate (n>6); standard deviations are presented (vertical error bars). The mean values were subject
to one-way ANOVA, followed by Tukey-Kramer multiple comparison method; the result with asterisk is significantly different
(P<0.05). C — Theoretical algal growth inhibition. Growth inhibition was calculated considering the metal ions released from
NPs, at a concentration corresponding to 72h-ECso values, and dose-response curves of the metals (Fig 8.5B).
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For SiO; and In;Os, only NPs homoagglomerates were observed. Together, these observations
strongly indicated that the toxicity caused by NPs cannot be attributed to nutritional limitation of
algae due to their entrapment by the NPs.

The potential of NPs to generate reactive oxygen species (ROS) and, thus, to induce oxidative stress
and cell toxicity was assessed using the general redox probe H,DCFDA (Tarpey et al., 2004), previously
deacetylated to H,DCF. Under the concentrations and conditions used, the NPs studied did not
generate abiotic ROS (Fig 8.6B). Due to the absence of a pro-oxidant effect, it is not plausible that the
toxicity observed could be attributed to the abiotic induction of OS, by the NPs, in the surrounding
medium.

A common question in nanotoxicology is: what is the contribution of the metal leached from the NPs
to the observed toxicity? To answer this question, the theoretical algal growth inhibition was
calculated (Fig 8.6C), in percentage, taking into account the amount of metals released from the NPs,
at a concentration corresponding to 72h-ECsp values (Fig 8.1C), and the dose-response curves of
metals ions (Fig 8.5B). The comparative analysis of the observed (~50 % of algal growth inhibition)
with the expected toxicity (considering the metals released from the NPs) revealed that, in the case
of Al,O3, the toxicity can be attributed to the NPs, since the toxicity that can be attributed to the metals
released should be <1 % (Fig 8.6C). For Mn;0s3, the toxicity could be mainly attributed to the NPs,
although a small inhibition (<5 %) could be due to the release of Mn ions. On the contrary, the toxicity
of SnO, NPs can be attributed, mainly, to the release of Sn ions, once the Sn dissolved from the NPs

should provoke an algal growth inhibition of 40 % (Fig 8.6C).

Table 8.2. Algal sequestration due to the nanoparticles agglomeration.

Algal sequestration (%)?

Nanoparticles 1x10° cellsymL 3 x 10 cells/mL
Al>,O3 56+08 42 + 0.7
MnsO4 62+09 36+ 07
SnO; 42 +0.9 45+10

aThe % of sequestered cells was determined using an algae entrapment assay, described in material and methods. The assay
was performed using 1x10° or 3x10° cells/mL (minimal and maximal algal cell concentrations, respectively, achieved in the ECs
assays). The data are presented as mean values and the corresponding standard deviations from three independent
experiments, performed in duplicate (n=6).

8.3.4. NPs toxicity: cellular targets
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To further contribute for the elucidation of the modes of toxicity of the NPs, different key cell targets
were assessed: cell membrane integrity, metabolic activity, intracellular accumulation of ROS and
photosynthetic activity. Therefore, algal cells were exposed for 72 h to different concentrations of NPs,
corresponding to 72h-ECqo, ECsq and ECo values. With this strategy, algal cells were chronically
exposed to a wide range of NPs concentrations: from a concentration with a little impact on algal
growth (72h-ECyo values) to a concentration where the growth was practically arrested (72h-ECg
values). This study was not conduced with In,O3, since these NPs presented a lower toxicity: a 72h-

ECsovalue > 100 mg/L (Table 8.1).

8.3.4.1 Cell membrane integrity
Cell membrane integrity was evaluated using the fluorescent probe SG. Cells with an intact membrane
are not penetrated by SG (SG negative cells) (Machado and Soares, 2012). The exposure of algal cells
to high NPs concentrations (corresponding to 72h-ECy values), induced growth arrest (Fig 8.7A)
without disruption of cell membrane integrity (Fig 8.7B). Extending the exposure of algae to NPs up
to 144 h (6 days), it was possible to observe the growth stop (Fig 8.7A), although the cells remained
mostly (>85 %) with an intact cell membrane (SG negative cells) (Fig 8.7B). These results indicated that

these NPs induced an algistatic effect on P. subcapitata.

8.3.4.2 Metabolic activity

Metabolic activity of algal cells was assessed through the quantification of the esterase activity, using
fluorescein diacetate (FDA) as substrate. Esterases, present in metabolic active cells, hydrolyse the
FDA, originating cells with green fluorescence. The decrease of green fluorescence has been used as
an indicator of the loss of algal metabolic activity (Dorsey et al., 1989; Machado and Soares, 2013).

Algal cells exposed to Al,O3, Mn304 or SiO; NPs, at concentrations that inhibit 50 or 90 % of algal
growth, displayed a reduction of the metabolic activity (Fig 8.8A-C). In the case of Al,Os NPs, the
reduction of esterase activity was also observed for the lowest concentration tested (4.4 mg/L). SnO;
NPs seems not disturb algal metabolic activity, up to 21 mg/L. In fact, algal cells maintained the
esterase activity even when exposed to a concentration that inhibit almost completely cell growth

(72h-ECo0) (Fig 8.8D).

164



—@—Control ~W-Al,0,

A B M5Oy —&-5i0,
<)

2:, 120 - 72h ®@144h - 1000 —A—35n0>

= 7 £

R R -

S 1 1p - fia

£ 80 1 =100

© | ®»

2 2

$ 60 - 3

c i =

0 - ———
8 40 ‘ g 10 = =

é 20 4 6

£ o 1 +———————————
a 3 0 24 48 72 96 120 144

< 0> Ot 6-\o% %QO'»

SR SR Time (h)

Figure 8.7. Effect of nanoparticles on cell membrane integrity and growth of P. subcapitata. Algal cells were incubated in OECD
medium in the absence (control) or in the presence of NPs, at a concentration corresponding to 72h-ECe values. A — Cell
membrane integrity, evaluated by SYTOX Green exclusion assay, after the exposure of algal cells to NPs for 72 h or 144 h. B -
Algal growth. The data are presented as the mean values from at least three independent experiments performed in duplicate
(n26); standard deviations are presented (vertical error bars). A— Means for 72 h or 144 h are not significantly different (P<0.05;
ANOVA).

8.3.4.3 Intracellular ROS accumulation
The accumulation of ROS by algal cells was monitored with the probe H,DCFDA, which has been used
to detect a broad range of ROS (Tarpey et al, 2004). Algal cells exposed to Al,O3, Mn3O4 or SiO, NPs
accumulated ROS (Fig 8.9). Since these NPs did not generate ROS in abiotic conditions (Fig 8.6B), the
levels of ROS exhibited by algal cells were, most likely, intracellularly generated. The oxidative stress
experienced by algae was particularly notorious in cells exposed to high Al;O3 and Mn3O4 NPs
concentrations (corresponding to 72h-ECy values) (Fig 8.9). Within the NPs studied, the decreasing
order of intracellular ROS accumulation was: Mn304>Al,03>SiO,. SnO, NPs, up to 21 mg/L, did not

induce intracellular ROS accumulation (Fig 8.9).

8.3.4.4 Photosynthetic performance
The photosynthetic performance was evaluated using a PAM fluorescence assay. It was possible to
observe that algal cells exposed to Al;03, Mn304, SiO; or SnO, NPs presented a reduction in the light

utilization efficiency of photosystem Il (PSIl) (reduction of photosynthetic efficiency).
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Figure 8.8. Influence of the nanoparticles in the metabolic activity of P. subcapitata. Algal cells were incubated in the absence
or in the presence of NPs, for 72h, in OECD medium. Esterase activity was evaluated by the quantification of the hydrolysis of
FDA. The data are presented as mean values from at least three independent experiments; in each experiment, five fluorescent
readings were performed (n>15). Standard deviations are presented (vertical error bars). Statistical differences were subject to
ANOVA. The means with asterisks are significantly different (P < 0.05).

The decrease in the photochemical quantum yield of PSII (®ps) was particularly noticeable in algal
cells exposed to high NPs concentrations (Fig 8.10). The reduction of ®pg is generally seen as a

sensitive indicator of stress (Juneau and Popovic, 1999).

8.4. Discussion

The physico-chemical characterization of NPs in aqueous suspension, namely the study of their
agglomeration and the stability (solubilisation), is essential to understand their possible toxic effects
(Rogers et al., 2010; Wang et al., 2017). The evaluation of the electrokinetic potential of Al,Os3, 1203,
Mn30s, SiOz and SnO;, in OECD algal medium and deionized water, showed that these NPs presented

low zeta potential values, in aqueous media (Fig 8.1B).
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Figure 8.9. Evaluation of intracellular ROS accumulation by P. subcapitata exposed to nanoparticles. Algal cells were incubated
in the absence or in the presence of NPs, in OECD medium, for 72h. Intracellular accumulation of ROS was detected using
H.DCFDA. The data are presented as mean values from at least three independent experiments; in each experiment, five
fluorescent readings were performed (n>15). Standard deviations are presented (vertical error bars). Statistical differences were
subject to ANOVA. The means with asterisks are significantly different (P < 0.05).

These results indicated that these NPs are poorly stabilized as consequence of the low electrostatic
repulsion between adjacent particles. Particles with low zeta potential tend to agglomerate (Hanaor
et al., 2012). Consistent with these data, it was observed that the NPs studied, in aqueous media,
presented a hydrodynamic size between ~150 — 4000 nm (Fig 8.1A). In addition, the sedimentability
of the NPs increased over the time (Fig 8.2), and it was possible to detect NPs agglomerates even with
the naked eye (In;O; and Mn30.) (Fig 8.3). In line with our data, zeta potential values of the same
order of magnitude were described for In,O3 (Ahamed et al., 2017; Hasegawa et al., 2012; Jeong et al.,
2016), Mn30.4 and SiO, NPs (Aruoja et al., 2015). Similarly, the agglomeration of the NPs was observed
by other authors. For Al,03 NPs, a hydrodynamic size between 392 and 1232 nm, in OECD medium,
was described (Aruoja et al.,, 2015; Sadiq et al., 2011).
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Figure 8.10. Photosynthetic performance of algal cells exposed to the nanoparticles. Algal cells were incubated in absence or
the presence of NPs, in OECD medium, for 72 h. Effective photochemical quantum yield of PSII (®PSII) was accessed using PAM
fluorescence assay. The data are presented the mean values from at least three independent experiments, performed in
duplicate (n>6); standard deviations are presented (vertical error bars). Statistical differences were subject to ANOVA. The
results with asterisks are significantly different (P < 0.05).

In the case of Mn304 and SiO, NPs, Aruoja et al. (2015) described an hydrodynamic size in water of
395 and 148 nm, respectively, and in OECD medium of 920 and 154 nm, respectively.

NPs can exert a toxic impact on algae by different ways, such as: sequestration of the cells by the NPs
(isolating the cells from nutrients), generation of ROS in the external milieu or through the release of
metal(loid)s (NPs dissolution) (Aruoja et al.,, 2015; Rogers et al., 2010; Wang et al., 2017). Despite the
agglomeration of NPs, it is unlikely that algae entrapment in these structures is the cause of the
observed toxicity since algae-NPs hetero-agglomerates present a loose structure (Fig 8.6A).
Reinforcing this possibility, it was shown that after a simple mechanical stirring of algal-NPs hetero-

agglomerates only <7 % of the algae remained captured in the agglomerates (Table 8.2).
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The quantification of metal(loid)s leached from the NPs (Fig 8.1C), revealed that these nanomaterials
were poorly soluble in water or OCED medium. A similar solubility was described for Al,Oz and Mn304
NPs in OECD medium (Aruoja et al.,, 2015). Notwithstanding the lower solubility of SnO, NPs, the
amount of Sn ions released seems to be the main contributor of the observed toxicity. In fact, SnO;
NPs presented a 72h-ECs value of 2.1 mg/L (Table 8.1). When suspended in OECD medium, 2.1 mg/L
SnO; NPs released ~23 pg/L Sn** (Fig 8.1C). According to Sn** dose-response toxicity curves (Fig
8.5B), this metal concentration (~23 pg/L) should induce an inhibition of 40 % of algal growth (Fig
8.6C). In the case of Al03 and Mn304 NPs, the ions released should have a minor influence on the
observed toxicity (Fig 8.6C).

The environmental risk assessment of NPs requires information about their possible adverse effects
on aquatic organisms. In the present work, the ecotoxicological hazard of NPS was assessed through
their impact on P. subcapitata using the OECD algal growth inhibition test. In the framework of EU
chemical safety policy, all chemicals manufactured or imported in the EU, above 1 ton per year, their
potential impact on aquatic ecosystems have to be characterized (ECHA, 2016). According to the
European Commission Directive No 1272/2008, the assessment of risks in the aquatic environment
can be made using algal cells and by calculating the ECsg values of toxicants through dose-response
curves (EC, 2008). Considering this directive, the impact of pollutants on aquatic systems, based on
the ECsg values, can be classified as: very toxic (< Tmg/L), toxic (1-10 mg/L), harmful (10-100 mg/L)
and not classified/not harmful (> 100 mg/L). Therefore, the hazardous of the NPs, evaluated through
the algae growth inhibition test, using P. subcapitata, can be ranked as follows: SnO; (2.1 mg/L) and
Al,O3 (9.4 mg/L) are considered as toxic; Mn304 (12 mg/L) and SiO> (33 mg/L) are classified as harmful
and In,03 (110 mg/L) is classified as not classified/not harmful. A similar 72h-ECsg value (34.6 mg/L)
for SiO, NPswith P. subcapitata was described (Aruoja et al., 2015); however, different ECso values were
described for Al,Os (31 mg/L) and Mn304 (1.3 mg/L) (Aruoja et al., 2015); these differences in the ECsq
values can be due to the use of different alga strains and/or endpoint determination (in the present
work: growth yield; literature: fluorescence of algal pigment extract). Higher 72h-ECso values were
described for Al,O3 and SiO; NPs, evaluated with other algal cells. Thus, for Al,O3 NPs, 72h-ECsp values
of 39, 45 and 100-300 mg/L for Scenedesmus sp., Chlorella sp. (Sadiq et al., 2011) and Porphyridium
aerugineum Geitler (Karunakaran et al., 2015), respectively, were described. In the case of SiO, NPs, a
72h-ECso value of 1000 mg/L for the green algae P. aerugineum Geitler was reported (Karunakaran et
al., 2015). The higher sensitivity of P. subcapitata to NPs, comparatively with other algal genera,

reinforces the significance of this alga in the ecotoxicity assessment of freshwaters.

169



A critical issue regarding to the NPs ecotoxicity is related with the knowledge of the toxic modes of
action of these nanomaterials. Through photosynthesis, algae convert light energy into chemical
energy that can be further used in cell activities. Thus, it is expected that any impact on algae
photosynthesis may cause disturbance of cell functioning. The exposure of cells to Al,03, Mn3O4, SiO,
and SnO; NPs induced a reduction of ®@ps; (Fig 8.10), which indicated a decrease in the light utilization
efficiency of PSIl of algal cells. In fact, ®@ps; gives a measure of the efficiency at which light absorbed
by PSIl is used in photochemistry (Baker, 2008). Due to the reduction of photosynthesis efficiency,
most likely, algal cells exposed to the NPs studied should present reduced levels of ATP which, in turn,
can be one of the reasons (or the main reason) of algal growth inhibition. A disturbance of
photosynthesis was also described in algal cells of P. subcapitata exposed for 72 h to CeO, (Rodea-
Palomares et al., 2012) or NiO NPs (please see Chapter 7).

The electrons that were no longer used in the photosynthesis (due to the reduction of PSII activity)
could induce the production of ROS through the reduction of molecular oxygen (Rutherford and
Krieger-Liszkay, 2001). Compatible with this possibility, intracellular accumulation of ROS in algal cells
exposed to 72h-ECso and 72h-ECqo values of Al,O3, Mn304 or SiO, NPs was observed (Fig 8.9). Our
results are in agreement with different authors, who reported ROS production in different model cells
when exposed to Al,O3, Mn3O4 or SiO> NPs. Thus, it was described that Al,Os NPs caused oxidative
stress in the plant Triticum aestivum (Yanik and Vardar, 2015, 2018) and in human lymphocytes (Rajiv
et al.,, 2016); Mn304 NPs induced ROS production in rat alveolar cells (Frick et al., 2011; Urner et al,,
2014) and SiO» NPs provoked ROS production in lymphocytes (Azimipour et al., 2018), intestinal
(Setyawati et al.,, 2015), lung and human bronchial epithelial cells (Eom and Jinhee Cho, 2011; Manke
et al.,, 2013).

Two of the main intracellular ROS targets are cell membrane (via oxidation of lipids) and proteins,
which can be inactivated through oxidation (Valavanidis et al., 2006). The chronic exposure (up to 6
days) of algal cells to the NPs studied, even at high concentrations, did not cause the perturbation of
membrane integrity (Fig 8.7B). A similar result was observed with the alga Scenedesmus obliquus when
exposed to SiO, NPs (Liu et al, 2018). In relation to protein oxidation, different mechanisms were
described, which includes the oxidation of amino acid residues containing aromatic side chain or
sulfhydryl groups (Cecarini et al., 2007). In agreement with this possibility, the reduction of esterase
activity (metabolic activity) in algal cells exposed to Al,O3;, Mn3O4 or SiO, NPs was observed (Fig 8.8),

which corresponded to the same NPs that caused the intracellular accumulation of ROS (Fig 8.9). A
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similar effect (inhibition of esterase activity) was observed in alveolar and intestinal cells exposed to

Mn304 NPs (Titma et al.,, 2016).

8.5. Conclusions

The toxicity of five NPs (Al;O3, In,03, Mn30,, SiO; and SnO;) was evaluated using the alga P.
subcapitata:

« Considering 72h-ECsovalues, NPs can be categorized as: toxic (Al,03 and SnOy); harmful (Mn3O4 and
SiO2) and non-toxic (In203);

* Al;03, Mn304, SiO; and SnO; induced an algistatic effect: growth inhibition without loss of membrane
integrity;

* Al,03, Mn304 and SiO; induced reduction of photosynthetic efficiency, metabolic activity and ROS
accumulation;

« SnO; caused algal growth inhibition probably as a consequence of the reduction of photosynthetic

efficiency.
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Chapter 9 - Effect of natural organic matter, pH and hardness on
the toxicity of metal oxide nanoparticles (Al.O3, NiO and SnO) in

the freshwater alga Pseudokirchneriella subcapitata*
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9.1. Introduction

Due to their distinct physico-chemical characteristics (such as, electronic, magnetic and catalytic
properties), high surface area and mechanical stability, nanoparticles (NPs) have been incorporated in
different products in order to produce materials more strong, durable, reactive and with better
electrical conduction capacity (Andreescu et al., 2012; Fernandez-Garcia and Rodriguez, 2007). Among
the different metal oxide (MOx) NPs, Al,O3, NiO and SnO; are normally present in coatings, composite
materials, ceramics, sensors, chemical catalysts and energy storage devices (Nanotech, 2015; Sajid et
al., 2015).

The dramatic increase of NPs production and application observed in the recent years has raised
concerns related with their environmental and human safety, which underlines the relevance of
assessing NPs potential hazard. MOx NPs can be released directly into the environment either
intentionally or accidentally: atmospheric emissions and solid or liquid effluents from production
facilities. NPs can also be released from consumer products; in this case, the quantity of NPs that enter
into the environment is proportional to their use (Nowack et al., 2012). Whatever the circumstances,
NPs have the potential to contaminate soil, ground and surface waters and produce toxic effects in
the biota (Klaine et al., 2013). In this context, some studies with Al.Os;, NiO and SnO. NPs were
performed, where toxic effects to aquatic organisms were described. Thus, it was reported that the
exposure to Al,Os NPs induced growth inhibition in green algae Pseudokirchneriella subcapitata
(Aruoja et al., 2015), Chlorella sp. and Scenedesmus sp. and the red alga Porphyridium aerugineum
Geitler (Karunakaran et al., 2015; Sadiq et al., 2011). NiO NPs caused bioluminescence inhibition in the
bacterium Vibrio fischeri (Nogueira et al., 2015), growth inhibition in the algae Chlorella vulgaris and
P. subcapitata (Gong et al., 2011; Nogueira et al., 2015; Oukarroum et al,, 2017), toxicity to zebrafish
Danio rerio (Kovriznych et al., 2014), and oxidative stress in the crustacean Artemia salina (Ates et al.,
2016) and in the aquatic plant Lemna gibba (Oukarroum et al., 2015). Recently, using the algal growth
inhibition test, with P. subcapitata, it was shown that Al,Os, NiO and SnO; NPs can be classified as
toxic (72 h-ECsp values between 1-10 mg/L) (please see Chapter 8).

Natural freshwaters are characterized by different parameters, such as, pH, natural organic matter
(NOM) and hardness. These parameters can interfere with the behavior (stability - dissolution) of the
MOx NPs and, consequently, influence their toxic affect (Amde et al., 2017). In a general way, in
freshwaters, namely surface waters (such as, rivers and lakes), pH can vary between 6.5 and 8.5, which
is a range tolerable by aquatic organisms (UNEP, 2016). The pH value can interfere with the surface

charge of NPs, changing their agglomeration and dissolution behavior (Guzman et al., 2006). NOM is
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a highly heterogeneous mixture, constituted mainly by fulvic (FA) and humic acids (HA), resulting from
biochemical modifications (biodegradation and synthesis) of plant and animal substrates and their
intermediate products. In surface waters, NOM can be found as dissolved organic matter (Kosobucki
and Buszewski, 2014). NOM can vary in composition and concentration, in surface waters, due to
exportation of organic material from terrestrial environments with high levels of carbon or the
increase of agriculture or forest harvesting; in addition, the increase of water retention time rises the
amount of NOM in surface waters (such as, lakes) once waters are stagnant (Lavonen, 2015). In surface
waters, NOM present dissolved organic carbon (DOC) in the range 0.1 - 332 mg/L and the median is
5.71 mg/L (Sobek et al., 2007). NOM can cause NPs agglomeration due to bridging effect among the
NPs; alternatively, the organic matter can be adsorbed to NPs surface through various types of
interactions, including electrostatic, hydrogen bonding, and hydrophobic interactions, and thus
originating NPs steric stabilization (Navarro et al., 2008) and modify their toxic effects (Keller et al,
2010). The hardness of surface waters varies normally between 0-30 mg/L Ca?* (classified as soft) and
60-150 mg/L Ca?* (classified as hard) (Sawyer et al., 2003; Todd, 2007). The major natural sources of
water hardness are dissolved Ca ions from calcareous soils, sedimentary rocks and seepage, causing
a variation of the Ca®* levels between regions (WHO, 2011). The electrolytes, namely the water
hardness (as Ca?*), can influence the stabilization of NPs in freshwaters. The presence of Ca®* can
interfere with the adsorption between NPs and NOM or metal complexation by NOM, preventing the
NPs stabilization (Zhang et al., 2009).

Although the toxicity of Al,03, NiO and SnO; NPs has been studied, the impact of abiotic factors, such
as those described above, on the NPs toxicity have not been yet addressed. The present Chapter had
as objective to evaluate the impact of pH, water hardness and the presence of organic matter (HA)
on the stability (dissolution) of Al,O3, NiO and SnO; NPs in a fresh water supplemented with OECD
medium. In addition, the impact of these abiotic factors on the NPs toxicity was also evaluated using
the freshwater alga P. subcapitata under similar conditions. For this purpose, algal cells were exposed
for 72 h to the three NPs, at a concentration corresponding to 72 h-ECs values, and the influence of
the abiotic factors, individually or in a combined way, was evaluated using different endpoints: algal
growth, intracellular reactive oxygen species (ROS) accumulation, metabolic activity and
photosynthetic efficiency. This approach will provide insight about the influence of abiotic factors on
MOx NPs and will contribute to the understanding of the impact of the release of MOx NPs in aquatic

systems, under real scenarios.
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9.2. Materials and Methods

9.2.1. Preparation of MOx NPs stock suspensions
Three NPs were used in the present Chapter: Al,O3 (< 50 nm), NiO (< 50 nm) and SnO; (< 100 nm).
NPs stock suspensions of 0.5 g/L were prepared, sonicated and sterilized as described before in

Chapters 6 and 7.

9.2.2. Natural freshwater characterization
In the evaluation of NPs stability (please see below, section 2.3) and in the toxicological tests (please
see below, section 2.5) a natural freshwater, marketed under the name “Agua do Gerés" was used; it
is a mineral water, collected in the Gerés mountain, Portugal, which corresponds to a pristine region.
The freshwater was characterized by measuring the pH and quantification of metals (Al, Cd, Cr, Cu,
Fe, Ni, Pb, Sn and Zn), hardness (Ca?®*), total organic carbon (TOC) and inorganic carbon (IC) (Table
A1). The pH measurement was carried out using a combined glass electrode using a pH meter Orion,
model 4210. The water hardness was determined by titration with EDTA 0.01 mol/L according to the
Standard Methods (Clesceri et al., 2010). Metals quantification was carried out by atomic absorption
spectroscopy with electrothermal atomization (AAS-EA), in a Perkin Elmer AAnalyst 600 spectrometer.

TOC and IC were determined using a TOC-5000A analyser (Shimadzu, Japan).

9.2.3. Stability of MOx NPs

The stability of Al,Os3, NiO and SnO, NPs was evaluated by measuring the metal dissolved from the
NPs. The metals solubilized were separated from the non-soluble fraction of the NPs by ultrafiltration
using a membrane with a nominal molecular weight limit of 3 kDa. As this membrane rejects particles
greater than 1.3 nm (Ma et al., 2014), it was assumed that the metals present in filtrate corresponded,
predominantly, to free metal ions and the respective soluble complexes lower that 1.3 nm, being
collectively presented, in this Chapter, under the term “metals dissolved”.

For this purpose, Al,O3, NiO and SnO; NPs were suspended at 9.4, 1.6 and 2.1 mg/L, respectively, in
the freshwater describe above supplemented with OECD medium. NPs suspensions were incubated
for 72 h, in the absence of algal cells, in the same conditions used for toxicological tests (please see
below, section 9.2.5). Then, samples were submitted to a centrifugal ultrafiltration (Sartorius, Vivaspin
20 - 3K), being centrifuged at 3.200 x g for 40 min, at 25 °C. The metals and the DOC in the filtrate
were quantified by AAS-EA and using a TOC-5000A analyzer, respectively. These studies were

performed one time in duplicate.

179



9.2.4. Strain and culture conditions
In this Chapter, the freshwater green alga Pseudokirchneriella subcapitata (strain 278/4) was used. The
alga was obtained from the Culture Collection of Algae and Protozoa (CCAP), UK, and maintained in
OECD agar medium (OECD, 2011).

The pre-cultures and cultures were prepared and incubated as described before in Chapter 7.

9.2.5. Exposure conditions of algal cells to toxicants

Algal cells at 5x10* cell/mL, in exponential phase of growth, were exposed for 72 h to MOx NPs, in the
natural freshwater described in section 2.2 supplemented with OECD medium. Al;Os, NiO and SnO;
NPs were suspended at 9.4, 1.6 and 2.1 mg/L, respectively; these NPs concentrations corresponded
to the respective 72h-ECso values, previously determined in Chapter 7 and 8. Different conditions of
pH (6.0, 7.5 or 9.0), NOM as HA (2 or 10 mg/L) and hardness (150 mg/L of Ca®*) were tested. In order
to fix the pH in the selected values, three buffers at a final concentration of 5 mmol/L were used: 2-
(N-morpholino) ethanesulfonic acid (MES, Sigma-Aldrich), 3-(cyclohexylamino)-2-hydroxy-1-
propanesulfonic acid (CAPSO, Sigma-Aldrich) and 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid
(HEPES, Sigma-Aldrich); the final pH value was adjusted with 2 mol/L NaOH or HCI. HA (ref 53680,
Sigma-Aldrich) were dispersed in 80-160 W ultrasonic bath, for 10 min. For water hardness, Ca®* was
added at a final concentration of 150 mg/L from a stock solution of 40 g/L CaCl. As control, algal
cells were grown in the same conditions of the assay but in the absence of toxicant.

The assays were performed in 250 mL Erlenmeyer flasks, combining 90 mL of freshwater (with the
convenient modification) supplemented with 10 mL of OECD medium (ten times concentrated). After
72 h of incubation, algal cell concentrations (growth assays) were determined using an automated
cell counter (TC10, Bio-Rad). Then, cells were harvested by centrifugation at 2,500 x g for 5 min and
re-suspended in OECD medium at a final concentration of 1x108 cells/mL (ROS detection assays),
5x10° cells/mL (metabolic activity evaluation) or 3x10° cells/mL (photosynthetic performance assays).

These studies were performed one time in duplicate.
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9.2.6. Intracellular ROS level evaluation
The intracellular ROS accumulation was evaluated using the fluorescent dye 2'7'-
dichlorodihydrofluorescein diacetate (H.DCFDA, Sigma), as previously described in Chapter 7. The
fluorescence values were corrected (by subtracting cell, culture medium and dye autofluorescence)
and normalized as the ratio of fluorescence in the cells exposed to MOx NPs/fluorescence in the

control (cells non-exposed to toxic).

9.2.7. Metabolic activity estimation
Metabolic activity of algal cells was evaluated using a fluorescein diacetate (FDA)-based esterase
assay, where the amount of green-fluorescence is related with the metabolic activity of algal cells
(Machado and Soares, 2013) and was evaluated as described in Chapter 7. Fluorescence was measured

and corrected and the results expressed as described above for intracellular ROS evaluation.

9.2.8. Photosynthetic efficiency assessment
Algal photosynthetic performance of photosystem Il (PSIl) was evaluated through the determination
of the effective photochemical quantum yield of PS Il (®psy), by pulse amplitude modulated (PAM)
fluorescence assay, using a chlorophyll fluorometer (Walz, JUNIOR-PAM, Effeltrich, Germany), as
described in Chapter 7. The ®ps; was automatically obtained using the WinControl software (version

3.25), according to the equation presented in Chapter 7 (Table 7.1).

9.2.9. Microscopy
Samples were observed by phase-contrast and/or by epifluorescence microscopy using a 13 filter from
Leica. The images were acquired with a Leica DC 300F camera using 40x or 100x oil immersion N plan

objectives and processed using Leica IM 50-image manager software.

9.3. Results
The characteristics of freshwaters can vary appreciably namely, pH, organic matter and water
hardness. The modification of these characteristics can influence NPs properties, such as their stability

(dissolution, i.e., release of metal ions) and agglomeration as well as their toxicity.
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9.3.1. Repercussion of pH, hardness and organic matter on NPs stability and hetero-
agglomeration
The modification of the medium pH (increase from 6.0 - 9.0), within the tolerable values for aquatic
organisms (UNEP, 2016), lead to a decrease of the concentration of metals dissolved (Fig 9.1). A
marked reduction of dissolved metal concentrations was observed in the presence of 10 mg/L HA (Fig
9.1); this HA concentration translated into DOC values ranging from 5.6 and 8.6 mg/L (Table A2),
which correspond to the most frequent DOC values found in surface waters (Sobek et al., 2007). The
addition of Ca?*, at pH 9.0, even at a concentration found in hard waters (150 mg/L) (Sawyer et al.,
2003; Todd, 2007) did not modify the concentration of metals dissolved (Fig 9.1). The simultaneous
presence of 150 mg/L Ca?* and 10 mg/L HA lead to an increase of the concentration of dissolved Al,
at pH 9.0, comparatively to 10 mg/L HA, without Ca?*. In the case of Ni and Sn, the addition of 150
mg/L Ca?* did not influence the HA effect, since no modification of the concentrations of metals

dissolved were observed with 10 mg/L HA, in the presence or absence of Ca?* (Fig 9.1).
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Figure 9.1. Influence of abiotic factors on the dissolution of NPs. Abiotic factors studied: pH, humic acids (HA) and Ca?*. Al.Os,
NiO and SnOz NPs were suspended in fresh water supplemented with OECD medium at 9.4, 1.6 and 2.1 mg/L, respectively. The
suspensions were incubated for 72 h, at 100 rpm, at 25 °C, in the absence of algal cells. DL: detection limit; DL for Sn: 7.2 pg/L.

All NPs studied formed homo-agglomerates (as result of the interaction among the same NPs) in the
fresh water supplemented with OECD medium, independently of the pH, although they were not
observed at the naked eye for Al,O3 and SnO, NPs (Fig A1-A3); however, the formation of homo-
agglomerates for the three NPs could be seen by optical microscopy (Fig A4-A6). Green agglomerates,

which were well visible to the naked eye, were observed when Al,Os NPs were incubated with P.
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subcapitata cells for 72 h (Fig A7). In contrast, no agglomeration was observed, macroscopically, when
algal cells were incubated with NiO or SnO; NPs, in the fresh water supplemented with OECD medium,
at different pH values (Fig A8 and A9). The inspection of the suspensions, by optical microscopy,
revealed the formation of algae-NPs hetero-agglomerates, for Al,Os (Fig A10A); when incubated with
NiO or SnO; NPs, algal cells remained dispersed in the medium (Fig A11).

The presence of 150 mg/L Ca®*, at pH 9.0, seems also not influence the agglomeration of the NPs
tested; under this condition, algal cells suspensions had a similar appearance to that observed without
Ca?*, in the absence (Fig A1-A3) or in the presence of algal cells (Fig A7-A9).

HA, at 10 mg/L, were not completely dissolved at pH 6.0 and 7.5, in the absence (Fig A1-A3) (also
evidenced by the lower DOC values registered when compared to the ones measured at pH 9.0, Table
A2) or in the presence of algal cells (Fig A7-A9). An increase of HA dissolution with the increase of pH
was observed in the absence of algal cells, which translated into an increase of the DOC, namely for
10 mg/L at pH 9.0 (Table A2). The observation, by optical microscopy, of the suspensions confirmed
the presence of brown agglomerates, probably of HA, at pH 6.0 and 7.5 but not at pH 9.0 (Fig A4-A6).
HA promoted the dispersion of Al,Os NPs-algal hetero-agglomerates. This effect, although observed
for 2 mg/L HA (as it can be seen through the increase of the greenness of the suspensions) was
particularly evident for 10 mg/L HA, for all pH values tested (Fig A7). The microscopic observation of
the suspensions confirmed the dispersive effect of HA over Al,Os NPs-algal hetero-agglomerates,
although for 2 mg/L HA some hetero-agglomerates still could be observed (Fig A10B). In the presence
of 10 mg/L HA, algal cells were completely dispersed, although some brown agglomerates could be
observed at pH 6.0 and 7.5 (Fig A12). In the case of NiO and SnO; NPs, dispersed algal cells were
microscopically observed with 10 mg/L HA (Fig A13 and A14).

The addition of 150 mg/L Ca®* to 10 mg/LHA, at pH 9.0, seems not influence the dispersive effect of
HA, observed at the naked eye (Fig A7-A9) and confirmed by optical microscopy (Fig A12-A14).

9.3.2. Effect of pH on NPs toxicity
Algal cells were exposed to 9.4 mg/L Al;Os, 1.6 mg/L NiO and 2.1 mg/L SnO NPs, corresponding to
the respective 72h-ECso values. The toxicity of the three NPs studied, evaluated through algal growth
inhibition assay, was similar (caused ~50 % of growth inhibition), which showed that the pH of the
fresh waters supplemented with OECD medium (between 6.0 — 9.0) did not modify the NPs toxicity
(Fig 9.2).
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Figure 9.2. Impact of the abiotic factors plus each NP on the growth of P. subcapitata. Abiotic factors studied: pH, humic acids
(HA) and Ca**. A - Al20s. B - NiO. C - SnO.. NPs were suspended at the concentrations reported in Fig 9.1. The suspensions
were incubated for 72 h, at 100 rpm, at 25 °C, in the same experimental conditions described in Fig 9.1.

The increase of intracellular ROS accumulation (Fig 9.3A and B) and the decrease of metabolic activity
(esterase activity) (Fig 9.4A and B), induced due to the exposure to Al,O3 and NiO NPs, was also similar

in the pH range values tested.

184



>

520 -
8.2 ; 0 Control  @AI,O4
@ o 1.6 1
» © ]
Ss12 -
25 1= I T ' i T - E I = I
08 - ‘
SE
3504 4
= e J
Xpo L ‘ ! !
pH 60 75 90 60 75 90 60 75 90 90 90
[HA] 2 mgiL 10 mg/L 10 mg/L
[Ca*] 150 mgiL
B
4 i
= 1 OControl @NiO
) 516
Ss12 4
ER
£3504 -
C b
— Koo
pH 60 75 9.0 9.0 6.0 75 9.0 9.0 9.0
[HA] 2 mgiL 10 mg/L 10 mg/L
[Ca?*] 150 mgiL
c
w8207
OEq 5 .- O Control ®Sn0O,
x o'
L O
© =12 4
30
§§0.8-
£3504 -
B ]
Xo.0

pH 60 75 90 90 60 75 90 90  9g0

[HA] 2mgiL 10 mgiL 10 mgiL
[Ca**] 150 mg/L

Figure 9.3. Effect of the abiotic factors plus each NP on the intracellular ROS accumulation in P. subcapitata. Abiotic factors
studied: pH, humic acids (HA) and Ca®*. A - Al,Os. B - NiO. C - SnO2. NPs were suspended at the concentrations reported in Fig

9.1. The suspensions were incubated for 72 h, at 100 rpm, at 25 °C, in the same experimental conditions described in Fig 9.1.
Intracellular ROS in algal cells was assessed using H.DCFDA.

Similarly, the reduction of effective photochemical quantum vyield of PSIl (®psi) of algal cells

(photosynthetic activity) (Fig 9.5) exposed to NPs, was not affected by the pH of the freshwaters
supplemented with OECD medium.
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Figure 9.4. Repercussion of abiotic factors plus each NP on the metabolic activity of P. subcapitata. Abiotic factors studied: pH,
humic acids (HA) and Ca?*. A - Al20s. B - NiO. C - SnO.. NPs were suspended at the concentrations reported in Fig 9.1. The
suspensions were incubated for 72 h, at 100 rpm, at 25 °C, in the same experimental conditions described in Fig 9.1. Metabolic
activity of algal cells was determined using a FDA-based esterase assay.

Taken together, these results, strongly indicate that the pH value of the culture medium (between 6.0
- 9.0) did not influence Al;Os3, NiO and SnO, NPs toxicity, over algal cells, evaluated by different

endpoints, at cellular or sub-cellular level.
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Figure 9.5. Influence of the abiotic factors plus each NP on the photosynthetic activity of P. subcapitata. A - Al2Os. B - NiO. C -
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9.3.3. Influence of water hardness on NPs toxicity
The evaluation of the impact of the water hardness, at pH 9.0, on NPs toxicity revealed that the
presence of 150 mg/L Ca?* did not modify Al,O3;, NiO and SnO, NPs toxicity, evaluated through algal
growth (Fig 9.2), intracellular ROS accumulation (Fig 9.3), metabolic (esterase) activity (Fig 9.4) and
photosynthetic efficiency (Fig 9.5). Due to the results obtained, the impact of lower Ca®*

concentrations (corresponding to soft waters) on NPs toxicity were not tested.

9.3.4. Impact of pH and organic matter on NPs toxicity
The influence of NOM was evaluated using two HA concentrations: 2 and 10 mg/L. As the level of
protonation of HA can vary with the pH of the solution (Motta et al., 2016), which can influence the
interaction of HA with the MOx NPs or the respective soluble metals, the influence of the pH was
simultaneously considered.
The algal growth inhibition due to the presence of Al,Os NPs was attenuated when the cells were
incubated in the simultaneous presence of 2 mg/L HA, independently of the pH value tested (Fig
9.2A). A marked effect (complete reversion of Al,Oz NPs toxicity) was observed when the algal cells
were co-exposed to NPs and 10 mg/L HA, independently of the pH value tested (Fig 9.2A). The toxic
effects evaluated through sub-cellular endpoints were completely reverted, even for the lowest (2
mg/L) HA concentration tested. Thus, when incubated with 2-10 mg/L HA, Al,O3 NPs were not able
to induce intracellular ROS production (Fig 9.3A), loss of metabolic activity (Fig 9.4A) or modification
of the photosynthetic efficiency (Fig 9.5A).
Within the pH range values tested, at pH 9.0, HA present the higher level of deprotonation (Motta et
al., 2016). Since the mixture of 2 mg/L HA with NiO NPs, at pH 9.0, did not modify the NPs toxicity,
independently of the endpoint tested (Fig 9.2B, 3B, 4B and 5B) relatively to the toxicity profile recorded
at the same pH in the absence of HA, the effect of 2 mg/L HA at other pH values was not tested.
However, the presence of 10 mg/L HA completely abolished the NiO NPs toxicity, for all algal
endpoints evaluated, independently of the pH of the medium (Fig 9.2B, 3B, 4B and 5B).
Similarly, to what was observed with NiO NPs, 2 mg/L HA, at pH 9.0, did not hamper algal growth
inhibition (Fig 9.2C) or reduction of photosynthetic activity (Fig 9.5C) due to the presence of SnO;
NPs. Algal growth inhibition (Fig 9.2C) and reduction of photosynthetic activity (Fig 9.5C) was reverted
when algal cells were incubated with SnO, NPs and 10 mg/L HA, independently of the pH of the

medium.
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Taking together, these results indicate that HA had a protective effect against the toxic impact induced

by Al,O3, NiO and SnO; NPs on P. subcapitata algal cells.

9.3.5. Simultaneous influence of pH, hardness and organic matter on NPs toxicity
At pH 9.0, where carboxylic groups of HA are deprotonated, 150 mg/L Ca?* did not hindered the
protective effect of 10 mg/L HA against Al>Os, NiO and SnO, NPs toxicity, evaluated through algal
growth (Fig 9.2), intracellular ROS generation (Fig 9.3), metabolic activity (Fig 9.4) or photosynthetic
efficiency (Fig 9.5).

9.4. Discussion

The use of Al,03, NiO and SnO; NPs in different products makes it likely to be released into the aquatic
environment where their potential toxic effects to the organisms are largely unknown. When MOx
NPs reach aquatic compartment can undergo several transformations, which includes agglomeration,
sedimentation and dissolution (Amde et al., 2017). The study of agglomeration and dissolution of NPs
can provide valuable information for the speciation of NPs in the environment (Topuz et al., 2015),
which, in turn, is essential for the understanding of their reactivity and toxicity. MOx NPs dissolution
involves the release of the respective metal ions in aqueous solution, which is dependent of several
factors, such as the pH of the surrounding medium and ligand availability.

In the present work, it was observed that the increase of pH lead to a reduction of metals released
from the three NPs studied (Fig 9.1). A similar result was described with ZnO NPs (Odzak et al., 2017).
This behavior can be explained by the lower solubility exhibited by these MOx NPs, which is enhanced
at neutral and slight alkaline pH values. Although it has been reported that the pH of the solution can
affect NPs agglomeration behavior since it affects their surface charge (Amde et al., 2017; Peng et al,,
2017), here, an expressive modification of NPs homo-agglomeration (Fig A1-A6) or Al,O3 NPs-algal
hetero-agglomeration (Fig A7), with the modification of the pH, seems not to be occurred. This
relative constant homo-agglomeration profile along the pH range tested reflects the decreased
surface charge (and, thus, the electrostatic repulsion) evidenced by these NPs as a consequence of
the lower zeta potential values recently described for similar pH value (please see Chapters 7 and 8).
Similarly, an increase of the agglomeration of ZnO NPs with the pH values near the zero point of
charge, accompanied by a decrease of the dissolution of the NPs, was described (Domingos et al,,
2013). In addition, the toxicity of Al,Os, NiO or SnO, NPs, when evaluated through the algal growth

inhibition (Fig 9.2), did not change through the pH and remained at 50% growth inhibition, as it was
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expected. Moreover, a toxicity effect, when evaluated by the quantification of intracellular ROS
accumulation (Fig 9.3) and the metabolic activity (Fig 9.4), which remained constant along the pH
range tested, was observed for Al,O3; and NiO NPs. Additionally, for all NPs, the toxicity, assessed by
the photosynthetic efficiency (Fig 9.5), revealed a constant inhibitory effect for all pH range tested
being more pronounced in the case of NiO NPs.

The raise of water hardness (increase of Ca?*) can screen the surface charge of NPs and lead to their
agglomeration due to the decrease of the electrostatic repulsion (Handy et al., 2008; Topuz et al.,
2015). In fact, ionic strength/Ca?* concentrations in the milimolar range, as they occur in freshwaters,
have shown to cause TiO, NPs hetero-agglomeration with microalgae cells (Sendra et al., 2017) and
stronger agglomeration of Ag-NPs in waters, namely those with higher ionic strength (Odzak et al.,
2017). However, in the present study, the elevation of water hardness (through the addition of 150
mg/L Ca?*), at pH 9.0 did not have an appreciable impact on the NPs homo-agglomeration (Fig A1-
A3) or Al,O3 NPs hetero-agglomeration (Fig A7). Similarly, the presence of 150 mg/L Ca®*, at pH 9.0,
did not modify neither the concentration of metals dissolved (Fig 9.1) nor the NPs toxicity over algal
cells comparatively to the profile observed at pH 9.0 in the absence of Ca?* whatever the toxicity
endpoints studied (Fig 9.2-9.5).

NOM, an ever-present component of natural waters, can influence the metals bioavailability, as well
as promote the change of NPs properties (Chen et al.,, 2010). We observed that the presence of HA
induced the dispersion of Al,O3 NPs-algal cells hetero-agglomerates, in a dose-dependent manner
(Fig A7 and A10). These results suggest that HA stabilized Al,O3 NPs and are in agreement with the
literature that describes the adsorption of HA on Al;O3 NPs (Ghosh et al., 2008; Yang et al., 2009). In
fact, since the point of zero charge of Al:O3 NPs is well above the environmental pH values and
because most NOM is negatively charged in the environmental pH range values (Yu et al., 2018), it
was reported that HA adsorption by oxide NPs was mostly induced by electrostatic attraction and
ligand exchange between HA and NPs-surface; in the case of Al,O3 NPs, it was identified that the OH
phenolic/aliphatic and COOH groups of HA are responsible for its ligand exchange with the NPs. Thus,
it was proposed that HA coated Al,O3 NPs are more easily dispersed and stable in solution than the
uncoated ones due to their enhanced electrostatic repulsion (Yang et al., 2009). Similarly, it was
described the stabilization of CeO, NPs when treated with polyacrylic acid, a compound with similar
properties to HA (Sehgal et al., 2005) or with natural organic matter (Quik et al., 2010); the hindering
of ZnO-NPs agglomeration due the presence of 10 mg/L NOM (Zhou and Keller, 2010) or HA (Peng

et al,, 2017) was also described. In this study, a reduction of the metals dissolved when the NPs were
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incubated in the presence of HA was observed (Fig 9.1). These results can be attributed to the
formation of metal-HA complexes. The free metal ions, released by the NPs, were probably complexed
by HA, which size was greater than 1.3 nm and, thus, was retained in the membrane of the
ultrafiltration device, reducing the concentration of metals in the filtrate. In previous works, it was
shown that NiO and SnO, NPs toxicity, over P. subcapitata algal cells, can be attributed to the release
of metal ions (please see Chapters 7 and 8). Therefore, the reduction of dissolved metals
concentration, due to the presence of HA, is consistent with the reduction of NiO and SnO, NPs
toxicity, when the NPs were co-incubated with 10 mg/L HA (Fig 9.2). In the case of Al;Os, it was
observed that the toxic effects over algal cells were mainly due to the NPs (please see Chapter 8). The
reduction of Al,Os toxicity, even for the lowest concentration of HA tested (2 mg/L) can be due to the
coating of the NPs by HA, in a similar way of formation of protein-coated NPs (Cedervall et al., 2007;
Lok et al., 2007). This possibility is aligned with the literature, which describes the stabilization of NPs
by NOM,; as consequence, a reduction of the NPs bioavailability and toxicity occurs (Chen et al., 2010).
NPs-HA interaction can be even more complex as HA and MOx NPs can also interact with other
constituents, present in aqueous solution, such as bivalent cations. In this context, it was described
that the modification of the ionic composition of the aqueous solution may be enough to promote
the desorption of a given chemical species; in certain circumstances, a chemical species with high
affinity to the adsorbent binding sites may promote the desorption and replace the initially adsorbed
substance (Nowack et al., 2012). This can be a plausible explanation for the increase of the
concentration of dissolved Al, when 150 mg/L Ca?* was added to a solution containing 10 mg/L HA,
at pH 9.0 (Fig 9.1). In fact, Ca®* may have replaced Al**, at the HA binding sites, with the consequent
Al desorption, which was translated by the increase of Al dissolved, compared to the same conditions
(10 mg/L HA, at pH 9.0), in the absence of Ca?* (Fig 9.1). However, under the same conditions studied
(10 mg/L HA, at pH 9.0), the simultaneous presence of 150 mg/L Ca’* did not modify the
concentration of Ni or Sn dissolved (Fig 9.1). This diverse behavior of the NPs can be due to the
different affinity of AI**, Ni2* and Sn** to HA binding sites. Although it was described that the addition
of Ca®* can revert the stabilization effect of 4 mg/L NOM on NiO NPs (Zhang et al., 2009), this effect
was observed in the presence of 40-60 mmol/L Ca?*, which corresponded to a Ca?* concentration
~11-16 times higher than the one used in the present study. Additionally, the increasing of water
hardness did not abrogate the protective effect of HA over the NPs toxicity, whatever the toxicity
endpoints studied (Fig 9.2-9.5). The increase of dissolved Al (from 4 to 10 ug/L) due to the presence

of 150 mg/L Ca?* is not enough to induce toxicity in P. subcapitata algal cells (please see Chapter 8).
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In previous works, it was shown that algal cells exposed to Al,Os;, NiO or SnO.> NPs presented a
disturbance of the photosynthetic process. The exposure to Al,Os; or NiO NPs was also accompanied
by an intracellular accumulation of ROS (probably as a consequence of the leakage of the electrons
from the photosynthetic chain) and a reduction of the (esterase) metabolic activity (please see
Chapters 7 and 8). As it was discussed above, the presence of 10 mg/L HA, abrogated the inhibitory
growth effect induced by the three NPs studied (Fig 9.2). Interestingly, the incubation of algal cell with
Al,O3, NiO or SnO; NPs and HA, restored the photosynthetic efficiency (®psi) (Fig 9.5); in the case of
NiO or SnO, NPs and HA, algal cells did not accumulate ROS (Fig 9.3) and the metabolic activity was
re-established (Fig 9.4). Taken together, these results confirm the mechanisms of toxicity previously

proposed.

9.5. Conclusions

A generalized scheme of the influence of the abiotic factors (pH, organic matter and hardness) on the
transformations of the MOx (Al>O3, NiO and SnO;) NPs in freshwater and its toxicity over P. subcapitata
can be seen in Fig 9.6. In resume:

e The rise of pH value of the natural water supplemented with OECD medium decreased the
concentration of dissolved metals from the NPs;

e The presence of HA, reduced the concentration of dissolved metals and lead to the complete
dispersion of Al,O3 NPs-algal cells hetero-agglomerates;

e HA also had a protective effect against Al,Os, NiO or SnO, NPs toxicity.
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10.1. Conclusions

The overall aim of this thesis was to study the physico-chemical properties of six oxide NPs (Al,Os,
In203, Mn304, NiO, SiO; and SnO;) and the possible toxic mechanisms of action using two cell models,
yeast as eukaryotic cell model and alga as ecologically relevant organism.

The first study contributed to the elucidation of the toxicity mechanisms of NiO NPs using the yeast
S. cerevisiae. NiO NPs are very insoluble in aqueous solutions and form agglomerates. The
quantification of nickel released from NPs and the toxic effects observed suggests that nickel released
by the NiO NPs cannot explain, by itself, all (or most) of the toxicity caused by the NPs. NiO NPs
adsorb to cell wall but are not internalized in yeast cells, which suggests that NiO NPs can exerts their
toxicity by an indirect mechanism. NiO NPs inhibit metabolic activity and induce loss of yeast viability.
NiO NPs are unable to generate abiotic ROS. However, cells of S. cerevisiae exposed to NiO NPs
displayed intracellular accumulation of O;"and H,O when incubated in normal atmosphere.
Mitochondria are an important source of ROS since WT yeast cells under nitrogen atmosphere as well
as cells of p° strain (lacking respiratory chain) exposed to NiO NPs displayed low levels of ROS and
higher resistance to NiO NPs. It is proposed that NiO NPs induce the loss of cell viability in S. cerevisiae
through OS, which can be the result of a combined effect of the enhancement of ROS production and
the depletion of GSH. The yeast cell death induced by NiO NPs presented typical phenotypic
apoptotic markers and was caspase- and mitochondrial dependent RCD.

The other five MOx NPs tested when suspended in aqueous media displayed, in a general way, a
negative charge, agglomerated (except SnO; in YEP), were almost insoluble and were unable to
generate ROS in abiotic conditions. In,03 NPs did not provoke any detectable toxic effect on yeast
cells up to 100 mg/L. Al,O3, Mn304, SiO, and SnO, NPs induced the loss of yeast cell viability. The
comparative analysis of the effect of the MOx NPs and the corresponding supernatants, suggested
that the SiO; toxicity was mainly caused by the NPs themselves, Al,O3; and SnO; toxic effects could be
attributed to both the NPs and the respective released ions and Mn304 harmfulness could be mainly
produced by the released ions. These NPs also induced the loss of metabolic activity and intracellular
ROS accumulation. The co-incubation of yeast cells with the NPs and AA quenched intracellular ROS
and reverted the NPs toxicity (nearly restored cell survival and metabolic activity), evidencing that the
intracellular accumulation of ROS constitutes the main cause of the cytotoxicity experienced by yeasts
treated with Al;O3, Mn3Oy4, SiO2 and SnO2 NPs.

Using the alga P. subcapitata, NiO NPs release Ni%* in aqueous medium, which is the main contributor

to the toxicity observed. NiO NPs presented a 72 h-ECso of 1.6 mg/L, evaluated by the growth

199



inhibition assay, allowing this NP to be classified as toxic. Algal cells exposed for 72 h to 4 mg/L NiO
(72 h-ECoo) presented a loss of metabolic activity, photosynthetic pigment bleaching and intracellular
ROS accumulation but no loss of membrane integrity. At this concentration, the NiO NPs caused a
reduction in the photosynthetic efficiency (®psi), most likely as a consequence of a decrease in the
flow rate of electrons through the photosynthetic chain. The combined effects of the decreased
metabolic activity, disturbance to photosynthetic performance and increased intracellular ROS
accumulation may have caused the arrest of the cell cycle prior to the first cell division, which in turn
may be the cause of the increased algal cell volume and aberrant morphology and ultimately the
discontinuation of algal growth.

The other five MOx NPs tested were instable in OECD algal medium and presented tendency to
agglomerate. However, these agglomerates were easily dispersed by simple agitation and presented
a loose structure, which makes very unlikely that the toxicity of these NPs could be due to the
entrapment of the algal cells in the NPs agglomerates. The NPs studied were poorly soluble in OECD
medium. However, the amount of Sn** leached from the SnO, NPs seems to be the main contributor
for the toxicity observed by this NP. Using the algal growth inhibition test, performed with the
freshwater alga P. subcapitata, and based on the 72h-ECsq values obtained, the hazard of the NPs
were categorized as: toxic (Al,03 and SnOz NPs), harmful (Mn304 and SiO, NPs) and not classified/not
toxic (In203). In the case of Al,O3, Mn304 and SiO;, the algistatic effect (inhibition of algal growth in
the absence of cell dead) can be attributed to the great disturbance of algal physiology: reduction of
photosynthetic and metabolic activity and intracellular accumulation of ROS. The exposure of algal
cells to SN0, NPs induced the disturbance of the functionality of PSIl in the absence of intracellular
ROS accumulation or loss of metabolic activity.

The influence of the abiotic factors (pH, organic matter and hardness) on the transformations of the
MOx (Al;03, NiO and SnO;) NPs in freshwater and its toxicity over P. subcapitata was also evaluated.
The rise of pH value of the natural water supplemented with OECD medium decreased the
concentration of dissolved metals from the NPs. Under the conditions studied, when evaluated
individually, pH value and hardness of the medium did not influence the formation of NPs homo-
agglomerates or AlO3 NPs-algal hetero-agglomerates, as well as, did not modify the toxicity of Al,Os,
NiO or SnO; NPs over P. subcapitata. Conversely, the presence of HA, reduced the concentration of
dissolved metals and lead to the complete dispersion of Al,O3 NPs-algal cells hetero-agglomerates.
HA also had a protective effect against Al,O3, NiO or SnO, NPs toxicity (evaluated through algal

growth inhibition assay), probably as a consequence of the reduction of the dissolved metals levels
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(NiO and SnO: NPs) or Al,O3 NPs bioavailability. In the simultaneous presence of HA and each one of
the three NPs under study, algal photosynthetic activity was restored. In addition, the simultaneous
presence of HA and Al,Os or NiO NPs impaired the intracellular accumulation of ROS. The increase of
water hardness (150 mg/L Ca?*), at pH 9.0, did not inhibit the dispersive effect of HA (over Al,O3 NPs-
algal cells hetero-agglomerates) or reduced the protective effect of HA against NPs toxicity.
Considering that for 10 mg/L HA, which DOC range values are within the most frequent DOC values
found in surface waters, no toxicity effects were recorded over P. subcapitata when suspended in the
presence of Al,Os, NiO and SnO, NPs at 9.4, 1.6 and 2.1 mg/L, respectively, it seems plausible to
anticipate that the release of these NPs in surface waters up to similar NPs concentrations as tested
in Chapter 9 would not have significant toxicant impact. Moreover, due to the same reasons, no
significant agglomeration of the NPs is expected.

The results presented herein reinforce the need to study the NPs, in an extended way, in order to
provide a systematic characterization of their potential hazards in humans or aquatic environments
and can be useful for regulatory purposes related to the release of MOx NPs. Also, this thesis
contributes to a better understanding of the effect of abiotic factors on the behavior of Al,O3;, NiO
and SnO> NPs in the aquatic environment. This information can be further used to predict the impact

of the release of these NPs in different natural fresh waters scenarios.

10.2. Future work

In the future, to better understand the importance of monitoring the MOx NPs usage, controlling
their production and release in the environment, it will be important the usage of others relevant cell
models, without cell wall, in order to compare the toxic mechanisms of action by MOx NPs and the
usage of different media to compare the NPs behavior.

Also, the study of other water parameters, such as ionic strength or different electrolytes, which can
influence the properties of MOx NPs and, consequently, affect their toxicity in organisms with different

concentrations of MOx NPs can be performed.
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Annex A - Effect of natural organic matter, pH and hardness on
the toxicity of metal oxide nanoparticles (Al203, NiO and Sn0O3) in
the freshwater alga Pseudokirchneriella subcapitata
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pH 9.0

Figure A.1. Macroscopic observation of Al203 NPs, in natural freshwater supplemented with OECD medium, in the absence of
algal cells, under different abiotic conditions. Al.O3 NPs at 9.4 mg/L were incubated for 72 h, in different abiotic conditions: pH,
humic acids (HA) and water hardness (Ca%*). Abiotic conditions were individually studied or in a combined way (conditions
reported on top and left-side). Right-side images: bottom of the Erlenmeyer flasks.

205



10 mg/L HA

>

Figure A.2. Macroscopic observation of NiO NPs, in natural freshwater supplemented with OECD medium, in the absence of
algal cells, under different abiotic conditions. NiO NPs at 1.6 mg/L were incubated for 72 h, in different abiotic conditions: pH,
humic acids (HA) and water hardness (Ca?*). Abiotic conditions were individually studied or in a combined way (conditions
reported on top and left-side). Right-side images: bottom of the Erlenmeyer flasks.
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Figure A.3. Macroscopic observation of SnOz2 NPs, in natural freshwater supplemented with OECD medium, in the absence of
algal cells, under different abiotic conditions. SnO2 NPs at 2.1 mg/L were incubated for 72 h, in different abiotic conditions: pH,
humic acids (HA) and water hardness (Ca%*). Abiotic conditions were individually studied or in a combined way (conditions
reported on top and left-side). Right-side images: bottom of the Erlenmeyer flasks.
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10 mg/L HA

Figure A.4. Microscopic observation of Al203 NPs, in natural freshwater supplemented with OECD medium, in the absence of
algal cells, under different abiotic conditions. Al2O3 NPs at 9.4 mg/L were incubated for 72 h at different pH values in the
absence (top images) or the presence (bottom images) of humic acids (HA). Arrows: NPs homoagglomerates.
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Figure A.5. Microscopic observation of NiO NPs, in ﬁatural freshwater supplemented with OECD medium, in the absence of
algal cells, under different abiotic conditions. NiO NPs at 1.6 mg/L were incubated for 72 h at different pH values in the absence
(top images) or the presence (bottom images) of humic acids (HA). Arrows: NPs homoagglomerates.
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10 mg/L HA

Figure A.6. Microscopic observation of SnOz NPs, in natural freshwater supplemented with OECD medium, in the absence of
algal cells, under different abiotic conditions. SnO2 NPs at 2.1 mg/L were incubated for 72 h at different pH values in the
absence (top images) or the presence (bottom images) of humic acids (HA). Arrows: NPs homoagglomerates.
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Figure A.7. Macroscopic observation of Al203 NPs, in natural freshwater supplemented with OECD medium, in the presence of algal cells, in different abiotic conditions. Al2O3 NPs at
9.4 mg/L were incubated with P. subcapitata algal cells, for 72 h, under different abiotic conditions: pH, humic acids (HA) and water hardness (Ca%*). Abiotic conditions were
individually studied or in a combined way (conditions reported on top and left-side). Right-side images: bottom of the Erlenmeyer flasks.
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Figure A.8. Macroscopic observation of NiO NPs, in natural freshwater supplemented with OECD medium, in the presence of
algal cells, under different abiotic conditions. NiO NPs at 1.6 mg/L were incubated with P. subcapitata algal cells, for 72 h, in
different abiotic conditions: pH, humic acids (HA) and water hardness (Ca?*). Abiotic conditions were individually studied or in
a combined way (conditions reported on top and left-side). Right-side images: bottom of the Erlenmeyer flasks.

212



10 mg/L HA

pH 6.0

pH7.5

pH 9.0

pH 9,
150 mg/L
Caz+

Figure A.9. Macroscopic observation of SnOz NPs, in natural freshwater supplemented with OECD medium, in the presence of
algal cells, under different abiotic conditions. SnO2 NPs at 2.1 mg/L were incubated with P. subcapitata algal cells, for 72 h, in
different abiotic conditions: pH, humic acids (HA) and water hardness (Ca?*). Abiotic conditions were individually studied or in
a combined way (conditions reported on top and left-side). Right-side images: bottom of the Erlenmeyer flasks.
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A Phase-contrast Fluorescence + Phase-contrast

presence of algal cells, without or with humic acids. Al203 NPs at 9.4 mg/L were incubated with P. subcapitata for 72 h, in the
absence (A) or the presence of 2 mg/L humic acids (B). Algal cells can be distinguished due to orange-autofluorescence. A and
B bottom images: higher amplification of NPs-algal hetero-agglomerates.
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A Phase-contrast Fluorescence

Figure A.11. Microscopic observation of NiO or SnO2 NPs, in natural freshwater supplemented with OECD medium, in the
presence of algal cells, at pH 9.0. NiO NPs at 1.6 mg/L (A) or SnO2 NPs at 2.1 mg/L were incubated with P. subcapitata for 72
h. Algal cells can be distinguished due to orange-autofluorescence. Arrows: NiO NPs homoagglomerates.
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Figure A.12. Microscopic observations of Al2O3 NPs, in natural freshwater supplemented with OECD medium, in the presence of algal cells, under different abiotic conditions. Al2O3 NPs at
9.4 mg/L were incubated with P. subcapitata for 72 h at different pH values, in the presence of 10 mg/L humic acids (HA) (A) or at pH 9.0, in the simultaneous presence of 10 mg/L HA and
150 mg/L Ca?* (B). Algal cells can be distinguished due to orange-autofluorescence.
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Figure A.13. Microscopic observation of NiO NPs, in natural freshwater supplemented with OECD medium, in the presence of algal cells, under different abiotic conditions. NiO NPs at 1.6
mg/L were incubated with P. subcapitata for 72 h, at different pH values, in the presence of 10 mg/L humic acids (HA) (A) or at pH 9.0, in the simultaneous presence of 10 mg/L HA and
150 mg/L Ca* (B). Algal cells can be distinguished due to orange-autofluorescence.
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Figure A.14. Microscopic observations of SnO2 NPs, in natural freshwater supplemented with OECD medium, in the presence of algal cells, under different abiotic conditions. SnO2 NPs at
2.1 mg/L were incubated with P. subcapitata for 72 h, at different pH values, in the presence of 10 mg/L humic acids (HA) (A) or at pH 9.0, in the simultaneous presence of 10 mg/L HA and
150 mg/L Ca?* (B). Algal cells can be distinguished due to orange-autofluorescence.
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Table A.1. Characterization of the natural freshwater used in Chapter 9.

Analyzed parameters

H Al Cd Cr Cu Fe Ni Pb Sn Zn TOC? |CP Water hardness
P (Mg/L) | (po/L) | (po/b) | (mo/b) | (Mg/L) | (Mg/L) | (ug/L) | (ug/L) | (pg/L) (mg/L) (mg/L) (Ca**, mg/L)
6.5 <12° | <0.14¢| <1.5¢ <24° | <0.78°| <3.7¢ < 5.2¢ <7.2°¢ < 1.8¢ 2.8 +0.3 19+0.3 30+03

aTOC - Total organic carbon.

®|C — Inorganic carbon.
‘DL — Detection limit measured by atomic absorption spectroscopy with electrothermal atomization.
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Table A.2. Determination of dissolved organic matter (DOC) in the freshwater (supplemented with OECD medium), in the

absence of algal cells, under different abiotic conditions.

NPs [HA] (mg/L) pH [Ca**] (mg/L) | [DOC] (mg/L)
6.0 2.2
2 7.5 2.4
9.0 2.5
AlOs3 6.0 _ 5.6
10 7.5 6.8
9.0 7.7
10 9.0 150 7.5
2 9.0 2.2
6.0 7.2
NiO 10 7.5 _ 7.1
9.0 8.1
10 9.0 150 8.5
2 9.0 2.5
6.0 7.1
Sn0; 10 7.5 - 7.3
9.0 8.6
10 9.0 150 8.2

Each NP at a specific concentration (9.4 mg/L Al,O3 or 1.6 mg/L NiO or 2.1 mg/L SnO)
was suspended in natural freshwater supplemented with OECD medium for 72 h, under
different abiotic conditions (pH, HA and Ca?*). Samples were collected, filtered through
a 0.45 pm-pore-size filter and DOC was measured as described in material and methods.
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