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Exposure to Pb-halide Perovskite Nanoparticles Can Deliver Bioavailable
Pb But Does Not Alter Endogenous Gut Microbiota in Zebrafish

Abstract

Lead-halide perovskite nanoparticles (NPs) are a new technology, and investigation of

ro
of

toxicity is of considerable importance due to the potential Pb release into the environment.
The aim of the study was to investigate aqueous and dietary toxicity of Pb-halide perovskite
NP and Pb in zebrafish Danio rerio. Perovskite NP toxicity was evaluated in zebrafish by

-p

mortality, gene expression, histopathology, and phylogenetic analysis of gut microbiota.

re

Zebrafish larvae were exposed to five Pb-halide perovskite NPs in parallel with Pb(NO3)2

lP

exposures, and zebrafish adults were exposed to the three perovskite NPs that caused the
strongest effect and Pb(NO3)2. No median lethal concentration (LC50) was observed for

na

zebrafish larvae exposed to up to 200 mg/L of perovskite NPs for 96 h exposure. Mortality,

ur

metallothionein 2 (mt2) and δ-aminolevulinic acid dehydratase (ala-d) gene expression (24-h
exposure) in zebrafish larvae after aqueous perovskite NPs exposures did not differ from total

Jo

Pb concentration - response curves. The lack of differences in mortality and gene expression
between perovskite NPs and soluble Pb after aqueous exposure suggest that toxicity from
perovskite NPs can be attributed to bioavailable Pb rather than nano-specific effects.
Induction of mt2 and reduction of ala-d expression levels in liver tissues showed Pb
bioavailability after 2-d and 4-d dietary exposure to perovskite-spiked feeds. Changes in gut
microbiota of adult zebrafish were detected after 14-d exposure to Pb-spiked food, but no
changes were detected from perovskite-NP spiked food. The phylogenetic analysis identified
different microbiome profiles of Pb-fed fish compared to perovskite-fed fish suggesting a
different mechanism of toxicity. Exposure to Pb-halide perovskite NPs led to absorption of
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Pb likely from release of Pb ions rather than absorption of NPs. Pb-halide perovskite NPs can
release bioavailable Pb and this needs to be considered during the development of this
technology.

Jo

ur

na

lP

re

-p

ro
of

Keywords: Perovskite; Nanoparticles; Lead; Zebrafish; Gut microbiome

3

Journal Pre-proof
1. Introduction

Alkali metal halide materials (perovskites) have unique properties that are of increasing
interest within the energy sector, but the environmental risk has not yet been assessed.
Perovskites are coloured crystals (with a structure of ABX3, where A is a monovalent cation,
B stands for Pb or Sn and X is a halide) with high electric power conversion efficiency
because of high charge carrier mobilities, balanced electron and hole transport, high

ro
of

absorption coefficients, and other electronic properties (Grätzel, 2014; Grätzel, 2017; Hoefler
et al., 2017). Perovskite technology is expected to replace the extensively used silicon-based

-p

applications in solar cells because this new technology is of lower cost and more efficient in

re

light energy harvesting (Lee et al., 2012). The most promising metal cation that leads to
highest efficiency of the perovskite nanoparticles [NPs, particles with all three dimensions in

lP

the nanoscale (ISO, 2008)] is lead (Pb) and it constitutes approximately the one third of the

na

perovskite NP (Table 1). However, a future commercialization of Pb-halide perovskite
products presents a risk for environmental contamination and potential negative effects on

ur

human and ecological health (Sanders et al., 2009). Perovskite NPs, as engineered NPs, could

Jo

end up in the environment during manufacturing through waste streams or accidentally
during and after application (Babayigit et al., 2018), therefore, upon entering the market
should follow appropriate regulation to minimize threat to the environment.
The high surface area to volume ratio of NPs increases interactions between the NP
surface and surrounding environment and the potential for dissolution of ions from the NPs
(Petersen et al., 2014). For example, Ag NPs, which are used in numerous commercial
products (Sun et al., 2014), possess properties both beneficial and negative such as
antimicrobial activity and unintended toxicity of these NPs that can be related to the Ag ion
release (Boyle and Goss, 2018; Gliga et al., 2014; Griffitt et al., 2009; Jang et al., 2014). For
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metal halide perovskite NPs, stress factors such as UV radiation, oxidizing environment or
high temperatures, can initiate degradation processes leading to dissolution of the materials
(Aristidou et al., 2015; Han et al., 2015). Decomposition of perovskite NPs increases with
higher temperature in organic solvent and, in particular, the perovskite NPs can lose 16 % of
their weight at 200oC (Gonzalez-Carrero et al., 2015). Additionally, Pb dissolution increases
with higher perovskite concentration in solution and is strongly dependent on iodine
concentration (Yang et al., 2014). Babayigit et al (2016) observed by an X-ray electron

ro
of

spectroscopy scan, that PbI2 and SnI2 were the main by-products of full degradation of
pristine perovskite particles containing Pb or Sn that were previously heated at 200 oC in air

-p

for 30 min, respectively, confirming the metal release from perovskite NPs. Increased use of

re

Pb-halide NPs could increase in turn the release of Pb ions into the environment and
subsequently Pb exposure and toxicity in organisms.

lP

The release of Pb from perovskite NPs can pose a risk to human and environmental

na

health. Human exposure to Pb can occur through water, diet or inhalation and Pb toxicity is
attributed to neurological disorders, anemia, nephropathy, colic and sterility (Barbosa et al.,

ur

2005; Papanikolaou et al., 2005; Wu et al., 2016). Upon exposure to bioavailable Pb, cells

Jo

can respond by induction of metal detoxification pathways [e.g., metal binding proteins
(metallothionein (MT))], and Pb interference with biochemical processes [e.g., δaminolevulinic acid dehydratase (ALA-D)] can lead to increased production of reactive
oxygen species (ROS) and δ-aminolevulinic acid (Ahamed et al., 2005). Changes in
expression of either or both ALA-D and MT have been used as biomarkers of Pb exposure
(Yin et al., 2019; Yin et al., 2018; Barbosa et al., 2005; Johnson, 1998; Wang and Fowler,
2008). Inorganic Pb is a hazardous substance (IARC, 2006), and consequently, considerable
effort has been made to eliminate environmental and human exposure to sources of lead
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(EPA, 2008; HUD, 1992). Use of Pb-halide NPs should proceed with caution until risks of
the potential Pb dissolution and delivery into organisms can be investigated.
To date, very few studies have conducted investigation of Pb-halide perovskite NP
toxicity. Quaroni et al (2018) assessed the toxicity of methylammonium lead iodide
(CH3NH3PbI3) in two mammalian cell lines, and concluded that cells showed no Pb- or nanospecific toxicity based on infrared spectroscopy, which demonstrated that cells showed the
same response patterns as when the cells were exposed to copper sulphate. No mortality was

ro
of

caused to zebrafish larvae after exposure to methylammonium lead iodide and Chlorella
vulgaris growth started to be inhibited after exposure to concentrations higher than 20 mg/L

-p

[estimated median effect concentration (EC50) was found at 25 mg/L] (Patsiou et al, 2019).

re

Another study used the main halide-perovskite NP derivatives after perovskites were airdried at 200 oC (PbI2 and SnI2) to investigate acute toxicity in zebrafish embryos in a low

lP

hardness fresh water medium (E3 medium) and after dissolving the metal halides in dimethyl

na

sulfoxide (DMSO). Lead iodide was found to be less toxic in zebrafish embryos (four days
post fertilization [dpf]) with a median lethal concentration (LC50) of 382 mg/L compared to

ur

SnI2, in which fish mortality was mainly attributed to reduced pH of exposure medium

Jo

(Babayigit et al., 2016).

Evidence supports effects of some engineered NPs on bacteria and on the composition
of fish gut microbiota and gut physiology after a dietary exposure. In particular, no lesions of
the gut epithelium were found after a 14-d exposure of Cu NPs in adult zebrafish but unique
changes in the gut microbiome were revealed by denaturing gradient gel electrophoresis that
can be attributed to the NP ingestion (Merrifield et al., 2013). In rainbow trout, dissolved Ag
after a Ag NP dietary exposure, was accumulated in intestine, liver and kidney (Clark et al.,
2019b) and Ag (up to 20% of the Ag NP concentration) was associated with the mucosa
tissue of the gut (Clark et al., 2019a). Additionally, the growth of marine bioluminescent
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bacteria Vibrio fisheri was inhibited with increasing concentration of either Pb-iodide or Pbbromide perovskite NPs (Wang et al., 2019). Zhai et al (2017) reported an EC50 for soil
bacteria between 25.31 to 74.57 mg/L of perovskite NPs that decreased significantly after
normalising values with time weighting approach as perovskites were found to have the
highest Pb dissolution rates among the particles tested.
The use of perovskite-NP technology is expected to increase and assessment of the risk
these materials pose on environmental health is needed urgently. The objective of this study

ro
of

was to assess toxicity of five perovskite NPs (PbI2 and PbBr2-based materials) after aqueous
and dietary exposure in zebrafish (Danio rerio) larvae and adults, respectively, as model

-p

organisms by evaluation of Pb bioavailability which defines the proportion of a substance

re

that enters an organism and causes a molecular response (Semple et al., 2004). Perovskite
NP toxicity was evaluated in zebrafish larvae by assessment of zebrafish mortality, and Pb

lP

bioavailability was investigated in both larvae and adult zebrafish by assessment of

na

metallothionein 2 (mt2) and δ-aminolevulinic acid dehydratase (ala-d) gene expression. For
the second endpoint of the study, lesions in the intestine (histopathology) and disruption of

ur

the microbiome (t-RFLP and MiSeq sequencing) were evaluated after a 14-d dietary

Jo

exposure to Pb-halide perovskite NP or Pb ion-spiked food in adult zebrafish. All
investigations of perovskite toxicity were conducted with parallel Pb ion exposures to
evaluate whether toxicity of perovskite NPs can be attributed to nano-specific effects or Pb
dissolution.
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2. Materials & Methods

2.1 Perovskite NP characterization
The organometal perovskite NPs were manufactured at Ecole Polytechnique Federal de
Lausanne, Switzerland. All five particle types contained Pb and either Br or I, with the
following

chemical

formula:

CH3NH3PbI3

(MALI),

CHNHNH3PbBr3

(FALB),

CH3NH3PbBr3 (MALB), CH3NH3CHNHNH3PbI3 (MAFA), CHNHNH3PbI3 (FALI) (Table

ro
of

1). The average agglomerate size of NPs in aqueous dispersion (hydrodynamic diameter) and
the surface-related charge (ζ-potential) were determined by Dynamic Light Scattering (DLS,

-p

Zetasizer Nano Z, Malvern Panalytical, Malvern, UK) at concentrations of 10 mg/L in milli-

re

Q water. The NPs were bath sonicated for 2 x 5 min in a bath sonicator, and were
mechanically stirred (vortex) before the measurements. Lead ions were used as a comparison

na

lP

[Pb(NO3)2, Sigma-Aldrich, Dorset, UK] for effects in zebrafish.

2.2 Zerbafish exposures

ur

Zebrafish were obtained from the zebrafish research facility (Heriot-Watt University,

Jo

UK) and husbandry, spawning and experimentation were conducted with complete approval
and according to animal welfare regulations of the UK Home Office. Zebrafish were kept in
recirculating biological systems with a 12:12 light:dark photoperiod and the electrolyte
composition of system water was: 79, 12, 17 and 2 mg/L of [Ca2+], [Mg2+], [Na+] and [K+],
respectively. The system water was prepared from analytical grade salts in ultrapure water
(18.2 MΩ cm; Millipore, Livingston, UK).
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2.2.1 Aqueous acute toxicity tests
For the zebrafish acute toxicity tests, larvae aged 72 hours post fertilization (hpf) were
used and the duration of the exposure was 96 h. Newly hatched zebrafish larvae were chosen
for the acute toxicity experiments instead of zebrafish embryos to avoid the chorion to act as
a barrier between the embryo and the NPs and potential indirect toxicity effects (Kim and
Tanguay, 2014; Ma and Diamond, 2013). Larvae were exposed in a 96-well plate, each well
contained a single larva with 200 μL of suspension, and the clear polystyrene plate was kept

ro
of

covered during the experiment. Ten wells were used per treatment and six treatments per
plate. The plates were kept at 28 ± 1 oC throughout the duration of the exposure trial. For the

-p

gene expression study, zebrafish larvae were exposed to all perovskite NPs and Pb(NO3)2 to

re

sublethal concentrations for a 24-h exposure period (0, 5, 10, 50, 100 and 200 mg/L). For
each experiment, each sample constisted of the same number of zebrafish larvae per beaker

lP

(15 - 20 larvae) dependent on the availability of zebrafish embryos at the time. Three

na

different experiments were conducted for each treatment using different concentrations in the
range of 0 to 45 mg/L of Pb. The exposures were conducted in static glass beakers with a

ur

total volume of 20 mL. Samples of the aqueous solutions at the end of the exposure were

Jo

collected for Pb concentration analysis. All exposure vessels were kept at 28 ± 1 oC
throughout the duration of the exposure trial. A schematic diagram of the experimental
design of the present study is shown in Figure S1.

2.2.2 Dietary exposure
Zebrafish (6-month old, obtained from Charles River laboratories, Tranent, UK), with a
wet weight of 629  29.8 mg and length to the caudal peduncle of 29.8  0.2 mm [means 
standard error (SE), n = 132], were used for the dietary exposure experiments. For the
preparation of the Pb ion and perovskite NP-spiked food, Milli-Q water and dry food pellets

9
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(ZM systems, Winchester, UK) were used to prepare the food mixture contained the
appropriate amount of Pb(NO3)2 or perovskite NPs, respectively. Reformed feed pellets were
dried at room temperature for 24 h and then stored at -20 oC. The total Pb concentration (500
mg/kg) was the same in all treatments and food was prepared as follows: Pb treatment
contained 0.8 g Pb(NO3)2 per kg of food, MALI treatment contained 1.50 g perovskite MALI
per kg of food, FALB treatment contained 1.19 g perovskite FALB per kg of food, and
MALB treatment contained 1.16 g perovskite MALB per kg of food. In the experiment the

ro
of

control and each treatment existed in three 3-L aerated glass tanks and each tank included 9
or 10 fish. Each treatment consisted of three independent replicate tanks.

-p

During the two-day acclimation period, all fish were fed control food. Measurements of

re

pH and total ammonia were conducted daily (pH: 7.41-7.88 and unionised ammonia levels
were at all times below 0.08 mg/L). The exposures were static with air supply, 50% of water

lP

was replaced twice daily and the average dissolved oxygen concentration was 8.24 mg/L. The

na

food provided was consumed within 5 minutes. The dietary exposure continued for 14 days.
Zebrafish were sacrificed with an overdose of tricaine methane sulfonate (MS-222; Sigma

ur

Aldrich, Dorset, UK). At exposure durations of 0, 48, and 96 h, a male and a female fish were

Jo

euthanized from each tank, therefore three female and three male fish were collected per
treatment, and a liver sample was collected from each fish and stored at -80oC for targeted
gene expression analyses. At 14 d after the start of the exposure the zebrafish liver and
digestive tract were removed aseptically, snap frozen using liquid nitrogen, and then stored at
-80oC for gene expression and gut microbiome analyses. The trunk of one fish per tank was
fixed in 10 % neutral buffered formalin solution for histological analysis. Sampling (2 d, 4 d
and 14 d after the start of the exposure) occurred before first feeding of the day. Water
samples were collected during the 14-d exposure period for Pb dissolution detection by

10
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inductively coupled plasma – mass spectrometry / optical emission spectroscopy (ICPMS/OES).

2.3 Measurements of Pb by analytical chemistry
Aqueous phase Pb concentrations were determined by ICP-MS (Agilent 7500ce,
School of Chemistry, University of Edinburgh) to investigate Pb dissolution in perovskite NP
and lead nitrate aqueous exposures of zebrafish larvae and dissolved Pb from perovskite and

ro
of

lead nitrate-spiked food pellets in the aquaria during the 14-d dietary exposure. Samples (10
mL) from the water column were collected during the zebrafish acute toxicity tests, without

-p

disturbing the bottom of the beakers and the settled NP agglomerates. Samples were then

re

digested with 15 % HNO3 (Trace Metal Grade, Fisher Scientific, Loughborough, UK) for
measurement of total Pb in the water column.

lP

Sub-samples (n = 5 of approximately 0.5 g) of each diet were accurately weighed into

na

acid-washed glass beakers and 5 mL trace-analysis grade HNO3 (Primar Plus™, for Trace
Metal Analysis, Fisher Scientific, Loughborough, UK) added. The beakers were then covered

ur

with a watch glass and after incubation for 1 h to digest easily oxidised material, the acid was

Jo

then heated to boiling and simmered for a further 1 h on a hot plate. Once cooled, digests
were decanted through filter paper (Whatman, UK) into acid-washed volumetric flasks and
made up to volume with 2% HNO3 prepared in ultrapure water (ELGA). Samples (n = 3) of
similar mass of a fish protein certified reference material (DORM-3, National Research
Council of Canada) and procedural blanks (digests performed as described above but without
solid material added to beakers) were also prepared as described above. Concentrations of
total Pb in diets were then measured in digests using ICP-MS (low expected Pb
concentrations, control, DORM-3 and procedural blanks; Thermo Electron Corporation XSeries II quadruple ICP-MS) and ICP-OES (Pb-spiked diets; Varian 725-ES, Agilent

11
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Technologies Inc.) and compared to matrix-matched elemental standards. The mean
measured concentrations of Pb in the procedural blanks were < 1 µg/L. Measured Pb
concentrations in DORM-3 were 0.33 ± 0.04 µg/g compared to certified values of 0.40 ± 0.05
µg/g.

2.4 Gene expression analysis
Total RNA was extracted from 96 hpf larvae (15-20 larvae per replicate) and the whole

ro
of

liver of the adult zebrafish using RNeasy MiniKit for animal tissue (Qiagen, West Crawley,
UK) as previously described (Patsiou et al., 2019). Briefly, zebrafish larvae or tissue were

-p

homogenized with a pestle, contaminant DNA was removed using a DNase treatment

re

(Qiagen, West Crawley, UK), and the target RNA was eluted in 30 µL of RNase/DNase free
water. The concentration of the total RNA was measured using NanoDrop Spectophotometer

lP

(ND-2000) and all samples were diluted to a final concentration of 100 ng/µL.

na

Complementary DNA was synthesised using Precision nanoScript2 kit (Primer Design,
Camberley, UK) and was stored at -20 oC until the gene expression analysis. Primers specific

ur

to zebrafish were designed from Primer BLAST (NCBI) for the following genes: mt2 (NCBI
Sequence:

NM_001131053.2

Jo

Reference

TGTTCTCAATCTTGTCTGTTTAATG,

Forward
Reverse

(5’-3’):
(5’-3’):

TGTAGAGCACTATCAGAATAAACG), ala-d (NCBI Reference Sequence: NM_0007645,
Forward

(5’-3’):

CACGTTCCCTGAGCTTGTGT

and

Reverse

(5’-3’):

ACAGCTTGCGGCATTATCCA) and β-actin (NCBI Reference Sequence: NM_131031.1
Forward

(5’-3’):

ACACAGCCA

TGGA

TG

AGGAAA

TCG,

Reverse

(5’-3’):

TCACTCCCTGA TGTCTG GGTCGT (Patsiou et al., 2019). Precision PLUS Mastermix
with SYBRGreen (Primer Design, UK) was used for the quantitative Polymerase Chain
Reaction (qPCR). Fluorescence was detected after 40 two-step cycles of 95 oC denaturing
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temperature, primer specific annealing temperature at 60 oC and extension step 60 oC by
OneStep Real Time System (Applied Biosystems, Warrington, UK). The efficiency of the
qPCR was calculated (

) based on a 4-point standard curve. Efficiencies

between 0.9 and 1.1 were accepted for further analyses. The mt2 and ala-d levels were
normalised after the β-actin levels (∆CT) and the differences of the exposed larvae compared
to untreated control groups were obtained by the ∆∆CT method. The fold changes (2^∆∆CT)

ro
of

of treated larvae were compared to the average ∆∆CT of the control larvae (Livak and

Jo

ur

na

lP

re

-p

Schmittgen, 2001).
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2.5 Assessment of gut microbiota
The bacterial communities of the gut were identified by using a sequencing-based
technique for rapid profiling, the terminal restriction fragment length polymorphism (tRFLP)
analysis of 16S rRNA genes. The DNA of 64 samples was extracted from the whole
gastrointestinal (GI) tract using DNeasy blood and tissue kit (Qiagen, West Crawley, UK),
including treatment with proteinase K. Following that, the 16S rRNA gene was amplified
PCR

with

the

primer

CAGGCCTAACACATGCAAGTC

pair:

(Marchesi

labelled
et

al.,

(6FAM
1998)

ro
of

using

and

5’-3’)
530r

63f
(5’-3’)

GTATTACCGCGGCTGCTG (Lane, 1991). Amplification was conducted using 2 μL of

-p

template DNA and 0.5 μL bovine serum albumin (BSA, Ambion, ThermoScientific,

re

Longborough, UK) in a 50 μL reaction mixture of Taq PCR mastermix kit (Qiagen, West
Crawley, UK). Purified PCR products were quantified using a Nanodrop spectrophotometer

lP

(ND 2000). ExoSAP-IT (ThermoScientific, Longborough, UK) was used to purify the

na

amplified samples and the digested product was analysed by GeneWiz, ML, USA, using Liz
500 size standard. The electropherograms were then analysed by the GENEMARKER

ur

software (SoftGenetics, PA, USA), using manually created bins. Peaks of less than 50

Jo

nucleotides length or having intensity of less than 50 units were not included in the analysis.
Each fish gut microbiome was individually analysed (PERMANOVA, see statistical analysis
section) and then data were pooled for visualization by MDS.
Nested PCR of DNA samples were prepared for MiSeq (Illumina) analysis.
Amplification of 8F to 1492R region of 16S rDNA using HotStart PCR mastermix kit
(ThermoFisher, Longborough, UK), were carried out prior to a secondary amplification of the
V4 region with Golay barcoded 515F and 806R primers according to the Earth Microbiome
Project 16S Illumina Amplicon protocol (Caporaso et al., 2012). The PCR products were
purified using GFX PCR DNA and Gel Band Purification kit (GE Healthcare). Concentration

14
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and quality of barcoded amplicons were evaluated using NanoDrop and 240 ng of each
sample were pooled together and sent to Edinburgh Genomics (Edinburgh, UK) for next
generation Illumina MiSeq sequencing.
Analysis of the sequence fragments was performed using the Mothur platform (Schloss
et al., 2011), specifically the MiSeq SOP. In brief, the amplicon sequences were quality
checked and contiguous sequences created from the forward and reverse reads. The contig
sequences were aligned against the Silva Bacterial database following the removal of

ro
of

ambiguous sequences (Yilmaz et al., 2013). The quality filtered sequences were then checked
for chimeric sequences using VSEARCH (Rognes et al., 2016) before sequences were

-p

grouped based on their sequence similarity (97 %) and classified against the RDP taxonomy

re

database (v16). All sequences were uploaded to NCBI (under accession numbers

na

2.6 Histological analysis

lP

PRJNA479951).

On the last day of the dietary exposure (14-d exposure), one fish per aquarium,

ur

therefore, three fish per treatment, were sampled for histological analysis of the trunk region.

Jo

The trunk of each fish was fixed in 10 % neutral buffered formalin overnight at room
temperature and processed for histological analyses following routine procedures. Each
sample was dehydrated through an ethanol series and Histo-Clear II (National Diagnostics
Inc., UK), embedded in paraffin, and sectioned. Transverse sections (8 μm) were stained with
haematoxylin and eosin and examined by light microscopy.

2.7 Statistical analyses
Zebrafish mortality was modelled by logistic regression with the independent variable
Pb concentration (according to Pb concentration for the Pb ion and each Pb-halide NP type).

15
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The logistic regression models were generated by iterative maximization of the likelihood
function. The median lethal concentration (LC50) effective concentration (EC50) were
calculated by the logistic regression model and the 95% confidence interval (CI) was
calculated using the logit model. Differences among perovskite NPs and Pb2+ were
determined by pair-wise contrast statements. For the gene expression analyses, the relative
fold change (dependent variable) was modelled by general linear model (GLM) according to
the independent variable of Pb concentration (p-value of < 0.05). Two-way analysis of

ro
of

variance (ANOVA) was used to identify differences in hepatic gene expression between
treatments and sampling times with a p-value of <0.05 and TukeyHSD was used post-hoc.

-p

Concentration-response statistical analyses and ANOVA were conducted using R statistics

re

(version 3.2.1, RStudio, Inc., 2015).

The gut microbiota community composition within the 5 different treatments was

lP

analysed by non-metric multidimensional scaling (nMDS), based on Bray-Curtis

na

dissimilarities after square root transformation. Permutational multivariate analysis of
variance of sums of squares (PERMANOVA) was used to test for statistically significant

ur

differences between the bacterial communities of the control diets and Pb and NPs spiked

Jo

diets. The numerical analyses for the gut microbiota data were conducted using PRIMER-E
(v.7 PRIMER-E Ltd, Plymouth Marine Laboratory, Plymouth, UK). Bacterial diversity was
assessed using Shannon-Wiener’s diversity Index (H’- index) on the tRFLP identified peaks
and the MiSeq identified phyla. Pairwise comparison of significant operational taxonomic
unit (OTU) abundance between treatments indicated by colour of heat-trees were determined
using a Wilcox rank-sum test followed by Benjamini-Hochberg (FDR) correction for
multiple comparisons (Foster et al., 2017).

3. Results
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3.1 Perovskite Characterization
All perovskite NPs formed agglomerates in the aqueous phase. The average diameter of
NP agglomerates in suspension (i.e. hydrodynamic diameters) measured between 889 and
1206 nm (Table 1) with no difference in the agglomerate size among the different kinds of
NPs. The ζ-potential was measured positive in all cases and lower than 30 mV. Specifically,
the ζ-potential of the lead bromide NPs (FALB and MALB) were the highest values observed
(9.77 and 9.04 mV, respectively) and the lowest values were found for the lead iodide NPs,

ro
of

MALI and FALI (2.95 and 2.27 mV, respectively). Measurements of the fresh water medium
after minimal disruption of the exposure vessels during the aqueous larval exposures of NPs

-p

and Pb(NO3)2 revealed total Pb concentrations (as dissolved total Pb) at levels lower than 1%

re

of the exposure concentration (Table 2). Minimal amounts of Pb (i.e. less than 0.3 μg/L) were
identified in the fresh water medium of all treatments after the 14-d exposure period (Table

lP

2). The total Pb recovery from spiked food pellets was greater than 82% for all perovskite

na

NP-spiked feeds, and the recovery for Pb-spiked food pellets was 57%.
3.2 Aqueous Acute Toxicity Tests

ur

Zebrafish larvae mortality and mt2 gene expression increased significantly with Pb ion

Jo

concentration, while expression of ala-d was inversely related to Pb concentration. The 96-h
median lethal concentration (LC50) was 67 mg Pb/L (CI 95%= 23 – 209) for 96-h exposure of
zebrafish larvae (Figure 1). When zebrafish larvae were exposed to a range of Pb for 24 h,
mt2 induced up to 50-fold after normalization to control exposure (R2= 0.91, GLM, p<0.05,
Figure 2A) and ala-d decreased down to 0.65-fold relative to controls (R2= 0.93, GLM,
p<0.05, Figure 2C). The toxicity of perovskite NPs was consistent with mortality and gene
expression as observed with the Pb ions treatments. The MALI and FALB perovskite NP
showed a positive concentration-mortality curve with 96-h LC50 for MALI and FALB NPs
estimated at 71 Pb mg/L (CI 95% = 10.4-162.7) and 94 Pb mg/L (CI 95% = 41.7-212.7) that
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is converted to 212 and 223 mg/L of MALI and FALB NPs. The perovskite NPs displayed a
similar pattern to Pb concentration-mortality response and MALI NPs did not differ to Pb
response (Figure 1), however, significantly less mortality was observed after exposure to
FALB NP when compared to MALI and Pb (logistic regression, pair-wise contrast
statements, p<0.001). No mortality was recorded when larvae were exposed to MALB, FALI
or MAFA NPs up to 200 mg/L concentration which contain 86.5, 65.46 and 62.32 mg/L Pb
ions, respectively. When zebrafish larvae were exposed to MALI, MALB and FALB NP sub-

ro
of

lethal concentrations for 24 h, in parallel with Pb ions, mt2 expression was positively induced
with increasing concentration and no differences were observed among NPs or between NPs

-p

and Pb (GLM, pair-wise contrast statements, p > 0.1, Figure 2B, Table S3). The ala-d

re

expression after a 24-h Pb or perovskite NPs exposure to zebrafish larvae showed inhibition
with increasing concentration and no significant differences were found among perovskite

lP

NPs or between NPs and Pb, however, high variation in expression was observed (Figure

3.3 Dietary exposure

na

2D).

ur

Hepatic mt2 expression was induced and hepatic ala-d was inhibited after dietary

Jo

exposure of adult zebrafish to both Pb and perovskite NP-spiked feeds. Both mt2 and ala-d
expression differed significantly between male and female fish (Figure S3, ANOVA, Tukey
HSD, p < 0.05), therefore the data are presented in separated graphs. Female hepatic mt2
levels exhibited increase at 2-d endpoint and decrease at 4-d and 14-d endpoints when treated
to both perovskite NP and Pb-spiked food (Figure 3). In particular, the FALB-spiked diet led
to an induction of mt2 in female liver after 2-d exposure and a significant reduction of mt2
expression after 4 and 14 days of exposure, while MALB and Pb-spiked diets led to increased
mt2 expression with high variation between samples. Lead nitrate-spiked diet led to a nonsignificant 8-fold induction of mt2 in female liver at 2 d after the start of exposure (highest
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induction observed in the present study), while down-regulation was observed at 4 d and 14 d
of 0.4 and 0.38-fold, respectively (Figure 3A). No differences were observed in the male liver
mt2 levels, however, the Pb, MALI and FALB treatments increased mt2 at 2-d exposure
period and expression was reduced after a 4-d exposure (Figure 3C). No significant
differences were observed in hepatic ala-d expression after dietary exposure across
treatments, however, Pb treatments and all perovskite NPs for females and MALI and MALB
for males showed inhibition of ala-d expression at the 4-d exposure period (Figures 3B and

ro
of

3D) and at the end of the dietary exposure (14 d), the female ala-d expression increased
(ANOVA TukeyHSD p=0.05, Figure 3B). Differences were observed between mt2 and ala-d

-p

biomarker expressions between female and male zebrafish at 2-d timepoint (Figure S2, two-

re

way ANOVA, for mt2, p=0.03 and for ala-d, p=0.04) therefore the liver mt2 and ala-d
biomarker levels for females and males are displayed separately (Figure 3).

lP

The tRFLP analysis identified 15 different OTUs of zebrafish gut microbiome whose

na

distribution were influenced by the treatment. Zebrafish fed with Pb-spiked food displayed
significant changes in the gut microbiome community compared to control-fed fish

ur

(PERMANOVA, Primer-E, p  0.05) while MALI-fed fish gut microbiome differed

Jo

compared to Pb-fed fish (Table 3, PERMANOVA, Primer-E p = 0.06) and showed no
differences compared to control-fed fish. Fish fed with perovskite-treated feeds showed no
differences in the gut microbiome community compered to control-fed fish (Table 3). Nonmetric MDS analysis of tRFLP data of different diet types is shown in Figure 4. Results from
this analysis revealed multivariate patterns among observations, and specifically, a strong
distinction between Pb and control treatments was observed along the secondary axis, while
the perovskite NPs treatments were placed between the range set by control and Pb
treatments. The Shannon-Wiener Index, a measure of species diversity in bacterial
communities (Marrugan, 2004), was significantly reduced in the MALB treatment when
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compared to FALB or Pb treatments, while none of the spiked-fed fish microbiomes differed
significantly compared to control treatment (Figure 4).
To conduct the Illumina MiSeq DNA analysis in the gut microbiome samples, control, Pb
and FALB-fed fish were used. The above treatments were chosen since Pb-fed fish
microbiome was statistically different from the control fish, and the lowest p value (p=0.178)
was acquired by FALB among perovskite NP-fed fish gut microbiomes after PERMANOVA
analysis (Table 3). Additionally, FALB perovskite treatment according to Shannon-Wiener

ro
of

Index displayed the same pattern as Pb treatment and both differed from MALB perovskite
NP treatment. The MiSeq analysis identified 374 gut microbiome phyla and the gut bacterial

-p

phyla of control and Pb samples were grouped separately as shown after nMDS analysis in

re

Figure 5. The Pb-treated gut microbiota samples were grouped closer together compared to
control samples, however no treatment differed significantly when compared to control group

lP

(PERMANOVA, Primer-E 7; p = 0.189). The analysis of presence or absence of the

na

identified phyla (Figure 5) led to differentiation of control and Pb-treated groups in the y
axis, while perovskite FALB samples were placed between the ranges set by control and Pb

by

Proteobacteria

and

specifically

Alphaproteobacteria

and

Jo

dominated

ur

groups in x and y axes. All three heat-tree visualisations suggest gut microbiota communities

Gammaproteobacteria, but the heat-trees give information on the differences in abundance
between treatments and in particular, in the presence of Pb and perovskite NPs, the
Alphaproteobacteria increased and the Gammaproteobacteria decreased compared to control
(Figure 6). The colours represent the log fold difference of the phylotype’s median relative
abundance and both Pb and perovskite treatments showed a decrease (bright green colour) in
the order of Alteromonadales, specifically the Colwelliaceae family when compared to
control and an increase in the Pb and perovskite treatments (bright brown) was observed in
the following taxa: the orders of Flavobacteriia, Cyanobacteria, Oceanospirillales and
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Vibrionales. Differences were also observed between Pb and perovskite treatments and
specifically, increases in abundance of Pseudomonas, Halomonadaceae, Arcobacter and
Polaribacter were found only in Pb-treated fish gut microbiota while Alphaproteobacteria,
Rhodospirillales,

Loktanella,

Betaproteobacteria,

Pseudohongiella

Alteromonadaceae,

and

unclassified

Bacteroidetes,

Rhodospirillacea,

Cryomorphaceae

and

Planktomyceatacea were increased after perovskite treatment only.
The histological examination of zebrafish cross sections revealed no lesions associated

ro
of

with Pb or perovskite NPs exposure after 14-d dietary exposure. Specifically, no indication of
inflammation or lesions were observed in liver tissues, and no lesions were found in the

-p

intestinal mucosae when sections were compared to tissues of fish fed with control food

re

(Figures S4 and S5).

lP

4. Discussion

na

Lead from Pb-halide perovskite NPs was bioavailable after aqueous and dietary
exposure in zebrafish larvae and adults, respectively, indicating potential toxicity of

ur

perovskite NPs to aquatic organisms. For aqueous exposure, mortality of zebrafish larvae

Jo

displayed lack of significant differences between the MALI perovskite NPs and the Pb
concentration-response curves suggesting that the aqueous toxicity of perovskite particles can
be attributed to Pb bioavailability after suspension of perovskite NPs in the aqueous phase.
Lead [supplied as Pb(NO3)2] showed the highest mortality and perovskite NPs showing equal
mortality (MALI perovskite NPs) or less (FALB, MALB, MAFA and FALI NPs). Previous
studies have evaluated Pb toxicity in zebrafish embryos and a 95 % mortality has been
reported after 96-h exposure to 100 mg/L Pb ions (Peterson et al., 2011) and a 4-d LC50 of
382 mg/L for PbI2 in zebrafish embryos (Babayigit et al., 2016). Lead ion water solubility
and therefore Pb aqueous toxicity are strongly dependent on the ionic strength of the
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exposure medium (Alsop and Wood, 2011). Specifically, in soft water medium, 71 % of total
Pb was found in dissolved ionic form, while only 6.25 % of dissolved Pb ions were found in
hard water medium (33 mg/L of Pb ions nominal concentration). Peterson et al. (2011) also
reported a 1.1-fold induction of mt2 after 72-h exposure to 0.1 mg/L of Pb, while western
blotting revealed a 600 % induction of mt2 protein levels. In the present study, the levels of
mt2 gene were assessed after a 24-h exposure and a 21-fold induction was observed after 24h exposure of 10 mg/L Pb ions in 96-hpf larvae. The differences between the two studies can

ro
of

be attributed to the differences in concentration range, exposure period and developmental
stage of zebrafish, however, these findings suggest that mt2 is a relevant biomarker for Pb

-p

bioavailability in zebrafish. The loss of Pb ions in the water column can explain the high

re

LC50 values for zebrafish larvae and the variation in Pb toxicity among studies can be
attributed to differences in hardness of the water medium. From the above, we can conclude

lP

that Pb-halide perovskite NP aqueous toxicity can be attributed to Pb ion bioavailability.

na

Lead became bioavailable after Pb ions or Pb-halide perovskite NP dietary exposure to
adult zebrafish. Lead has been reported to accumulate in liver tissue after one-day exposure

ur

using sub-lethal injection in common carp (Vinodhini and Narayanan, 2008). In the present

Jo

study, high variation and gender-dependent mt2 and ala-d expression were observed after Pb
dietary exposure. The low dissolution of Pb out of the Pb or perovskite-spiked feeds (Table
2) excludes the possibility of aqueous exposure to Pb ions during the 14-d period.
Additionally, a Pb recovery of higher than 81% was revealed by ICP in the perovskite NPspiked food pellets indicates that perovskite NPs were effectively ingested by the fish (Table
2). Although all food was consumed, not all individuals consumed identical amount of food
per aquarium. Larger size zebrafish have been reported to behave in a gender-independent,
dominant way (Hamilton and Dill, 2002), therefore, the experimental design of the present
study and the dominant behaviour of larger individuals may explain the aforementioned high
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variation. In vivo gene expression studies that investigate toxicity by ingestion rather than
toxicity by intravenous injection have shown higher variation than in vitro studies and the
results observed in the present study lay within expected values (Gentes et al., 2015;
Gonzalez et al., 2005). The down-regulation observed after a longer-term exposure (i.e. 4-d
and 14-d) could be explained by raised mt2 protein levels that comply with the exposed fish
detoxification requirements as often the mRNA transcript abundances are not in correlation
with the protein abundances (Vogel and Marcotte, 2012). The restoration of hepatic ala-d

ro
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expression levels after 14 d of exposure in the present study is in agreement with the
restoration of normal ala-d protein values previously reported, specifically, in blood samples

-p

of Nile tilapia after a 9-d exposure to Pb (Dos Santos et al., 2016). The present study is the

re

first to report Pb bioavailability after dietary exposure to Pb-halide perovskite NPs.
Lead-spiked food, which was used as a positive control in the present study, led to

lP

changes in the zebrafish gut microbiome communities, while the perovskite-spiked feeds did

na

not change the structure of the zebrafish gut microbiome. Although the Shannon-Wiener
Index of tRFLP data (Figure 4) did not show significant changes between treatment and

ur

control-fed fish gut microbiome diversity, it was hypothesised that Pb-spiked feed would lead

Jo

to more potent changes in microbiome community and since FALB-spiked feeds led to
similar results, FALB and Pb samples were selected for MiSeq analysis. The changes of the
microbiome distribution were confirmed by tRFLP while MiSeq analyses of the 16S rRNA
gene sequences suggested a similar trend although not statistically significant changes. The
heat-trees suggest more subtle changes to the zebrafish gut microbiome after the perovskitespiked feed diet when compared to Pb treatment, however, FALB perovskite-spiked feed
affected a wider range of zebrafish gut microbiome. According to the hepatic biomarker data,
Pb became bioavailable after the dietary exposure to perovskite-spiked diet; however, the
effect on gut microbiota after perovskite treatment was lower than the effect observed after
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Pb treatment, therefore it is likely that perovskite NPs acted as vehicles and “transferred” Pb
to the lumen of the gut resulting to bioavailable Pb, without affecting the gut microbiota
abundance. In previous studies in our laboratory, metal NP (500 mg/kg Cu NPs) diets led to
higher biodiversity and significant changes in zebrafish microbiota distribution compared to
the metal ion controls (Cu ions) and both differed compared to control group (Merrifield et
al., 2013), although in the same study no differences in microbiota were observed after
exposure to Ag ions or Ag NPs.

ro
of

The differences on the effects among perovskite NPs and between perovskites and Pb
can be explained by the changes of the chemical structure of the organo-metal perovskite

-p

nano-cells that can reduce Pb dissolution. As seen in Table 2, the perovskite particles have

re

different molecular weights as well as Pb content. Different solubility of Pb-halide perovskite
particles has been observed in different media and higher Pb release has been observed by

lP

Pb-bromide compared to Pb-iodide perovskite particles in aqueous suspension (Wang et al.

na

2019). Different Ag dissolution rates can explain the differences in effects between Ag ions
that demonstrated the strongest effect (i.e. a 20-fold increase in differentially expressed

ur

genes) at the 24-h exposure and the Ag NPs that showed the highest effect in differential

Jo

expressed genes at 48-h exposure period in zebrafish embryos (van Aerle et al., 2013). Zhai
et al., (2017) attributed agglomeration of the perovskite NPs in culture media as the main
reason of the reduced toxicity that was observed in soil bacteria as agglomeration caused
reduction of the surface area and therefore lower Pb ion release. Perovskite NPs toxicity at
soil bacteria was higher after using the time weighted average concentrations compared to the
initial concentration of the exposure, indicating that the exposure is dynamic and the
physicochemistry of the particle is changing with time (Zhai et al., 2017). As many
environmental factors such as pH and temperature (Babayigit et al., 2016), or the presence of
other molecules such as humic acids (Wang et al., 2019) can affect perovskite
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physicochemistry and therefore Pb ion release, the complexity of the acidic environment of
the lumen of the gut are potential confounding factors.
The phylogenetic analysis of the gut microbiome can potentially suggest metal and in
particular, Pb tolerant bacteria present in the Pb-treated zebrafish. The present study
demonstrated a Pb ion-induced increase in the Pseudomonas abundance in the fish gut
compared to control treatment that was not observed in the perovskite-treated microbiota.
Lead-tolerant bacteria have been previously reported in contaminated water and soil and

ro
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specifically Pseudomonas strains have been reported as an effective bio-sorbent for Pb ions
(Li et al., 2017). Additionally, common bacteria naturally occurring in fish gut such as Vibrio

-p

and the probiotics Shewanellaceae (Nayak, 2010) showed increased abundance in both

re

perovskite and Pb-treated zebrafish compared to the control treatments in the present study.
Other probiotic taxa have been observed to effectively de-toxify Pb-treated mice (Yi et al.,

lP

2017) and have been found to be Pb-resistant in Cyprinus carpio (Giri et al., 2017).

na

Additionally, when Nile tilapia were treated with supplementary Lactobacillus plantarum the
effects of waterborne Pb toxicity were effectively decreased (Zhai et al., 2017).

ur

Cetobacterium abundance that has been previously found to decrease after Cu NP-spiked

Jo

food (Merrifield et al., 2013) showed no changes in abundance after Pb or perovskite NPspiked food in the present study. Moreover, the heat-trees revealed a stronger decrease of
Gammaproteobacteria, Alteromonades, Colwelliaceae and Colwellia abundance in
perovskite-treated zebrafish gut compared to Pb treatment and the aforementioned decrease
in taxa, may explain the subtle increase in colonization of other bacterial species in the
perovskite treated fish compared to control. Therefore, the present study suggests that
perovskite toxicity is driven by Pb bioavailability but the low Pb dissolution from the
perovskite NP cell and perovskite NP exposure results support a potentially different toxicity
mechanism.
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In the present study, no morphological changes were observed in liver and gut tissue
after a 14-d exposure to either perovskite or Pb-spiked food. Physiological and morphological
changes that have been noticed after Pb-spiked dietary exposure were damages in trout
enterocytes (Crespo et al., 1986) and Pb accumulation in trout body muscle and intestinal
tissues (Alves and Wood, 2006; Mount et al., 1994) with no effects on survival or growth. A
low incidence of basophilic cytoplasm and nuclei pyknosis indicative of early stages of
cellular necrosis have been reported in neotropical fish Hoplias malabaricus liver tissue, after

ro
of

injection of 8 or 14 doses of inorganic Pb (4 μg per g of fish daily) (Rabitto et al., 2005). The
observed differences between Rabitto et al. (2005) and the lack of histological changes

-p

observed in the present study can be explained by the exposure methods that were employed

re

by each investigation. Specifically, the injection is considered more potent exposure
compared to dietary exposure, as during the latter the compound reaches the blood flow

lP

indirectly after absorption from the lumen of the gut (Boyle et al., 2013) indicating that

na

although during an injection exposure all external factors are eliminated, a dietary exposure is

Jo

5. Conclusion

ur

an environmentally relevant way of assessing toxicity of NPs.

Taken together, the results of this study indicate that toxicity of perovskite NPs is
attributed to bioavailable Pb after aqueous and dietary exposure. The mortality of zebrafish
larvae after perovskite NP exposure was equal or lower than Pb ions that served as
comparison. Increased Pb bioavailability after aqueous perovskite NP exposure was also
effectively identified by induction in expression of mt2 and inhibition of ala-d in zebrafish in
levels equal the biomarker expression after exposure to Pb ions. Lead became bioavailable
after a dietary exposure with perovskite-spiked feeds in adult zebrafish, however, the
perovskite-spiked food did not affect the gut microbiota distribution after 14-d exposure to
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the same degree as was observed in Pb-spiked food treatments. The presence of probiotic
species in Pb-treated microbiota suggests the potential role of probiotic in Pb de-toxification.
This is the first assessment of perovskite NP aqueous and dietary toxicity in vivo in zebrafish,
and although perovskite NPs are produced in smaller amounts compared to massively
produced TiO2 and ZnO NPs (Sun et al., 2014), the new promising applications of perovskite
NPs call for investigation of the health and environmental risks of the Pb-halide NPs. The
present study provides a basis for the risk assessment of Pb-halide perovskite NPs and strong

ro
of

evidence of indirect toxicity of Pb-halide perovskite NPs due to Pb bioavailability. The
findings of this study identify potential roots of exposure to Pb via perovskite NPs and

Jo

ur
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therefore urge the scientific community in the search of a non-toxic Pb alternative.
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Table 1: The perovskite NPs used for the present study, the chemical type and molecular weight of each particle, along with the percentage of
Pb that each NP contains, and the NP characterization conducted by Dynamic Light Scattering (DLS). The hydrodynamic diameter of the NPs is

f
o

presenting by the z-average (nm) and the surface-relative charge by the ζ-potential measurements (mV). Measurements were conducted in

o
r
p

triplicate [mean  standard error (SE), n = 3].
Name

Chemical type

e

Molecular weight Pb (%)
(g/mol)

MALI

CH3NH3PbI3

FALI

CHNHNH3PbI3

MALB

CH3NH3PbBr3

FALB

CH3NHNH3PbBr3

MAFA

CH3NH3CHNHNH3PbI3

l
a

ζ-potential
(mV)

33.42

889  208

2.9  0.71

632.978

32.73

1207  283

2.3  0.31

478.978

43.26

1192  145

9.0  0.71

491.976

42.12

1083  103

9.8  0.43

665.042

31.16

980  40

4.0  0.48

619.979

n
r
u

o
J

r
P

z-average (nm)

28

Journal Pre-proof

Table 2: Total Pb concentration measured by ICP-MS and ICP-OES in the water column
(Water column) of aqueous exposures to perovskite NPs (MALI, MALB, FALB) and
Pb(NO3)2 with nominal concentration of 60 mg/L; measurements of water of the aquaria
(Aquarium water) after 14 d dietary exposure to NP or Pb spiked food (Feed pellets); and
measurements of total Pb found in acid digested food pellets, mean ± SE, n = 5.

Aquarium water

Feed pellets

(mg / L)

(μg/L)

(μg/g)

MALI

0.212

<0.001

MALB

0.152

0.297

407 ± 5.5

FALB

0.223

0.314

485 ± 11.5

Pb(NO3)2

0.189

<0.001

287 ± 5

467 ± 15.6
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Water column
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Samples

29

Journal Pre-proof
Table 3: Pair-wise PERMANOVA analysis, after Square root transformation of MiSeq
microbiome abundance data and Bray-Curtis similarity resemblance, on data acquired after
tRFLP and MiSeq DNA analyses
t

P(perm)

Unique perms

Control, MALI

0.66

0.832

999

Control, LEAD

1.49

0.05 *

997

Control, MALB

1.13

0.264

999

Control, FALB

1.24

MALI, LEAD

1.46

MALI, MALB

1.04

999

0.064

999

0.4

999

0.1

999

0.96

0.477

998

LEAD, FALB

0.36

0.967

997

MALB, FALB

1.00

0.396

998

control, FALB

0.88

0.587

10

control, LEAD

1.24

0.189

10

FALB, LEAD

1.11

0.383

10

1.42

Jo
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LEAD, MALB
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0.178

MALI, FALB

MiSeq
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Groups

re

tRFLP

Analyses
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Figure 1: Mortality of zebrafish larvae with Pb2+ concentration after 96-h exposure (black

circles and curve) with 96-h LC50 at 68 mg/L (CI 95 %= 8.8 – 156.8). Plotted in the graph is
the mortality recorded after MALI (white diamonds) and FALB (black squares) perovskite
NPs transformed to Pb2+, according to molecular weight. The 96-h LC50 for MALI and FALB
NP were estimated at 71 Pb mg/L (CI 95% = 10.4-162.7) and 94 Pb mg/L (CI 95% = 41.7-

ro
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212.7). No differences were observed between MALI and Pb concentration-response curves
(p < 0.001) and significant less mortality was observed for zebrafish larvae exposed to FALB

-p

(p<0.001). No mortality was observed after exposure to MALB, MAFA or FALI perovskite

re

NPs up to 200 mg/L of NPs.

Figure 2: Fold change in expression of A) mt2 and C) ala-d relative to aqueous Pb

lP

concentration after 24-h exposure in zebrafish larvae (R2 = 0.91 and 0.92, respectively). B)

na

the mt2 relative fold induction (GLM, p<0.05) and (D) the ala-d relative fold downregulation
(GLM, p<0.05) after larval zebrafish were exposed for 24 h to aqueous perovskite NPs

ur

[MALI (diamonds), FALB (squares) and MALB (asterisks)] or Pb(NO3)2 (black circles).

Jo

Nominal concentrations are displayed on x axis. No differences were observed between
treatments. The curve models the mt2 induction or ala-d downregulation with increasing
concentration of Pb ions [as Pb(NO3)2] and with the Pb concentration (mg/L) the perovskite
NP contain, according to molecular weight. Pair-wise contrast statement p values are found in
Table S3 or Supporting Information.
Figure 3: Response of mt2 gene expression after dietary exposure to perovskite NMs or Pb
nitrate spiked food with concentration of 500 μg/g of Pb2+. The mt2 levels were assessed in
liver tissues after normalization to β actin. The graphs at the top present the results from
female zebrafish liver tissues and the graphs at the bottom from male tissue. Data are mean ±
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SE, n=3, ANOVA, TukeyHSD, p < 0.01
Figure 4: Shannon-Wiener (H’) Index is presented in the top of the figure and informs on
species richness and proportion within the zebrafish gut community using data collected from
tRFLP analysis of the gut microbiota. The microflora richness of fish fed with MALBcontaminated food was found significantly different from FALB-fed and LEAD-fed fish gut
microflora. Data represent mean ± SE, n=4, ANOVA, TukeyHSD, p < 0.05. At the bottom,
non-metric Multidimensional Scaling (nMDS) ordination displays microbiome communities

ro
of

of gut microbiota of fish fed control, MALI, MALB, FALB, or lead-spiked feeds.
Microbiomes were distinct between control and lead-spiked feeds along y axis, while

-p

microbiomes of perovskite-spiked feeds were placed between control and lead treatments.

re

Each point in the graph, represents one aquarium and pooled allele data obtained from the
fish sacrificed per aquarium. The data have undergone square root transformation and Bray-

lP

Curtis quantified the community similarity.

na

Figure 5: Shannon-Wiener (H) Index (top) informs on species richness and proportion within
the zebrafish gut community using data collected from illumina MiSeq analysis of the gut

ur

microbiota. The microflora richness of fish fed with FALB or lead-contaminated food was

Jo

found at similar levels with control diet-fed fish gut microflora. Data represent mean ± SE, n
= 3 (n = 2 for FALB treatment). At the bottom, non-metric Multidimensional Scaling
(nMDS) ordination displaying microbiome communities of gut microbiota of fish fed control
(blue), FALB (red) or lead-spiked feeds (green). Microbiomes were distinct between control
and lead-spiked feeds along y axis. Each point on the graph represents one aquarium and five
pooled fish gut microbiome DNA. The data have undergone square root transformation and
Bray-Curtis quantified the community similarity.
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Figure 6: The heat-tree produced by the MiSeq illumine analysis of gut microbiome of three
treatments (control, lead nitrate and nano-perovskite). Each node (i.e. circle) in the graph
represents a taxon and each line represents its membership in a taxon of a coarser taxonomic
rank. The size and colour of nodes indicate significant difference in median ratios of taxa
paired

treatment

groups.
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Highlights

Zebrafish larvae mortality after perovskite NP aqueous exposure was

ro
of



found similar or lower than Pb(NO3)2 exposure.

Mt2 and ala-d gene expression in zebrafish larvae after aqueous

-p



re

perovskite NPs exposure did not differ from total Pb concentration -



lP

response curves.

Induction of mt2 and reduction of ala-d expression levels in liver tissues



na

showed Pb bioavailability after exposure to perovskite-spiked feeds.
Changes in gut microbiota after exposure to Pb-spiked food, but the

ur

perovskites did not cause significant changes according to tRFLP



Jo

analysis.

Phylogenetic analysis displayed different microbiome profiles of Pb-fed
fish compared to perovskite-fed fish indicating a potentially different
mechanism of toxicity.
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