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� Multispecies toxicity assays were
performed on Pb-based PSCs.

� Different dose–response was
observed depending on the species.

� V. fischeri is the most sensitive model
for detecting the toxicity of Pb-based
PSCs.

� The results provide clue for the
environmental risk assessment of Pb-
based PSCs.
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Organic–inorganic perovskite solar cells (PSCs) are promising candidates as photovoltaic cells. Recently,
they have attracted significant attention due to certified power conversion efficiencies exceeding 23%,
low–cost engineering, and superior electrical/optical characteristics. These PSCs extensively utilize a per-
ovskite–structured composite with a hybrid of Pb-based nanomaterials. Operation of themmay cause the
release of Pb-based nanoparticles. However, limited information is available regarding the potential tox-
icity of Pb-based PSCs on various organisms. This study conducted a battery of in vitro and in vivo toxicity
bioassays for three quintessential Pb-based PSCs (CH3NH3PbI3, NHCHNH3PbBr3, and CH3NH3PbBr3) using
progressively more complex forms of life. For all species tested, the three different perovskites had com-
parable toxicities. The viability of Caco–2/TC7 cells was lower than that of A549 cells in response to Pb-
based PSC exposure. Concentration–dependent toxicity was observed for the bioluminescent bacterium
Vibrio fischeri, for soil bacterial communities, and for the nematode Caenorhabditis elegans. Neither of
the tested Pb-based PSCs particles had apparent toxicity to Pseudomonas putida. Among all tested organ-
isms, V. fischeri showed the highest sensitivity with EC50 values (30 min of exposure) ranging from 1.45 to
2.91 mg L-1. Therefore, this study recommends that V. fischeri should be preferably utilized to assess.
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PSC toxicity due to its increased sensitivity, low costs, and relatively high throughput in a 96–well for-
mat, compared with the other tested organisms. These results highlight that the developed assay can
easily predict the toxic potency of PSCs. Consequently, this approach has the potential to promote the
implementation of the 3Rs (Replacement, Reduction, and Refinement) principle in toxicology and
decrease the dependence on animal testing when determining the safety of novel PSCs.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction 2017; Zhou et al., 2019). However, several Pb–free perovskites are
The ever–increasing global energy demand has accelerated the
consumption of fossil fuel. Within the framework of the Paris
agreement on climate change (Oztig, 2017), a quest for the reduc-
tion of fossil fuel consumption has been initiated, directed toward
the utilization of green and renewable energy resources (Billen
et al., 2019; Hauck et al., 2017; Maniarasu et al., 2018). Photo-
voltaic (PV) technology has generated considerable interest toward
the quest for alternative green energy sources as it has the poten-
tial to relieve the reliance on fossil fuel and reduce the associated
greenhouse gas emissions (Alaaeddin et al., 2019; Celik et al.,
2018). One of the most promising alternatives is the use of solar
cells with embedded perovskite structures. This application
attracts growing interest because of their low–cost fabrication
and superior photophysical properties (Billen et al., 2019; Jeon
et al., 2018; Kayesh et al., 2018; Maniarasu et al., 2018; Zhou
et al., 2019). These perovskite solar cells (PSCs) contain an
organic–inorganic halide with an ABX3 structure (Fig. S1A), where
A represents an organic cation of methylammonium, formami-
dinium, and/or Cs+, B represents a divalent metal such as Pb2+,
Sn2+, or Ge2+, and X represents a halogen such as Cl�, Br�, and/or
I� (Frost et al., 2014; Klug et al., 2017). Among them, Pb-based PSCs
(APbX3) have been shown to achieve power conversion efficiencies
(PCEs) from an initial value of 3.8% to a certified value of 23.3%
(Fig. S1B) (Billen et al., 2019; Jeon et al., 2018; Kayesh et al.,
2018). However, their large–scale application requires that the
solar cell design accounts for a reduction of potentially adverse
environmental and human health effects, while sustainability
requirements also need to be met. Therefore, it is essential to
obtain a profound quantitative understanding of the fate and tox-
icity of Pb-based core materials of PSCs that are likely to exert
adverse environmental effects.

With respecting to sustainability, several researchers have
made seminal attempts to comprehend the potential environmen-
tal impacts of Pb-based PSCs focusing on their fabrication, use, and
disposal. Recent studies combined with life cycle assessment sta-
ted that the environmental benefits of averting fossil fuel or grid
electricity surpassed the environmental burden caused by the
use of Pb-based PSCs, considering the emissions of potentially toxic
substances (Billen et al., 2019; Celik et al., 2018; Hauck et al.,
2017). Moreover, it has been demonstrated that potentially all
Pb2+ from Pb-based PSCs might leak in response to rainfall once
PSCs become permeable because of damage (Hailegnaw et al.,
2015). However, when considering the amount of energy gener-
ated, the Pb emissions from Pb-based PSCs (as derived from rinsing
during use) are still considerably lower than Pb emissions of a coal
power plant (Hauck et al., 2017).

The toxicity of Pb2+ may be the key obstacle that restricts the
broad commercial application of Pb-based PSCs (Maniarasu et al.,
2018; Zhou et al., 2019). At their end–of–life stage, Pb-based PSCs
are open structures, which easily dissociate and released Pb2+ into
the environment in the presence of polar solvents such as water
(Hailegnaw et al., 2015). Pb2+ is a very toxic contaminant. Efforts
such as the homovalent substitution of Pb2+ with environmentally
friendly cations (Sn2+, Cu2+, Ge2+) have been devoted to improving
the environmental safety of PSCs (Chen et al., 2019; Klug et al.,
still toxic, e.g., Sn–based PSCs have a higher or similar toxicity to
zebrafish embryos than Pb-based PSCs because of their strong
acidification (Babayigit et al., 2016; Bae et al., 2019). In addition,
completely substituting Pb2+ with the above–mentioned candi-
dates still poses an enormous challenge because of the limited
of PCEs of alternatives and/or their poor suitability for PV
applications as a result of high instability of their divalent state
by fast oxidation kinetics (Kayesh et al., 2018; Tavakoli et al.,
2018).

Proper understanding of the toxicity of Pb-based PSCs is essen-
tial since these PSCs are used for large–scale commercialization
and help to shape the future PV cell development toward ’green/
safe(r)–by–design’ ambitions. To collect toxicity data, modelling
or toxicity tests are preferably performed following a 3Rs (Replace-
ment, Reduction, and Refinement) strategy, which advocates the
reduction or replacement of vertebrates (Campana and
Wlodkowic, 2018; Hristozov et al., 2016). Considering the current
international trend of adhering to 3Rs principles, convenient, rapid,
and cost–effective in vitro toxicity assays derived from non–verte-
brate models and cell lines are often required. These maintain a
high degree of scientific reliability and provide reasonable feed-
back on their efficiencies (Barrick et al., 2019). Recently data were
published on the impacts of CH3NH3PbI3 on various cellular models
such as murine primary hippocampal neurons, human dopaminer-
gic neuroblastoma cells, and human lung adenocarcinoma epithe-
lial cells (Benmessaoud et al., 2016). Other studies reported the
in vivo toxicity data of various PSCs for Daphnia magna and zebra-
fish (Babayigit et al., 2016; Zhou et al., 2018). Those groundbreak-
ing efforts extended our horizons toward recognizing the potential
risks of Pb2+ leakage from Pb-based PSCs into non–vertebrate
organisms and the human body. However, little systematic infor-
mation is available on the comprehensive environmental toxicity
of Pb-based PSCs from the perspective of non–vertebrate organ-
isms to fulfill the principles of the 3Rs.

The present study, therefore, employed three representative Pb-
based PSCs with different A–site or X–site elements and evaluated
their dissolution and aggregation. The main aims of this study were
to (i) systematically generate toxicity data for Pb-based PSCs using
a suite of environmental models from single aquatic and soil bac-
terial species, to Caenorhabditis elegans as a representative inverte-
brate animal model living in the soil, and to progressively more
complex forms of life such as human cell lines; (ii) identify the
most sensitive bioassay. The presented results provide more infor-
mation on the ecological impacts of Pb-based PSCs, which is vital
for their large–scale fabrication and commercialization, and for
the future development of PV cells that are safe by design.

2. Materials and methods

2.1. Preparation and characterization of perovskites

The three Pb-based PSCs CH3NH3PbI3, NHCHNH3PbBr3, and
CH3NH3PbBr3 were obtained from the Ecole Polytechnique Fed-
erale de Lausanne (Lausanne, Switzerland). Their stock suspensions
(10 g L-1) were prepared by adding perovskite powders to sterilized
deionized water, which was followed by 16 min of ultrasonication
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(400 W) to break the developed aggregates and enhance their sta-
bility prior to the experiments. The suspensions were prepared by
applying the Standard Operation Procedure (SOP) developed under
the generic NANOGENOTOX dispersion protocol (Jensen et al.,
2011). All suspensions were freshly prepared immediately before
the experiments.

The morphology of these Pb-based PSCs was observed by scan-
ning electron microscopy (SEM, Vega3, Tescan Co. Ltd., Brno, Czech
Republic). The size distribution and zeta potential of Pb-based PSCs
mixed with natural organic matter (NOM, 0.5 and 5.0 mg L-1) and
Ca2+ (5 and 10 mmol L-1) were measured by dynamic light scatter-
ing (DLS) spectroscopy in a Zetasizer Nano ZS instrument (Malvern
Instruments, Malvern, UK). Details were available in Section S1 of
the SI.

2.2. Solubility experiments

The release of soluble Pb2+ from Pb-based PSCs was quantified
in different exposure media at a concentration of 100 mg L-1. The
following exposure media were used: deionized water, deionized
water supplemented with Suwannee River humic acid (SRHA), a
soil extract, nematode growth medium (NGM), high–hardness
combo media (HHCM), and a conditioned high–hardness combo
medium (CHHCM). Table S1 provides the composition of the expo-
sure media. The exposure media were shaken for 24 h after addi-
tion of the Pb-based PSCs. Then, the suspensions were
centrifuged for 30 min at 4 �C and filtered through a 0.02 mm
syringe filter (Anotop10, Whatman, USA). Part of the filtrate was
surveyed by SEM to detect remaining particles; however, no such
particles were found, suggesting that the filtration was effective.
Subsequently, the filtrates were acidified with HNO3 and diluted
to a detectable concentration. Pb2+ in the supernatant was
analyzed by inductively coupled plasma optical emission spec-
trometry (ICP–OES, Optima 5300 DV, PerkinElmer, Waltham, MA,
USA).

2.3. Toxicity tests

Several bioassays were conducted to estimate the toxicity of Pb-
based PSCs and to identify the sensitivity of different organisms to
them in the environment. Toxicity tests were conducted using six
species, including a marine photobacterium (Vibrio fischeri), a soil
microorganism (Pseudomonas putida), natural microbes extracted
from soil, a nematode Caenorhabditis elegans, and human cell mod-
els (human lung adenocarcinoma cell line, A549 and human colo-
nic epithelial CaCo–2 subclone TC7 cells, Caco–2/TC7). Respecting
species–specific features and sensitivity, different exposure con-
centrations were used, based on previously performed pilot tests.
The reason for preparing different tested concentrations of Pb-
based PSCs is based on the released amount of Pb2+ from PSCs
and the different toxicity of Pb2+ to various organisms. Toxicity test
procedures were performed following ISO protocols (ISO, 1999,
2007, 2010) and previously published studies (Baderna et al.,
2014; Esquivel-Gaon et al., 2018; Zhai et al., 2017).

2.3.1. Vibrio fischeri bioluminescence inhibition assay
The toxicity test for the photobacterium V. fischeri (strain NRRL–

B–11177, DSMZ, Germany) was performed using the Microtox�

Synergy 2 analyser (Biotek Instruments, Inc, Winooski, VT, USA)
following the ISO 11348–3 guidelines in a 96–well plate format
(ISO, 2007). Dehydrated V. fischeri (a seawater Gram–negative
model bacterium) were activated by a reconstitution solution
(ultrapure water) immediately before the test. Both control and
samples were adjusted to an osmotic pressure of approximately
2% salinity with an osmotic adjustment solution containing 22%
NaCl. After preliminary tests, nine concentrations of each
Pb-based PSCs (ranging from 0 to 66.7 mg L-1) were prepared
and sonicated. After 30 min of incubation with the Pb-based PSCs
under constant temperature (15 �C) in microplates, the bacterial
luminescence intensities were recorded with an excitation source
at 490 nm wavelength. For each treatment and control, three bio-
logical replicates were conducted. The inhibitory effects were eval-
uated by taking the ratio of the decrease in bacterial light
production to the remaining light.

2.3.2. Pseudomonas putida toxicity assay
The toxicity of Pb-based PSCs for P. putida was assessed with a

modified version of ISO 9408 (ISO, 1999) and previously described
protocols in Esquivel-Gaon et al., (2018) for the evaluation of the
hazard of nanomaterials. The pre–culture method of bacteria was
demonstrated in the Section S2 of the SI. Bacterial growth upon
exposure to Pb-based PSCs suspensions (0–100 mg L-1) was
induced at 27 �C for 24 h in a 96–well plate. Samples of P. putida
cells in bacterial culture without PSCs suspension and with Pb
(NO3)2 (0–1000 mg L-1) were run as a negative control and refer-
ence control, respectively. The growth rate was measured based
on the optical density of samples at 600 nm (OD600), measured
every 2 h over a total of 6 h by a Synergy HTX plate reader (Biotek
Instruments, Inc, Winooski, VT, USA). The bacterial growth rate
was defined by linear regression of absorbance unit (AU) of the
sample versus exposure time (h). The cell viability of P. putida cul-
tures that were exposed to Pb-based PSCs (0–500 mg L-1) was
detected using the LIVE/DEAD BacLight viability kit (L7012, Molec-
ular Probes, Inc., Eugene, OR) following the protocol developed by
Jalvo et al. (2017). Briefly, each sample (1 mL) was transferred to a
96–well plate and incubated at 27 �C for 6 h and 24 h. Subse-
quently, bacteria (100 mL) were moved to another plate, staining
fluid (100 mL) was added, and the samples were incubated in dark
for 15 min. After this incubation, the proportion of live (excitation/
emission, 485/528 nm) and dead cells (excitation/emission,
485/645 nm) was determined using the Synergy HTX plate reader.
For positive ion control, the same concentration of Pb(NO3)2 was
tested. All growth rate and cell viability experiments were con-
ducted in triplicates. Additionally, the respiration activity of nitri-
fying microorganisms in the activated sludge was monitored over
24 h at 27 �C when exposed to all three types of Pb-based PSCs sus-
pensions. Pb2+ at the same concentrations that were determined
for each PSC material (as presented in Fig. S2) acted as positive ref-
erence control. The detailed procedures were listed in SI under Sec-
tion S3. The oxygen consumption rate (mg O2 L-1h�1) and
cumulative oxygen consumption (mg O2 L-1) were continuously
monitored using a twelve–channel Micro–Oxymax� respirometer
(Columbus Instruments, Columbus, USA). Respiratory experiments
were carried out in duplicate.

2.3.3. Assay of soil bacterial community extracts
The ability of soil microbial communities to utilize numerous

carbon sources after Pb-based PSC exposure was determined with
a community–level substrate utilization test via direct incubation
of soil extracts in a Biolog EcoPlate (Biolog Inc., Hayward, USA) con-
taining 31 different carbon sources (Table S2). Fresh soil samples
and soil suspensions were prepared as previously described (Zhai
et al., 2017). Diluted soil extracts (100 lL) containing Pb-based
PSCs (2.45–37.52 mg L-1) were added to the wells of a Biolog plate
until a final volume of 150 lL was reached and the mixture was
incubated in dark at 25 �C for 96 h under sterile conditions. The
optical density (at a wavelength of 590 nm) of each well was mea-
sured every 24 h using an ELx808 ELISA microplate reader (BioTek
Instruments, Inc., Winooski, VT, USA) to ensure saturation of the
utilized substrates. The average well color development (AWCD)
of each microplate was calculated as previously described (Zhai
et al., 2017) to assess the microbial activity. This technique identi-
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fies microbial communities and identifies, which substrates are
exploited the most by these communities (Pino-Otín et al., 2019).
This technique was recently developed to be suitable to analyze
the effects of toxicants (Deary et al., 2018). The influence of PbCl2
(1.49–24.39 mg L-1) was assayed as a positive reference to evaluate
the toxicity of Pb2+. The negative control treatment comprised a
soil extract that was dosed with buffer instead of Pb-based PSCs.
For each group, triplicate microcosms were assessed per Ecoplate.
2.3.4. Caenorhabditis elegans assay
The toxicity of Pb-based PSCs for C. elegans was measured

according to standard methods (Baderna et al., 2014; ISO, 2010).
The information regarding worm strains and culture was included
in SI, Section S4. In the bioassay, nematodes were synchronized at
the L3–L4 larval stages, were collected with M9 buffer, centrifuged,
and washed twice with 5 mmol L-1 phosphate buffered saline (pH
7.4), to eliminate bacteria. The nematodes (100 worms/100 lL)
were incubated with Pb-based PSCs (0–20 mg L-1) without Escher-
ichia coli OP50, to avoid any potential interference. Control nema-
todes (100 worms/100 lL) were incubated with water. After 2 h of
incubation on an orbital shaking plateau in dark at 20 �C, nema-
todes were spotted on one side of the nematode growth medium
agar plate in the absence of bacteria. On the other side of the plate,
E. coliwas spotted as food. The number of worms that moved to the
food after 24 h were identified as being alive. Four replicates were
conducted to evaluate the survival of soil nematodes.
2.3.5. Cytotoxicity measurements
A549 cells were purchased from the American Type Culture Col-

lection (Manassas, VA, USA), while the Caco–2/TC7 cells were a
generous gift from Dr. Monique Rousset (Institute National de la
Santé et de la Recherche Médicale, INSERM, France). The cell cul-
ture procedures were presented in SI, Section S5. For the toxicity
assay, cells were first incubated for 24 h at 37 �C in 96–well plates,
at 1.2 � 105 cells mL�1, in 150 lL of Dulbecco’s Modified Eagle
Medium (Georgantzopoulou et al., 2016; Klein et al., 2017;
Esquivel-Gaon et al., 2018). Subsequently, cells were treated with
different concentrations of Pb-based PSCs (0–100 mg L-1) and incu-
bated for at least 24 h in a CO2–incubator. Three pre–incubated
modes were tested, including the addition of Human serum (HS),
Bovine serum (BS), and no serum (NS) addtion. Thereafter, the
media in each well was discarded and MTT solution (3–(4,5–dime
thylthiazol–2–yl)–5–(3–carboxymethoxy–phenyl)–2–(4–sulfophe
nyl)–2H–tetrazolium, Promega) was added to each well. The cell
viability was measured using a Synergy 2 plate reader at 490 nm
after 1 h in an incubator at 37 �C in dark. At least three indepen-
dent experiments were performed with a minimum of three repli-
cates of each Pb-based PSCs concentration in each plate.
2.4. Statistical analyses

Data from all experiments were analyzed by one–way analysis
of variance (ANOVA), which was followed by a Tukey’s multiple
comparison test using SPSS software (version 24.0; SPSS, Inc., Chi-
cago, IL, USA) and the results were expressed as means with stan-
dard deviations. Throughout, a significance level of P < 0.05 was
applied. The toxicity of Pb-based PSCs on the different tested spe-
cies was reported as EC50 values (50% effective concentration) with
95% confidence intervals. Monophasic concentration–response
curves for endpoints of organisms were fitted with GraphPad Prism
8.0 (GraphPad Software, San Diego, CA, USA) by non–linear regres-
sion analysis using a four–parameter Hill model. All figures were
plotted using OriginPro 9.0 (OriginLab Corporation, Northampton,
MA, USA).
3. Results

3.1. Characterization of Pb-based perovskite solar cells

The Pb-based PSCs CH3NH3PbI3, NHCHNH3PbBr3, and CH3NH3-
PbBr3 had cuboidal and hexagonal morphologies with smooth sur-
faces (Fig. 1). Although the size of CH3NH3PbI3 reached the micron
range at ~50 mm, this was not the case for NHCHNH3PbBr3 and CH3-
NH3PbBr3 and the aggregates of the latter two can be clearly
observed in Fig. 1B and C via agglomerates with irregular shapes.
The hydrodynamic diameters and zeta–potentials (Table S3) of
Pb-based PSCs suspensions mixed with different types of NOM
and Ca2+ were measured by DLS. A change in the size of Pb-
based PSCs aggregates was not noticeable upon addition of NOM
and Ca2+, except for the combination of 5 mg L-1 Suwannee river
fulvic acid and 0.005 mol L-1 Ca2+. The zeta potential values indi-
cated that the surface of the Pb-based PSCs particles is negatively
charged (�13.00–�2.50 mV for CH3NH3PbI3, �15.48–�4.28 mV
for CH3NH3PbBr3, and �14.35–�3.97 mV for NHCHNH3PbBr3,
respectively). No marked change was found in the zeta potential
among the three types of Pb-based PSCs.

A difference in the solubility of Pb-based PSCs particles was evi-
dent in different exposure medium (Fig. S3). All three Pb-based
PSCs (100 mg L-1) were slightly soluble (<12.0%) under the tested
conditions in deionized water, HHCM, and CHHCM culture media
after 24 h of incubation except for CH3NH3PbI3 in the CHHCM cul-
ture medium (22.6%). However, their solubility in the remaining
exposure media was relatively high since up to 33.5% of the Pb-
based PSCs particles were dissolved after 24 h. The percentage of
Pb2+ release increased with increasing SRHA concentrations. Over-
all, there was a higher Pb2+ release of CH3NH3PbBr3 compared with
CH3NH3PbI3 and NHCHNH3PbBr3 in the tested media.
3.2. Toxicity evaluation of Pb-based perovskite solar cells on Vibrio
fischeri

The inhibitory effects of tested Pb-based PSCs on the biolumi-
nescence intensity of V. fischeri increased with increasing PSC con-
centrations, following a dose–response relationship. Although this
relationship was analogous, the bioluminescence inhibition of V.
fischeri increased remarkably with increasing CH3NH3PbI3 concen-
trations from 0.52 to 66.7 mg L-1 (Fig. 2A, P < 0.05), while
NHCHNH3PbBr3 concentrations ranged from 0.52 to 33.3 mg L-1

(Fig. 2B, P < 0.05) and CH3NH3PbBr3 concentrations from 0.52 to
16.7 mg L-1 (Fig. 2C, P < 0.05). The inhibition rates reached 99.31,
91.46, and 94.18% compared to the control treatment at maximum
tested concentration (66.7 mg L-1) for CH3NH3PbI3, NHCHNH3-
PbBr3, and CH3NH3PbBr3, respectively. Specifically, the correspond-
ing EC50 values (30 min) for V. fischeri were 2.18 (1.17–3.63), 1.45
(1.11–1.82), and 2.91 (2.25–3.72) mg L-1, respectively (Table 1).
This indicates lower toxicity of CH3NH3PbBr3 compared with the
other two PSCs, although the confidence intervals largely overlap.
3.3. Effect of Pb-based perovskite solar cell exposure on the growth
rate, cell viability, and respiration activity of Pseudomonas putida

Recently, perovskite particles were reported to possess antibac-
terial ability (Shah et al., 2018). Here, Pb-based PSCs were exposed
to a P. putida culture with the aim to determin their effects on bac-
terial growth (Fig. 3, 24 h of exposure) and cell viability (Figs. S4
and S5, 6 and 24 h of exposure, respectively). The obtained bacte-
rial growth rates were clearly restrained after exposure to Pb2+ at
concentrations above 200 mg L-1 (Fig. S6, P < 0.05). In contrast, a
promotional effect on the growth rate of P. putida was observed
after exposure to Pb-based PSCs at a concentration up to 100 mg



Fig. 1. SEM images of Pb-based PSCs (A, CH3NH3PbI3; B, NHCHNH3PbBr3; C, CH3NH3PbBr3) in sterilized deionized water (10 g L-1).
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CH3NH3PbI3 NHCHNH3PbBr3 CH3NH3 3PbBr

Fig. 2. Effects of Pb-based PSCs on the toxicity to V. fischeri. The same lowercase in the figure indicates that the results under different exposure concentrations of Pb-based
PSCs are not significantly different according to the Tukey’s test at P < 0.05. Error bars represent standard deviations.
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L-1 (Fig. 3). Similarly, the particles also did not affect bacterial cell
viability (Fig. S4). Concentration–response toxicity relationships
were not found for both growth rate and cell viability in the expo-
sure treatments. Thus, EC50 values could not be reliably established
for these endpoints.

Moreover, the effect of Pb-based PSCs exposure on the respira-
tion activity of P. putida was evaluated based on the quantification
of the O2 consumption rate and the accumulation of O2 production
(Fig. 4). Compared with the control treatment (Fig. 4D and H), the
O2 consumption rate and cumulative O2 production of bacteria
increased in response to Pb-based PSCs exposure, indicating that
therewasnodirect adverse impact on thebacteria. TheO2 consump-
tion rate reached a maximum value after 6–8 h of incubation, after
which, it strongly decreased and stabilized after 20 h. However, dif-
ferent decreasing amplitudes of the O2 consumption rate were
observed among the three Pb-based PSCs. The decrease was rapid
in the CH3NH3PbBr3 exposure group, implying that the toxicity of
CH3NH3PbBr3washigher than that of the other twoPSCs. The chang-
ing trend of the cumulative O2 production was similar to that of the
O2 consumption rate (Fig. 4E–H). The total accumulated amounts of
produced O2 in the presence of CH3NH3PbI3 (2330–2764 mg L-1),
NHCHNH3PbBr3 (2098–2524 mg L-1), and CH3NH3PbBr3 (2116–
2423 mg L-1) clearly exceeded that of the control (1860–2162 mg
L-1) during the 24 h incubation. The Pb-based PSCs may promote
the gas exchange across activated sludge, which increases themeta-
bolic activity of bacteria involved in the ammonia oxidation.
3.4. Responses of bacterial communities to soil extracts following Pb-
based perovskite solar cell exposure

Exposure of soil extracts to different concentrations of Pb-based
PSCs resulted in a trend, which was analogous to the trend
observed in case of exposure to Pb2+; however, a slightly
higher metabolic potential of bacterial communities (AWCD val-
ues) was found (Fig. 5). The metabolic potential decreased
with increasing Pb-based PSC concentrations, and a pronounced
effect was detected at concentrations exceeding 2.45 mg L-1. The
EC50 value derived from the Pb2+ curve was 5.47 (4.96–6.03) mg
L-1, which was significantly lower than that of any of the
Pb-based PSCs (Table 1). This implies that Pb2+ toxicity to soil
bacterial communities was higher than that of Pb-based PSCs. A
comparison of the EC50 values of the Pb-based PSCs types (Table 1)
confirmed that the CH3NH3PbBr3 was the most noxious of the
Pb-based PSCs to soil microbes with an EC50 value of 8.07
(6.65–9.85) mg L-1, followed by CH3NH3PbI3 with an EC50 value
of 9.27 (7.96–10.76) mg L-1, and NHCHNH3PbBr3 with an EC50

value of 12.81 (10.64–15.34) mg L-1. The overlap of the confidence
intervals indicates marginal differences in toxicity cross the tested
PSCs.
3.5. Toxic effects of Pb-based perovskite solar cells on Caenorhabditis
elegans

Surprisingly, only negligible toxic effects were found at concen-
trations up to 10 mg L-1 in the acute assay (Fig. 6). The exception
was the group exposed to CH3NH3PbI3, for which the survival of C.
elegans (68.75%) was far lower than that of the control group
(Fig. 6A, P < 0.05). The survival of C. elegans decreased to 6.70,
13.93, and 22.11% at a concentration of 10 mg L-1 for CH3NH3PbI3,
NHCHNH3PbBr3, and CH3NH3PbBr3, respectively (P < 0.05).The cor-
responding EC50–values for the survival of C. elegans indicated that
CH3NH3PbI3 (11.73 (11.49–11.98)mg L-1) was consistently themost
toxic PSC, followed by NHCHNH3PbBr3 (15.01 (14.18–16.00)mg L-1)
and CH3NH3PbBr3 (15.38 (15.08–15.67) mg L-1) (Table 1). No effects



Table 1
Effect levels as estimated for different species exposed to Pb-based PSCs.

Pb-based PSC Test species Duration Effect Test procedure EC50 value (mg L-1)a

CH3NH3PbI3 A549 24 h Cell viability Esquivel-Gaon et al., (2018) >100
Caco–2/TC7 24 h Cell viability Esquivel-Gaon et al., (2018) 99.97–229.70 (84.06–

266.30)
V. fischeri 0.5 h Luminescence

inhibition
ISO 11348–3 protocol (ISO, 2007) 2.18 (1.17–3.63)

C. elegans 24 h Survival ISO 10,872 protocol (ISO, 2010) 11.73 (11.49–11.98)
P. putida 6 h and

24 h
Mortality ISO 10,712 protocol (ISO, 1995) NCc

Soil extracts 96 h Growth inhibition Zhai et al., (2017) 9.27(7.96–10.76)
Danio rerio (Babayigit et al., 2016) 4 dpfb Survival OECD test guidelines No. 236 (OECD,

2013)
106.03 g L-1d

SH–SY5Y(Benmessaoud et al., 2016) 72 h Cell mortality Benmessaoud et al., (2016) >100
Mice primary neurons (Benmessaoud
et al., 2016)

72 h Cell mortality Benmessaoud et al., (2016) >200

CH3NH3PbBr3 A549 24 h Cell viability Esquivel-Gaon et al., (2018) >100
Caco–2/TC7 24 h Cell viability Esquivel-Gaon et al., (2018) 66.48–114.60(57.38–

176.08)
V. fischeri 0.5 h Luminescence

inhibition
ISO 11348–3 protocol (ISO, 2007) 2.91 (2.25–3.72)

C. elegans 24 h Survival ISO 10,872 protocol (ISO, 2010) 15.38 (15.08–15.67)
P. putida 6 h and

24 h
Mortality ISO 10,712 protocol (ISO, 1995) NCc

Soil extracts 96 h Growth inhibition Zhai et al., (2017) 8.07 (6.65–9.85)
NHCHNH3PbBr3 A549 24 h Cell viability Esquivel-Gaon et al., (2018) >100

Caco–2/TC7 24 h Cell viability Esquivel-Gaon et al., (2018) 110.20–179.40 (56.27–
233.08)

V. fischeri 0.5 h Luminescence
inhibition

ISO 11348–3 protocol (ISO, 2007) 1.45 (1.11–1.82)

C. elegans 24 h Survival ISO 10,872 protocol (ISO, 2010) 15.01(14.18–16.00)
P. putida 6 h and

24 h
Mortality ISO 10,712 protocol (ISO, 1995) NCc

Soil extracts 96 h Growth inhibition Zhai et al., (2017) 12.81(10.64–15.34)

a EC50, 50% effective concentration; Values in parentheses are the 95% confidence intervals
b dfp, day post fertilization
c NC, not calculable because there was no relationship between the Pb-based PSCs concentrations in the exposure medium and the cell mortality of P. putida or growth rate
d Based on the nominal concentrations of PbI2.

Fig. 3. Growth rate of P. putida exposed for 24 h to the Pb-based PSCs. The bars
represent the median ± SD of three independent experiments, assayed in triplicate.
The same lowercase letters above at bar indicate that the results obtained under
different exposure concentrations of the same Pb-based PSCs are not significantly
different according to the Tukey’s test at P < 0.05.
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on the survival of C. elegans (100%) were observed in the control
group.

3.6. Cytotoxicity of Pb-based perovskite solar cells against human
cancer cell lines

The Pb-based PSCs showed slight cytotoxic activity against
A549 cells over the entire concentration range (Fig. 7A,
1–100 mg L-1). In contrast, Caco–2/TC7 cells were sensitive to
Pb-based PSCs and their viabilities decreased in a concentration–
dependent manner. Pb-based PSCs considerably impeded the
growth of Caco–2/TC7 cells, inhibiting 42.79–63.46% of cells com-
pared with the control (Fig. 7B, P < 0.05) at an exposure dose of
100 mg L-1. No obvious cytotoxicity changes were observed in
the pre–incubated modes. CH3NH3PbBr3 was the most toxic of
the tested PSCs as it induced a remarkable decline in cell viability,
especially at concentrations > 10 mg L-1 in both cell types. Informa-
tion on the Pb-based PSCs–mediated cytotoxicity is limited and
therefore, further experiment are indispensable to assess the toxi-
city mechanisms underlying the impacts of these promising PV
materials on cells.
4. Discussion

4.1. Environmental behavior of Pb-based perovskite solar cells

The toxicity of nanoparticles (NPs) strongly depends on their
physical–chemical characteristics, such as their chemical composi-
tion, size distribution, degree of agglomeration, surface coating,
and dissolution potential (Bondarenko et al., 2016; Moon et al.,
2019; Zhai et al., 2017). The size–dependent toxic effects of NPs
toward bacteria (Nguyen et al., 2018; Ševců et al., 2017; Zhai
et al., 2017), C. elegans (Moon et al., 2019), and A549 cells (Wang
et al., 2018) that have previously been reported, generally indi-
cated that particles of smaller sizes conveyed stronger toxicity.
Recent data also showed that cubic–shaped carbon nanomaterials
caused higher toxicity than tube–shaped graphitic nanomaterials
to D. magna (Bacchetta et al., 2018). In addition, in C. elegans,
rod–shaped titanium dioxide NPs induced stronger toxicity than
bipyramidal particles. This indicates that the shape can strongly
influence the toxicity of NPs (Iannarelli et al., 2016). Based on the



Fig. 4. Respiration activity of P. putida exposed to CH3NH3PbI3 (A and E), NHCHNH3PbBr3 (B and F), CH3NH3PbBr3 (C and G) Pb-based PSCs dispersions and Pb2+ (D and H) for
24 h. Left–side plots: O2 consumption rate, and right-side plots: cumulative O2 consumption. Each curve represents the media of three independent experiments, assayed in
duplicate.
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results of this study (Table 1), NHCHNH3PbBr3 and CH3NH3PbBr3–
triggered toxicities were generally higher than that of CH3NH3PbI3.
The toxicity of Pb-based PSCs may be caused (either mainly or
partly) by Pb2+ released from the Pb-based core materials of PSCs.
This was further corroborated by the Pb2+–release profiles since
the dissolution of CH3NH3PbBr3 and NHCHNH3PbBr3 in different
exposure media exceeded that of CH3NH3PbI3 (Fig. S3). Indeed,
numerous papers have previously identified the release of toxic
ions from metal–containing NPs as the central factor that con-
tributes to their ecotoxicity (Bondarenko et al., 2016; Ng et al.,
2019). In the case of metal oxide NPs (e.g. ZnO, CuO) (Dankers
et al., 2018; Wang et al., 2018), the formation of cations is the pre-
dominant determinant of toxicity because free ions are assumed to
enter and accumulate in organisms more easily than larger
particles. Although the toxic effects of metal ions dissolved in the
exposure medium to environmentally relevant organisms are



Fig. 5. Dose–response curves of AWCD of soil extracts exposed to different
concentrations of Pb-based PSCs and PbCl2 for 96 h. The bars represent the
median ± SD of three independent experiments, assayed in triplicate. The same
lowercase letters above at bar indicate that the results obtained under different
exposure concentrations of the same Pb-based PSCs are not significantly different
according to the Tukey’s test at P < 0.05.
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well–documented, metal–based NP toxicity may be further medi-
ated by the form of particle (Georgantzopoulou et al., 2016;
Nguyen et al., 2018).

4.2. Differences in toxicity sensitivity for Pb-based perovskite solar
cells across tested organisms

The toxicity of Pb-based PSCs was assessed in invertebrates,
mammalian cells, and bacteria across a wide range of concentra-
tions. All these bioassays shared the objective to find the sensitive
species for gaining insights into the potential environmental toxi-
city of Pb-based PSCs, a promising novel material in the field of PV
(Billen et al., 2019; Hauck et al., 2017; Maniarasu et al., 2018; Zhou
et al., 2019), both for the ecosystem as well as for humans.

Vibrio fischeri reacted the most sensitively to Pb-based PSCs, fol-
lowed by soil bacterial communities and C. elegans (Fig. 8 and
Table 1). This finding coincides with previously reported toxicity
studies (Abbas et al., 2018; Parvez et al., 2006; Pino-Otín et al.,
2019). An extensive review of the relevant literature indicated that
different environmental models varied in their susceptibility to
NPs. As example, Khan et al. (2012) proposed the following order
of toxicity sensitivity in the pyrene–contaminated soil: V. fischeri
luminescence inhibition (5 min) > V. fischeri luminescence inhibi-
tion (15 min) > Eisenia fetida mortality (14 and 28 days) > root
elongation of Brassica rapa (48 h). However, the order of sensitivity
for CH3NH3PbI3 followed: D. magna > Danio rerio > C. elegans > Chi-
ronomus riparius (Bae et al., 2019). Recently, increasing efforts have
been devoted to screening the most appropriate species with
regard to their toxicity sensitivity to NPs and/or contaminants
(Bondarenko et al., 2016; Fajardo et al., 2019; Hjorth et al.,
A 

CH3NH3PbI3 NHCHNH

Fig. 6. Effects of Pb-based PSCs on the toxicity to the soil nematode C. elegans. The
concentrations of Pb-based PSCs are not significantly different according to the Tukey’s
2017). The key finding was that V. fischeri was generally the most
sensitive marker for NP and/or contaminant toxicity, which
matched the finding of the present study. However, the turbidity
of NP suspensions may limit the light transmission through the
suspensions (Hjorth et al., 2017), which would influence the quan-
tification of bioluminescence of V. fischeri. A means to account for
this is to spike the suspension with V. fischeri, which emit a known
level of bioluminescence. In this way, the added bacteria can act as
an internal standard and the effect of quenching can be estimated
and corrected.

In the present study, bacterial communities extracted from soil
were sensitive to Pb-based PSCs with EC50 values ranging from
8.07 to 12.81 mg L-1 (Table 1) according to the Biolog EcoPlate
assay. This technique was also suggested as a sensitive tool with
which to assess the detrimental effects of NPs (nano–ZnO, –Ag,
–Cu, and –Pb) and heavy metals on the metabolic activity of soil
microorganisms (Liu et al., 2017; Zhai et al., 2016; Zhai et al.,
2017). In general, organisms with higher biomass are less sensitive
to toxicants. However, the largest species (C. elegans) exhibited the
lowest sensitivity to Pb-based PSCs among the tested organisms in
this work (Table 1). Caenorhabditis elegans is a free–living nema-
tode and a key organism that associates with decomposers and
predators in the soil ecosystem (Moon et al., 2019). The observed
toxic effects of Pb-based PSC exposure to C. eleganswere translated
into a prominent decrease of viability at 20 mg L-1 (Fig. 6). In con-
trast, exposing human epithelial cell lines to Pb-based PSCs did not
significantly reduce their viability. It has been reported before that
lanthanum strontium manganite NPs with perovskite structure
were non–toxic for airway epithelial cells (Tsai et al., 2019). In con-
trast to Ag, ZnO, and TiO2 NPs–induced toxic effects for P. putida
(Mallevre et al., 2014), the results of the present study indicated
that no concentration–dependent toxicity of growth rate and cell
viability was observed for P. putida (Figs. 3 and S4), which agreed
with the previous finding (Esquivel-Gaon et al., 2018).

Interestingly, CH3NH3PbBr3 was consistently identified as the
most toxic Pb-based PSC in all in vitro environmental models in
the current study (Table 1). This is consistent with previous
in vitro studies, all of which demonstrated comparatively higher
toxicity of perovskite–based crystal structures (Babayigit et al.,
2016; Benmessaoud et al., 2016; Tsai et al., 2019; Zhai et al.,
2017; Zhou et al., 2018). A recent study showed that CH3NH3PbI3
and its degradation products (PbI2 and PbO) induced pronounced
toxicity, and CH3NH3PbI3 was more toxic than its individual degra-
dation products (Bae et al., 2019). The present in vitro study
showed that the toxicities of CH3NH3PbI3 and NHCHNH3PbBr3
were comparable. The particle size distribution (Fig. 1) and the
release of Pb2+ from Pb-based PSCs through dissolution (Fig. S3)
are hypothesized to play a vital part in the toxic impacts of PSCs.
Zhai et al. (2017), Wang et al. (2018), and Moon et al. (2019) stated
B C 

3PbBr3
CH3NH3 3PbBr

same lowercase in the figure indicates that the results under different exposure
test at P < 0.05. Error bars represent standard deviations.



Fig. 7. Cytotoxic effects of Pb-based PSCs on A549 human alveolar epithelial cells (A) and Caco–2/TC7 human colonic epithelial cells (B). MALI, FALB, and MALB are the
CH3NH3PbI3, NHCHNH3PbBr3, and CH3NH3PbBr3 PSCs, respectively. The data represent the percentage cytotoxicity compared with control cells (exposed to cell culture
medium). NS, BS, and HS represent the Pb-based PSCs pre-incubated with no serum added, Bovine serum added, and Human serum added for 1 h at 37 �C, respectively.
Graphs represent the mean ± SD derived from at least three independent experiments, assayed in triplicate. The same lowercase above the bar within the same pre–incubated
group indicates that the results under different exposure concentrations of the same Pb-based PSCs are not significantly different according to the Tukey’s test at P < 0.05.

Fig. 8. Schematic diagram of Pb-based PSCs toxicity sensitivity to tested organisms based on the EC50 values. The toxicity data of Danio rerio, SH–SY5Y, and mice primary
neurons were derived from previous literature reports (Babayigit et al., 2016; Benmessaoud et al., 2016).
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that, in addition to the released ions, the size of NPs also affects the
observed toxicity. A previous study by Dankers et al. (2018)
showed that soluble metal oxides release deleterious cations,
which mediates toxicity. This indicates why CH3NH3PbBr3 was
the most sensitive Pb-based PSC to both Caco–2/TC7 cells and soil
bacterial communities in the present study, since it is likely that
CH3NH3PbBr3 showed higher solubility in different exposure media
(Fig. S3). Pb remains a public health concern globally, and even
low–level Pb exposure potentially leads to various cardiovascular
and developmental diseases (Hailegnaw et al., 2015; Kushwaha
et al., 2018). Pb2+ can enter cells through calcium channels, where
it can interact with DNA, thus altering replication, gene transcrip-
tion, and cell signaling (García-Lestón et al., 2010). Moreover, Pb
interferes with the balance of the antioxidant enzymatic system
by mediating reactive oxygen species (Ng et al., 2019). However,
not only Pb2+ is released in the environment upon Pb-based PSC
exposure in the environment but also iodide and methylamine
(Frost et al., 2014). Interestingly, methylamine has been identified
as highly soluble in a water–rich environment and is also known to
inhibit fetal development and embryo survival in mice (Guest and
Varma, 1991). Therefore, this study suggests that in the search for
composites in which Pb2+ is substituted by environmentally
friendly cations (Sn2+, Cu2+, Ge2+) (Klug et al., 2017; Maniarasu
et al., 2018; Zhou et al., 2019), alternatives for the anion should
also be considered to replace methylamine.

A multitude of mammalian and environmental models ranging
from bacterial (Abbas et al., 2018; Esquivel-Gaon et al., 2018;
Mallevre et al., 2014), algal (Bondarenko et al., 2016; Brown
et al., 2018; Nguyen et al., 2018), mammalian cells (Brown et al.,
2018; Dankers et al., 2018; Muckova et al., 2018), invertebrates,
e.g. shellfish, daphnia, nematode (Bacchetta et al., 2018; Barrick
et al., 2019; Moon et al., 2019; Ševců et al., 2017; Zhou et al.,
2018) and vertebrates, e.g. fish (Babayigit et al., 2016; Ng et al.,
2019) can be employed to examine the toxicity of NPs. However,
it is impracticable to employ all available models to determine
the safety of NPs due to intrinsic shortcomings such as their
cost–intensity and time–consumption. Additionally, considering
the 3Rs principle (Brown et al., 2018), an increased implementa-
tion of alternative models is highly desirable to replace animal
testing, as this will be more ethically responsible, cheaper, and
easier to perform when assessing the toxicity profile of nanomate-
rials (Campana and Wlodkowic, 2018; Hristozov et al., 2016). The
toxicity data of this work demonstrated V. fischeri as the most sen-
sitive organism to Pb-based PSC exposure, followed by soil bacte-
rial communities and C. elegans (Fig. 8 and Table 1). Accordingly,
priority use of these organisms is recommend since they may
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reduce or even replace the requirement for animal testing. More-
over, the underlying assays are rapid and cost–effective means
for the efficient screening of the toxicity of Pb-based PSCs as well
as NPs in the future.
4.3. Lsimitations of this study

During device fabrication, deployment, and disposal (Hailegnaw
et al., 2015), Pb-based PSCs will deposit in soils and waterways,
where they will induce the release of toxic Pb2+ into the surround-
ing environment (Babayigit et al., 2016; Zhai et al., 2017). PSCs
could therefore exert toxic effects on the entire terrestrial environ-
ment. However, the amount of toxicity data of Pb-based PSCs to
terrestrial species still remains limited both in previous reports
and in the present study. More work is therefore urgently required
to further explore the impacts of Pb-based PSCs on terrestrial spe-
cies such as plants. In addition, only two cell types (representing
the lung and colon) were tested due to budgetary constraints of
the present work. The toxic responses of other target sites such
as the gastrointestinal tract, liver, and kidney were not considered.
It is likely that dermal exposure or ingestion of Pb-based PSCs
occurs during their production, use, and disposal (Babayigit et al.,
2016; Benmessaoud et al., 2016). Previously published literature,
clearly indicates that cells from different tissues show large differ-
ences in their sensitivity to NPs (Boyes et al., 2017; Kermanizadeh
et al., 2016; Pietroiusti et al., 2018). Therefore, a wider array of cell
types, representing different target sites, is required to identify dif-
ferences in cell sensitivity to Pb-based PSC toxicit. This will be ben-
eficial for the development of a comprehensive toxicity assessment
strategy and for building a safe by design framework for Pb-based
PSCs.

When assessing Pb-based PSC safety, it is important to address
the specifics of the toxicity mechanism of photovoltaic perovskites,
as these materials clearly pose a potential threat to public health.
One of the predominant hallmarks of toxicity could be accompa-
nied by the mediated oxidative stress to cells, which could in turn
result in genotoxicity and cytotoxicity (Jalvo et al., 2017;
Kermanizadeh et al., 2016; Tsai et al., 2019; Wang et al., 2018). A
detailed understanding of the oxidant driven responses of Pb-
based PSCs in vitro is very important. Moreover, new techniques
such as transcriptomics, proteomics, and bioinformatics are cur-
rently emerging, which enable the analysis of responses at the
molecular signaling level (Georgantzopoulou et al., 2016; Gomes
et al., 2019; Khan et al., 2019). These future methods may be able
to provide new approaches to predict the mechanisms underlying
the toxicity of perovskite exposure.
5. Conclusions

The development of ecologically relevant risk assessment
approaches for Pb-based PSCs is impeded because of the scarcity
of toxicity data with regard to the effects of Pb-based PSCs on envi-
ronmental models. To the best of our knowledge, this is the first
comparative analysis of the toxicity of Pb-based PSCs for various
species, ranging from single aquatic and soil bacterial species and
up to more complex forms of life with the aim to assess their envi-
ronmentally related risk assessment. Overall, V. fischeri was the
most sensitive organism, followed by soil bacterial communities
and C. elegans. Considering the technical complexity, standardiza-
tion status, and sensitivity of the test, the V. fischeri test for the
assessment of Pb-based PSC toxicity provides the following key
merits: operational simplicity, cost–effectiveness, time–saving,
excellent reproducibility, as well as reduction/replacement of the
use of animal models without ethical concerns. The obtained
results stress the potential hazard of large–scale production and
application of Pb-based PSCs. The data presented here provides a
valuable reference for the safe design of next–generation PSCs by
considering alternative, less toxic, ions other than Pb2+ and methy-
lamine. Further research on the mechanisms underlying the toxic-
ity of Pb-based PSCs to relevant ecotoxicological models is
warranted to obtain a comprehensive picture of the adverse effects
of perovskites.
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