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Abstract: This editorial aims to summarize the 14 scientific papers contributed to the Special Issue
“Nanotoxicology and nanosafety 2.0 from the point of view of both toxicology and ecotoxicology”.

Recently, nanotechnology has been rapidly promoting the development of a new generation of
industrial and commercial products and areas such as catalysts, sensors, environmental remediation,
personal care products and cosmetics. In addition, nanomaterials also show great promise in the
field of medicine in application such as imaging and drug delivery. However, the hazardous impact
of nanoscale particles (NPs) on organisms have not been thoroughly clarified yet. In some cases,
nanomaterials present unexpected risks to both humans and the environment. Assessments of the
potential hazards associated with nanotechnology have been emerging, but substantial challenges
remain because the huge amount of different nanomaterials cannot be effectively evaluated in a timely
manner [1–3]. Although there exist numerous approaches to perform toxicity tests, common and
reasonable biomarkers for toxicity evaluations are still lacking and need more investigation [4,5].

From the toxicological point of view, in terms of cytotoxicity, genotoxicity, hepatotoxicity,
and embryo toxicity both in vitro or in vivo the toxic effects induced by metal or metal oxide NPs,
such as AgNPs and ZnONPs are quite similar [4]. NPs-induced oxidative stress was considered as
one of the initiators that can trigger disruption of mitochondrial membrane potential and induction of
apoptosis and/or autophagy. It has been reported that AgNPs can induce ROS generation and apoptotic
cell death in NCM460 and HCT116 human colon cells through regulation of p38, p53, Bax/Bcl-2
ratio and P21 [6]. Most in vitro studies have demonstrated the size- and surface coating-dependent
cellular uptake of AgNPs. In vivo bio-distribution studies of AgNPs indicated that AgNPs could be
accumulated in local as well as distant organs [7]. Intragastric exposure of mice to ZnONPs for 28 days
disrupted the seminiferous epithelium of the testis and decreased the sperm density in the epididymis.
Both apoptosis and autophagy can be induced in the testis tissues, meanwhile, up-regulation of the

Int. J. Mol. Sci. 2020, 21, 4209; doi:10.3390/ijms21124209 www.mdpi.com/journal/ijms1



Int. J. Mol. Sci. 2020, 21, 4209

cleaved Caspase-8/Caspase-3, Bax, LC3-II, Atg 5, and Beclin 1 were found too. In vitro tests showed
that ZnONPs could induce apoptosis and autophagy with the generation of oxidative stress in mouse
Leydig cells [8]. ZnONPs were internalized into cells in both particle and ion form and was transported
through intestinal barriers and absorbed in the small intestine primarily as Zn ions, whereas, a small
amount of ZnO was absorbed as particles [9].

Toxic effects of nickel oxide (NiO) and nickel hydroxide (Ni(OH)2) nanoparticles were analyzed in
human lung (A549) and hepatocellular carcinoma (HepG2) cell lines. The results indicated nickel NPs
were toxic to A549 cells but relatively nontoxic to HepG2 cells. Cytotoxicity was mediated by oxidative
stress-induced apoptosis and suppression of cell proliferation [10]. In addition, transition metal oxide
NPs including TiO2, Cr2O3, Mn2O3, Fe2O3, NiO, CuO, and ZnO were analyzed in the same A549
cell culture model and the authors found that all NPs aside from Cr2O3 and Fe2O3 showed a time-
and dose-dependent decrease in viability. The trend of cytotoxicity was in parallel with proliferative
inhibition, revealing a strong correlation among viability, proliferation and apoptosis [11].

NPs may enter human body via various routes such as ingestion, inhalation and skin contact.
After translocation with the help of the tblood and lymph systems, they are transported into other
organs and lead there to systemic effects [12]. When considering the skin contact route, understanding
the uptake mechanisms of ionic, elemental or metal NPs in combination with bioactive substances
are important for the assessment of related health impact. High aluminum (Al) intake could lead to
neurotoxicity and triggers concern about potential health risks such as Alzheimer’s disease. Al NPs in
cosmetic products raise the question about whether a possible interaction between Al and vitamin
A/D metabolism might exist. Thus, the uptake and distribution of Al oxide (Al2O3) and metallic AlO
NMs in the human keratinocyte cell line HaCaT were conducted. The results indicated that vitamin A
and D exposure of cells affects the intracellular uptake of Al NPs and its agglomeration behavior [13].
When considering the inhalation route, systemic toxicity in rats after a short duration inhalation of lead
oxide nanoparticles has been reported. Rats were exposed to lead oxide nanoparticle aerosols during
5 days for 4 h a day in a nose-only setup, demonstrating a lead oxide NPs retention in the lungs and
the olfactory brain. Several lead-specific toxicological outcomes were found in the exposed rats, those
included increase in reticulocytes proportion, δ-ALA urine excretion and the arterial hypertension’s
development [14].

From the ecotoxicological point of view, various NPs from industry might present possible risks
to aquatic systems. Besides the metal or metal oxide NPs, carbon NPs such as fullerene (C70) and
nanoplastics has drawn great attention. Nevertheless, the comprehensive biological and toxicological
effects of those NPs on the environment has still not been studied in detail, thus, it is important to analyze
the effects of NPs on ecological systems as well as human health. The zebrafish test is an appealing
in vivo model to assess the hazards of both conventional chemicals and NPs in ecotoxicology [15–17].
Identification of the targets and mechanisms for the deleterious effects of AgNPs in a zebrafish embryo
model has been conducted. Exposure of AgNPs led to lysosomal activity changes and higher number
of apoptotic cells distributed among the developmental organs of the zebrafish embryo. AgNPs of
larger size exhibited different behavior from the smaller size, in which the embryo chorion play a
pivotal role [15].

The toxicity of C70 NPs in lung and skin cells have been demonstrated, whereas, the potential
detrimental role in neurobehavior is largely unknown. Chronic effects of C70 NPs exposure for
two weeks on behavior and alterations in biochemical responses in adult zebrafish were performed.
The results indicated a decreased locomotion, exploration, social interaction, mirror biting, as well as
anxiety elevation and circadian rhythm locomotor activity impairment. Regarding the biochemical
assays, the activity of superoxide dismutase (SOD), reactive oxygen species (ROS) and cortisol in the
brain and/or muscle tissues increased significantly [17].

Currently, microplastics and nanoplastics are everywhere, contaminating our water, air, and food
chain [18]. The toxicity of microplastic exposure on humans and aquatic organisms has been
documented, but data on the toxicity and behavioral changes of nanoplastics in mammals are scarce.
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Polystyrene nanoplastics (PS-NPs) was applied to investigate the neurobehavioral alterations, tissue
distribution, accumulation and specific health risk of nanoplastics in adult zebrafish. The results
demonstrated that PS-NPs accumulated in the gonads, intestine, liver, and brain and induced
disturbance of lipid and energy metabolism as well as oxidative stress and tissue accumulation.
Chronic exposure of high dose PS-NPs induced behavior alterations in their locomotion activity,
aggressiveness, shoal formation, predator avoidance behavior and dysregulated circadian rhythm
locomotion activity [16]. Thus, both embryo and adult zebrafish toxicity assays are suitable for
investigating the metal and carbon-based NPs’ ecotoxicologial effects.

Alternative testing strategies are commonly used to assess the safety of chemicals, and many of these
strategies were evaluated for the testing of NPs. In vitro testing was proposed as the principal approach
with the support of in vivo assays to fill knowledge gaps, including tests conducted in non-mammalian
species such as drosophila and zebrafish [3]. Human cell-based systems are recommended as relevant
models to reduce uncertainty and to improve prediction of human toxicity. When compared with
the transformed or immortalized cell lines, primary cells have similar characteristics as the original
donor tissue, so more and more scientists are considering the use of primary cells in in vitro studies
to establish more biologically representative models [19]. Recently, stem cell-derived models are
under investigation as potential models for nanotoxicity assay. Stem cells can offer the opportunity
to model the reproducibility of rare phenotypes in vitro [20]. For example, neuronal toxicity of
Fe3O4 NPs has been demonstrated by using the in vitro differentiation of the human umbilical cord
lining-derived-mesenchymal stem cells (hCL-MSCs) into neuron-like cells (hNLCs) as an ideal primary
cell source of human origin [21]. The study demonstrated that hCL-MSCs can be easily differentiated
into neuronal-like cells and the hNCLs are susceptible to Fe3O4NPs, thus, human primary cultures of
neurons could be a new in vitro model for NPs evaluation [21].

A thorough understanding of the mechanisms by which NPs perturb biological systems is critical
for a more comprehensive elucidation of their nanotoxicity and will also facilitate the development of
prevention and intervention policies against adverse outcomes induced by NPs. The development
of a good strategy for NM hazard assessment not only promotes a more widespread adoption of
non-rodent or 3Rs principles but also makes nanotoxicology testing more ethical, relevant, and cost- and
time-efficient. We hope that the abovementioned articles can provide updated knowledge regarding
the nanotoxicology and nanosafety from the point of view of both toxicology and ecotoxicology.

Author Contributions: Writing, review and editing, Y.-J.W., B.-J.W., S.-Y.H. and Y.-H.W. All authors have read
and agreed to the published version of the manuscript.
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References

1. Lee, Y.H.; Cheng, F.Y.; Chiu, H.W.; Tsai, J.C.; Fang, C.Y.; Chen, C.W.; Wang, Y.J. Cytotoxicity, oxidative stress,
apoptosis and the autophagic effects of silver nanoparticles in mouse embryonic fibroblasts. Biomaterials
2014, 35, 4706–4715. [CrossRef] [PubMed]

2. Chiu, H.W.; Xia, T.; Lee, Y.H.; Chen, C.W.; Tsai, J.C.; Wang, Y.J. Cationic polystyrene nanospheres induce
autophagic cell death through the induction of endoplasmic reticulum stress. Nanoscale 2015, 7, 736–746.
[CrossRef] [PubMed]

3. Chen, R.J.; Chen, Y.Y.; Liao, M.Y.; Lee, Y.H.; Chen, Z.Y.; Yan, S.J.; Yeh, Y.L.; Yang, L.X.; Lee, Y.L.; Wu, Y.H.; et al.
The Current Understanding of Autophagy in Nanomaterial Toxicity and Its Implementation in Safety
Assessment-Related Alternative Testing Strategies. Int. J. Mol. Sci. 2020, 21, 2387. [CrossRef]

4. Mao, B.H.; Tsai, J.C.; Chen, C.W.; Yan, S.J.; Wang, Y.J. Mechanisms of silver nanoparticle-induced toxicity and
important role of autophagy. Nanotoxicology 2016, 10, 1021–1040. [CrossRef]

5. Jain, A.; Ranjan, S.; Dasgupta, N.; Ramalingam, C. Nanomaterials in food and agriculture: An overview on
their safety concerns and regulatory issues. Crit. Rev. Food Sci. Nutr. 2018, 58, 297–317. [CrossRef] [PubMed]

3



Int. J. Mol. Sci. 2020, 21, 4209

6. Jia, M.; Zhang, W.; He, T.; Shu, M.; Deng, J.; Wang, J.; Li, W.; Bai, J.; Lin, Q.; Luo, F.; et al. Evaluation of the
Genotoxic and Oxidative Damage Potential of Silver Nanoparticles in Human NCM460 and HCT116 Cells.
Int. J. Mol. Sci. 2020, 21, 1618. [CrossRef]

7. Ferdous, Z.; Nemmar, A. Health Impact of Silver Nanoparticles: A Review of the Biodistribution and Toxicity
Following Various Routes of Exposure. Int. J. Mol. Sci. 2020, 21, 2375. [CrossRef]

8. Shen, J.; Yang, D.; Zhou, X.; Wang, Y.; Tang, S.; Yin, H.; Wang, J.; Chen, R.; Chen, J. Role of Autophagy in Zinc
Oxide Nanoparticles-Induced Apoptosis of Mouse LEYDIG Cells. Int. J. Mol. Sci. 2019, 20, 4042. [CrossRef]

9. Jeon, Y.R.; Yu, J.; Choi, S.J. Fate Determination of ZnO in Commercial Foods and Human Intestinal Cells.
Int. J. Mol. Sci. 2020, 21, 433. [CrossRef]

10. Cambre, M.H.; Holl, N.J.; Wang, B.; Harper, L.; Lee, H.J.; Chusuei, C.C.; Hou, F.Y.S.; Williams, E.T.; Argo, J.D.;
Pandey, R.R.; et al. Cytotoxicity of NiO and Ni(OH)2 Nanoparticles Is Mediated by Oxidative Stress-Induced
Cell Death and Suppression of Cell Proliferation. Int. J. Mol. Sci. 2020, 21, 2355. [CrossRef]

11. Tolliver, L.M.; Holl, N.J.; Hou, F.Y.S.; Lee, H.J.; Cambre, M.H.; Huang, Y.W. Differential Cytotoxicity Induced
by Transition Metal Oxide Nanoparticles is a Function of Cell Killing and Suppression of Cell Proliferation.
Int. J. Mol. Sci. 2020, 21, 1731. [CrossRef] [PubMed]

12. Gnach, A.; Lipinski, T.; Bednarkiewicz, A.; Rybka, J.; Capobianco, J.A. Upconverting nanoparticles: Assessing
the toxicity. Chem. Soc. Rev. 2015, 44, 1561–1584. [CrossRef] [PubMed]

13. Kriegel, F.L.; Krause, B.C.; Reichardt, P.; Singh, A.V.; Tentschert, J.; Laux, P.; Jungnickel, H.; Luch, A.
The Vitamin A and D Exposure of Cells Affects the Intracellular Uptake of Aluminum Nanomaterials and
Its Agglomeration Behavior: A Chemo-Analytic Investigation. Int. J. Mol. Sci. 2020, 21, 1278. [CrossRef]
[PubMed]

14. Sutunkova, M.P.; Solovyeva, S.N.; Chernyshov, I.N.; Klinova, S.V.; Gurvich, V.B.; Shur, V.Y.; Shishkina, E.V.;
Zubarev, I.V.; Privalova, L.I.; Katsnelson, B.A. Manifestation of Systemic Toxicity in Rats after a Short-Time
Inhalation of Lead Oxide Nanoparticles. Int. J. Mol. Sci. 2020, 21, 690. [CrossRef] [PubMed]

15. Chen, Z.Y.; Li, N.J.; Cheng, F.Y.; Hsueh, J.F.; Huang, C.C.; Lu, F.I.; Fu, T.F.; Yan, S.J.; Lee, Y.H.; Wang, Y.J.
The Effect of the Chorion on Size-Dependent Acute Toxicity and Underlying Mechanisms of Amine-Modified
Silver Nanoparticles in Zebrafish Embryos. Int. J. Mol. Sci. 2020, 21, 2864. [CrossRef] [PubMed]

16. Sarasamma, S.; Audira, G.; Siregar, P.; Malhotra, N.; Lai, Y.H.; Liang, S.T.; Chen, J.R.; Chen, K.H.; Hsiao, C.D.
Nanoplastics Cause Neurobehavioral Impairments, Reproductive and Oxidative Damages, and Biomarker
Responses in Zebrafish: Throwing up Alarms of Wide Spread Health Risk of Exposure. Int. J. Mol. Sci. 2020,
21, 1410. [CrossRef]

17. Sarasamma, S.; Audira, G.; Samikannu, P.; Juniardi, S.; Siregar, P.; Hao, E.; Chen, J.R.; Hsiao, C.D. Behavioral
Impairments and Oxidative Stress in the Brain, Muscle, and Gill Caused by Chronic Exposure of C70
Nanoparticles on Adult Zebrafish. Int. J. Mol. Sci. 2019, 20, 5795. [CrossRef]

18. Wang, Y.L.; Lee, Y.H.; Chiu, I.J.; Lin, Y.F.; Chiu, H.W. Potent Impact of Plastic Nanomaterials and
Micromaterials on the Food Chain and Human Health. Int. J. Mol. Sci. 2020, 21, 1727. [CrossRef]

19. Joris, F.; Manshian, B.B.; Peynshaert, K.; De Smedt, S.C.; Braeckmans, K.; Soenen, S.J. Assessing nanoparticle
toxicity in cell-based assays: Influence of cell culture parameters and optimized models for bridging the
in vitro-in vivo gap. Chem. Soc. Rev. 2013, 42, 8339–8359. [CrossRef]

20. Lynch, S.; Pridgeon, C.S.; Duckworth, C.A.; Sharma, P.; Park, B.K.; Goldring, C.E.P. Stem cell models as an
in vitro model for predictive toxicology. Biochem. J. 2019, 476, 1149–1158. [CrossRef]

21. De Simone, U.; Spinillo, A.; Caloni, F.; Gribaldo, L.; Coccini, T. Neuron-Like Cells Generated from Human
Umbilical Cord Lining-Derived Mesenchymal Stem Cells as a New In Vitro Model for Neuronal Toxicity
Screening: Using Magnetite Nanoparticles as an Example. Int. J. Mol. Sci. 2020, 21, 271. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

4



 International Journal of 

Molecular Sciences

Review

The Current Understanding of Autophagy
in Nanomaterial Toxicity and Its Implementation
in Safety Assessment-Related Alternative
Testing Strategies

Rong-Jane Chen 1,†, Yu-Ying Chen 2, Mei-Yi Liao 3, Yu-Hsuan Lee 4, Zi-Yu Chen 2,

Shian-Jang Yan 5, Ya-Ling Yeh 2, Li-Xing Yang 6, Yen-Ling Lee 7,†, Yuan-Hua Wu 8,*

and Ying-Jan Wang 2,9,*

1 Department of Food Safety/Hygiene and Risk Management, College of Medicine, National Cheng Kung
University, Tainan 704, Taiwan; janekhc@gmail.com

2 Department of Environmental and Occupational Health, College of Medicine, National Cheng Kung
University, Tainan 704, Taiwan; 101312123@gms.tcu.edu.tw (Y.-Y.C.); q781001@gmail.com (Z.-Y.C.);
linn7627@hotmail.com (Y.-L.Y.)

3 Department of Applied Chemistry, National Pingtung University, Pingtung 900, Taiwan;
myliao@mail.nptu.edu.tw

4 Department of Cosmeceutics, China Medical University, Taichung 651, Taiwan; yhlee@mail.cmu.edu.tw
5 Department of Physiology, College of Medicine, National Cheng Kung University, Tainan 701, Taiwan;

johnyan@mail.ncku.edu.tw
6 Institute of Oral Medicine and Department of Stomatology, College of Medicine, National Cheng Kung

University Hospital, National Cheng Kung University, Tainan 701, Taiwan; fingerzoo@gmail.com
7 Department of Hematology/Oncology, Tainan Hospital of Health and Welfare, Tainan 700, Taiwan;

yenpig8291@gmail.com
8 Department of Radiation Oncology, National Cheng Kung University Hospital, College of Medicine,

National Cheng Kung University, Tainan 704, Taiwan
9 Department of Medical Research, China Medical University Hospital, China Medical University,

Taichung 404, Taiwan
* Correspondence: wuyh@mail.ncku.edu.tw (Y.-H.W.); yjwang@mail.ncku.edu.tw (Y.-J.W.);

Tel.: +886-6-235-3535 (ext. 2441) (Y.-H.W.); +886-6-235-3535 (ext. 5804) (Y.-J.W.); Fax: +886-6-235-9333 (Y.-H.W.);
+886-6-275-2484 (Y.-J.W.)

† These authors contributed equally to this work.

Received: 21 February 2020; Accepted: 28 March 2020; Published: 30 March 2020

Abstract: Nanotechnology has rapidly promoted the development of a new generation of industrial
and commercial products; however, it has also raised some concerns about human health and safety.
To evaluate the toxicity of the great diversity of nanomaterials (NMs) in the traditional manner,
a tremendous number of safety assessments and a very large number of animals would be required.
For this reason, it is necessary to consider the use of alternative testing strategies or methods that
reduce, refine, or replace (3Rs) the use of animals for assessing the toxicity of NMs. Autophagy
is considered an early indicator of NM interactions with cells and has been recently recognized
as an important form of cell death in nanoparticle-induced toxicity. Impairment of autophagy is
related to the accelerated pathogenesis of diseases. By using mechanism-based high-throughput
screening in vitro, we can predict the NMs that may lead to the generation of disease outcomes
in vivo. Thus, a tiered testing strategy is suggested that includes a set of standardized assays in
relevant human cell lines followed by critical validation studies carried out in animals or whole
organism models such as C. elegans (Caenorhabditis elegans), zebrafish (Danio rerio), and Drosophila
(Drosophila melanogaster)for improved screening of NM safety. A thorough understanding of the
mechanisms by which NMs perturb biological systems, including autophagy induction, is critical
for a more comprehensive elucidation of nanotoxicity. A more profound understanding of toxicity
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mechanisms will also facilitate the development of prevention and intervention policies against
adverse outcomes induced by NMs. The development of a tiered testing strategy for NM hazard
assessment not only promotes a more widespread adoption of non-rodent or 3R principles but also
makes nanotoxicology testing more ethical, relevant, and cost- and time-efficient.

Keywords: nanomaterials; autophagy; alternative testing strategy; high throughput screening;
tiered testing strategy; C. elegans; zebrafish and Drosophila models

1. Introduction

Nanomaterials (NMs) are defined as having at least one dimension that is 1–100 nm in
diameter [1] and unique properties; for example, they can change reactivity, optical characteristics,
or conductivity, thereby enabling novel applications. Furthermore, particle properties can be modified
to promote different applications, resulting in consumer benefits, particularly in medical and industrial
applications [2]. In recent years, nanotechnology has rapidly been promoted in the development of a
new generation of industrial and commercial products. It has been estimated that the nanoproduct
demands in medicine and pharmaceuticals, and especially the cosmetics industry, are expected to rise
by over 17% each year and at a much higher rate in the food industry [3,4]. However, the application
of nanotechnology has also raised some concerns about human health and safety. In some cases,
nanomaterials present unexpected risks to both humans and the environment. Regulatory authorities
in the European Union, United States, and Asian countries carefully observe developments in
nanotechnology, trying to find a balance between consumer safety and the interests of the industry [5].
In addition, several international planning activities have been proposed or performed with the
expectation that significant advances will be made in understanding the potential hazards triggered by
nanomaterial exposure in both occupational and consumer environments [2].

Assessments of the potential hazards associated with nanotechnology have been emerging,
but substantial challenges remain because all of the different nanoparticle (NP) types cannot be
effectively evaluated for safety and environmental effects in a timely manner [2]. Identification of
the physicochemical properties of nanomaterials that confer toxicity is a core component of toxicity
studies. To evaluate the toxicity of the great diversity of NMs, a tremendous number of safety
assessments would need to be conducted. It was estimated that, in 2009, a complete toxicity evaluation
of all the nanomaterial on the market using traditional animal approaches would cost more than 1
billion US dollars, take at least 50 years, and require a very large number of animals [6,7]. Whether
animals can be used to predict human response to toxicant exposure is still under debate, attributing
to data gap between human and animal studies. Thus, there is a need for developing and using
human-cell-based methods that generate human-relevant mechanistic data that are not necessarily
obtainable from traditional animal studies conducted by vertebrate animals [8–10]. Furthermore, there
are government regulations that have resulted in an enhanced need for alternative methods, such as the
E.U. Cosmetics Directive that prohibits the testing of cosmetics products on animals in the European
Union (EU Regulation 1223/2009). For all these reasons, it is necessary to consider the use of alternative
testing strategies or methods that reduce, refine, or replace (3Rs) the use of animals for assessing the
toxicity of nanomaterials [10].

Alternative testing strategies are commonly used to assess the safety of chemicals, and many of
these strategies have been evaluated for their applicability to the testing of nanomaterials. A single
alternative testing method may contribute to basic mechanistic or toxicity knowledge but may not be
sufficient for use in hazard assessment. However, incorporating multiple alternative testing methods
into alternative testing strategies will provide an understanding of the behavior and toxicity of
nanomaterials in humans and the environment [10,11]. In vitro testing was proposed as the principal
approach with the support of in vivo assays to fill knowledge gaps, including tests conducted in
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non-mammalian species such as C. elegans, Drosophila, and zebrafish, or genetically engineered animal
models. These tools are being used to identify responses in cells exposed to chemicals expected to
result in toxic effects [9,12]. Well-designed alternative testing strategies will not only allow for the
prioritization of nanomaterials for further testing but can also assist in the prediction of risk to human
beings and the environment.

Autophagy is a catabolic mechanism that is evolutionarily conserved from yeast to mammals.
The autophagy pathway first described by Christian De Duve in 1963 [13] is a ubiquitous process
that involves the degradation of cytoplasmic components and cytoplasm organelles, that degrade
through the lysosomal pathway, and is distinct from other degradative pathways, such as proteasomal
degradation [14]. When energy is limiting (ATP shortage), AMP kinase (AMPK) is activated, which can
drive autophagy. Similarly, deprivation of growth factors or amino acids leads to the inhibition of
TORC1, which is a repressor of conventional autophagy [15]. The inability to regulate autophagy is
associated with aging, neurodegeneration, and a variety of diseases, including cancer, type 2 diabetes,
and atherosclerosis [16]. Autophagy was recently recognized as an important form of cell death in
various types of nanoparticle-induced toxicity, but the details of the underlying mechanisms are still
unclear. A thorough understanding of the cellular and molecular mechanisms of nanoparticle-triggered
toxicity is critical for a more comprehensive elucidation of nanotoxicity [17]. Our recent work provides
the first demonstration that autophagy activated by silver nanoparticles (AgNPs) in normal cells
fails to trigger lysosomal degradation pathway and led to a toxicity phenomenon called defective
autophagic flux or autophagy dysfunction, which is relevant to the accelerated cellular pathogenesis
of diseases [18–20]. The toxic effects induced by AgNPs and some of the metal oxide NPs, such
as ZnONPs, have been shown, either in vitro or in vivo, to be quite similar in terms of cytotoxicity,
genotoxicity, hematotoxicity, immunotoxicity, hepatotoxicity, and embryotoxicity [19,21]. A more
profound understanding of these toxicity mechanisms will facilitate the development of prevention
and intervention policies against adverse outcomes induced by metal and metal oxide nanomaterials.
Knowledge derived from the cellular and molecular processes underlying nanomaterial-induced toxic
effects may also facilitate the establishment of the scientific foundations of nanomaterial risk assessment.
Therefore, an overview of current findings regarding the mediation of autophagy triggered by NPs
both in vitro and in vivo will shed light on the pivotal role of autophagy in nanomaterial toxicity
and the useful implementation of autophagy in safety assessments conducted through alternative
testing strategies.

2. Alternative Testing Strategy for Nanomaterial Safety Assessments

2.1. Approach towards the Use of Alternatives to Testing on Animals

The “3 Rs”, standing for reduction, refinement, or replacement, is a strategy being applied to the
use of laboratory animals through implementation of different methods and alternative organisms to
provide integrated approaches that could provide insight into the minimal use of animals in scientific
experiments [22]. In 2007, the US National Research Council (NRC) published a report entitled “Toxicity
Testing in the 21st Century (TT21C): A Vision and a Strategy”, putting forward a long-term strategy
taking advantage of newly developed technologies to enhance the efficiency of the toxicity testing of
chemicals to which human beings may be exposed. The important parts of this strategy are the increased
use of high-throughput in vitro test systems and methods in computational toxicology for the purpose
of reducing the reliance on time-consuming and costly toxicological studies using experimental animals.
This vision has received international support and has provided a blueprint for implementing change
in toxicological science [9,23]. In 2011, the European Union launched SEURAT-1, the first execution
phase of “Safety Evaluation Ultimately Replacing Animal Testing (SEURAT)”, with the ultimate goals
of the future implementation of mechanism-based, integrated toxicity testing strategies into modern
safety assessment approaches [24]. In addition, promotion of non-animal approaches is also among
the objectives of the REACH (Registration, Evaluation, Authorization, and Restriction of Chemicals),
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CLP (Classification, Labeling, and Packaging) and BPR (Biocidal Products Regulations) initiatives,
which are based on the 3Rs principle of animal use for testing [25]. Through the abovementioned
efforts, many government agencies within the United States, European Union, and other international
bodies are beginning to incorporate the new approach methodologies envisioned in the original TT21C
vision into regulatory practice [23].

Current experimental toxicology approaches are being promoted rapidly by the incorporation
of novel techniques and methods that provide a much more in-depth view into the mechanisms
of potential adverse effects of chemical exposure to human health [26]. For example, the basal
cytotoxicity level determined by in vitro cytotoxicity assays is considered a key factor in many
prevalent toxicological modes of action associated with the mechanisms of organ failure, including
disruption of cell membrane structure and/or function, disturbance of protein turnover, inhibition
of mitochondrial function, and disruption of metabolism and energy production [27–30]. In 2017,
Vinken and Blaauboer proposed three consecutive steps, including initial cell injury, mitochondrial
dysfunction, and cell death, as the adverse outcome pathway (AOP) framework for measuring basal
cytotoxicity. The outcome of basal cytotoxicity assessment could serve as the first step of a tiered
strategy aimed at evaluating the toxicity of new chemicals, and then, more specific types of toxicity
could be evaluated in a second step [29]. The data from various in vitro assays are useful for both
increasing confidence in hazard and risk decisions and enabling better, faster, and less expensive
assessments of a large number of chemicals, mixtures, and complex products.

2.2. Alternative Testing Strategy for Nanomaterials

The lack of availability of regulatory guidelines for the safety assessment of nanomaterials is a
major problem. In general, the Organization for Economic Cooperation and Development (OECD)
safety assessment of traditional chemicals is suitable for the nanomaterial safety assessment but needs
adaptation. Owing to the unique physical/chemical properties of nanomaterials, the original OECD
guidelines need to be further adjusted and improved [7]. Our understanding of the mechanisms
of nanomaterial-induced toxicity is insufficient for drawing a general consensus and/or conclusion
on the toxicity of nanomaterials [31]. To assess nanomaterial hazards, reliable screening approaches
are required to test the basic materials as well as the nano-enabled products. The European Union
launched the FP7 NanoTEST project (www.nanotest-fp7.eu) to provide testing strategies for the
hazard identification and risk assessment of nanomaterials and to propose recommendations for
evaluating the potential risks of newly designed nanomaterials [11]. However, the knowledge gaps
of nanomaterial behavior, such as its transformation and fate in biological systems, make it difficult
to perform adequate hazard assessment. Thus, a better understanding of nanomaterials with cells,
tissues and organs for addressing critical issues related to toxicity testing, especially with respect to
alternatives to testing animals, is needed [11]. How nanomaterials interact with biological systems
has become an important and complex issue in terms of both the research and regulatory options.
When nanomaterials encounter biomolecules or cells, their physicochemical properties have a major
impact on the degree to which the material adversely perturbs biological systems [32,33]. Nano-bio
interactions may also be affected by the properties of different cell types, the biological environment,
and the assay methods applied, making the issues more complicated. A thorough understanding of the
mechanisms regarding nanomaterials-induced perturbation in biological systems such as autophagy
induction is critical for a more comprehensive elucidation of nanotoxicity [33,34].

In vitro studies are mainly performed on cell lines, which are transformed and immortalized cells
to escape normal cellular senescence. These well-established cell lines are cheap, readily available,
and easy to passage because of enhanced proliferation ability [35]. On the contrary, primary cells are
isolated from tissue without any modification and have similar characteristics as the original donor
tissue, so more and more people are considering the use of primary cells in in vitro studies to establish
more biologically representative models [35]. Several research groups have compared the effects of NPs
exposure between primary cells and immortalized cell lines representing the same tissue, and claimed
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that immortalized cell lines were more sensitive to NPs toxicity than primary cells [35]. However,
in some cases, since immortalized cell lines are de-differentiated in culture, they may not respond to
certain cell reactions [36,37]. Therefore, the nanotoxicity results of in vitro studies are often not very
relevant to the results of in vivo studies. However, Drasler et al. suggest that immortalized cell lines
are suitable for the first stage of nanosafety assessment, because they can provide greater comparability
and reproducibility for interlaboratory comparisons of the same NM type or between different NMs.
In terms of higher tier evaluation, using primary cells to better understand the NM mechanism in the
human body is preferred, as they can more closely mimic in vivo conditions [36].

A strategy for in vitro toxicity testing requires a series of tests addressing and covering different
mechanisms important toxicity endpoints. Thus, to identify relevant short-term hazard models,
several different outcomes, such as cell viability, oxidative stress, genotoxicity, the proinflammatory
response, immunotoxicity, cell uptake, and transport, are conducted [38]. By using mechanism-based
high-throughput screening in vitro, [7] we can predict the nanomaterials that may lead to the generation
of target organ toxicity in vivo. Additional in vivo studies are used to validate and improve the in vitro
high-throughput screening process and to establish structure–function relationships that enable
hazard ranking and modeling by an appropriate combination of in vitro and in vivo testing [38,39].
Thus, a tiered testing strategy was suggested that includes a set of standardized cytotoxicity assays
in relevant human cell lines followed by critical validation studies carried out in animals or whole
organism models such as C. elegans, zebrafish, or Drosophila for improved screening of nanomaterial
safety [31]. Zebrafish have been deemed acceptable by regulatory agencies for use in chemical safety
assessments for evaluating developmental toxicity and are now regularly accepted models in biomedical
research, providing strong foundations for their use in nanotoxicology [39]. The development of a
tiered testing strategy for nanomaterial hazard assessment not only promotes the widespread adoption
of non-rodent and the 3R principles but also makes nanotoxicology testing more ethical, relevant,
and cost- and time-efficient [7].

3. Updated Nanotoxicology Knowledge Regarding Autophagy Dysfunction

3.1. Autophagy and Autophagy-Induced Cell Death (ACD)

Dysregulated cell death is a common feature of many human diseases, and the complex mechanisms
and pathways that control cell death are becoming increasingly understood. It is now clear that
different cell death pathways have a critical role in multiple diseases (such as Crohn’s, Parkinson’s,
and Alzheimer’s diseases) [16]. Currently, there are currently three common well known cell death
pathways, including apoptosis (type I programmed cell death), necrosis, and the so call autophagic cell
death (also referred to as type II programmed cell death) [40]. The association between autophagy and
cell death has been known for many years. Originally, based on morphology, autophagic structures
were observed in dying cells and distinguished autophagic from apoptotic cell death. Under stress
conditions, autophagy is initially induced as an early pro-survival response in the cell, but accumulated
autophagy-related substances contributes to autophagic cell death (ACD) [16]. ACD is characterized
by the large-scale autophagosomes sequestration in the cytoplasm, giving the cell a characteristic
vacuolated shape [16]. Autophagosomes can be identified by transmission electron microscopy as
double-membraned vesicles that contain cytosol or cytoplasmic organelles such as mitochondria or
the endoplasmic reticulum. Numerous reports, particularly from model systems, provide support for
a direct role of autophagy in cell death in context-dependent settings [16,40]. Despite this evidence,
our understanding of the mechanism by which autophagy contributes to cell death is not clear.
The cross talk between autophagy and other cell death pathway components suggests that the role of
autophagy may be context-specific, and understanding the molecular nature of these relationships will
aid in understanding the role of ACD.
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3.2. Autophagy Dysfunction as a Cell Toxicity Mechanism

Autophagy dysfunction is defined as massive autophagy induction or a blockade of autophagic flux.
It is recognized as a potential mechanism of cell death, resulting in either apoptosis or ACD [40]. Previous
report proposed that autophagy proteins LC3-II and ATG5 may directly activate caspase, causing cell
death through its interactions with Fas and Fas-associated proteins with a death domain (FADD) [41].
In addition, defective autophagy can lead to cancer development, possibly by accumulation of damaged
organelles, such as mitochondria, that can induce oxidative stress, inflammation, and DNA damage.
The pro-autophagy gene beclin-1 is commonly deleted in several types of cancer, such like breast,
ovarian, and prostate cancer, suggesting a tumor suppressor function in the autophagy pathway.
Furthermore, beclin-1-knockout mice exhibit enhanced susceptibility to cancer development [42].
Defective autophagy has also been associated with many diseases, such as Crohn’s, Parkinson’s,
and Alzheimer’s diseases and may play a role in disease development [43]. In the case of Crohn’s disease,
disruption of autophagy during immune and inflammation responses may be involved in disease
progression. In Parkinson’s and Alzheimer’s disease, blockade of autophagy-mediated elimination of
amyloid beta and alpha synuclein proteins or damaged mitochondria may be involved [43].

Disruption of lysosomal trafficking is a major mechanism for blocking autophagic flux,
which results in the accumulation of autophagic and lysosomal vacuoles. There are several possible
mechanisms by which NPs might disrupt autophagy and lysosomal trafficking. For example, lysosomal
overload by particulates has been proposed as a mechanism by which cigarette smoke blocks autophagic
flux in alveolar macrophages [44]. One common form of lysosomal dysfunction that has been associated
with nanomaterial treatments is increased lysosomal membrane permeabilization (LMP). Proton pump
inhibitors, such as bafilomycin A1, that block autophagic flux predispose cells to LMP, triggering
apoptosis through the LMP-induced release of pro-apoptosis mediators such as cathepsin [45]. LMP is a
recognized cell death mechanism that can result in mitochondrial membrane permeabilization through
several mechanisms, including lysosomal-iron mediated oxidative stress and the release of cathepsin
or other lysosomal associated hydrolases [45]. As lysosomal dysfunction has been involved in disease
pathogenesis, the association of nanoparticle exposure and lysosomal dysfunction may have relevance
to nanomaterial-induced toxicity levels, especially chronic toxicity. Since lysosomal degradation
pathways play vital roles in cellular homeostasis, lysosomal dysfunction has been associated with
several diseases, termed lysosomal storage disorders [43,46]. Many types of lysosomal perturbations
are also associated with autophagy dysfunction, blocking autophagosomes and lysosome fusion
and promoting the accumulation of autophagosomes and other autophagy-related substrates (e.g.,
ubiquitinated protein aggregates) [45]. Autophagy dysfunction can result from lysosomal overload,
which prevents autophagosome–lysosome fusion. Similar to those causing lysosomal dysfunction,
perturbations in the autophagy pathway have been linked to a variety of diseases [47].

3.3. Autophagy Dysfunction Induced by Nanomaterials

Autophagy disturbances have been reported consistently across several types of nanomaterials
and biological models. There are several plausible pathways of nanomaterials-induced autophagy
dysfunction (Figure 1). Studies have attempted to illuminate the importance of cellular nanoparticle
internalization pathways in nanotoxicity. For example, researchers found that intracellular AgNPs
possess limited or no cytotoxic effects when intracellularized AgNPs were shown to exhibit free random
Brownian motions within the cytosol rather than accumulate in lysosomes [19]. By contrast, they
identified that AgNPs actively internalized via endocytosis were predominantly trafficked within the
endo-lysosomal compartments and were obviously toxic to cells [19]. For instance, nanomaterials
may induce autophagy through an oxidative stress mechanism [48], such as by the accumulation of
reactive oxygen species (ROS), damaged proteins and the endoplasmic reticulum Stress (ER stress)
or mitochondrial damage [48]. The involvement of oxidative stress in the induction of autophagy by
nanomaterials is supported by a study in which silica nanoparticles induced autophagy in human
endothelial cells via reactive oxygen species-mediated MAPK/Bcl-2 and PI3K/Akt/mTOR signaling,
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which was suppressed by cell exposure to the antioxidant N-acetyl-L-cysteine [49]. Alternatively,
nanomaterials may directly affect autophagy-dependent signaling pathways or gene/protein expression.
It is also likely that autophagy induction by nanomaterials is the result of an attempt by the cell to degrade
what is perceived as foreign or aberrant, similar to cellular action against bacteria and other pathogens.
As discussed above, nanoparticles are commonly observed within the autophagosomes compartment,
suggesting that the activation of autophagy is triggered by the attempt to sequester and degrade
materials that enter into the cytoplasm [50,51]. Cytoplasmic nanoparticles undergo ubiquitination and
are co-localized with polyubiquitin complexes that are then translocated to the autophagosomes by
p62 [52]. The induction of autophagy has also been observed following treatment with different types
of nanoparticles, such as silica nanoparticles, silver nanoparticles, and others [50,53]. Autophagy is
activated in human cancer cells by zinc oxide nanoparticles, which are currently under development
for use in enhancing tumor chemotherapy and overcoming drug resistance [54]. Quantum dots are also
currently under development for use in a broad range of biomedical imaging applications and have
been shown to induce lysosome-dependent autophagy activation, ROS production, and toxicity in
human hepatocytes [55]. As explained above, there is little evidence of autophagy as an actual effector
of cell death, and the cytotoxicity resulting from blocking autophagic pro-survival mechanisms appears
to be the more likely effect of nanomaterial exposure. Since blocking autophagic flux and autophagy
induction can both lead to autophagosome accumulation [16], the mechanism by which nanomaterials
induce autophagosome accumulation is unclear in many cases. Nonetheless, the disruption or blockade
of autophagic flux is often observed in cells exposed to nanomaterials.

Many studies have revealed the connection between nanomaterial-induced autophagy dysfunction
and mitochondrial damage [56,57]. Disruption of the autophagy pathway by gene knockout has also
been associated with the accumulation of dysfunctional mitochondria and ROS, thus providing a
potential link between nanomaterial-induced autophagy blockade and oxidative stress (Figure 1) [58].
Nanomaterial-induced autophagy blockade may also be a mechanism by which nanomaterials induce
inflammation, due to the fact that autophagy plays an important role in negatively regulating the
NLRP3 inflammasome [53]. Blockade of autophagic flux may result in mitochondrial dysfunction
through prevention of the removal of the damaged mitochondria, which are normally degraded in the
normal autophagy pathway [57]. Consistent with autophagy being assumed to be a mechanism to
diminish damaged mitochondria, there is also evidence that mitochondrial depolarization actually led
to autophagy induction [57]. Thus, it is conceivable that nanoparticles might be expected to result
from a combination of autophagy induction and autophagy blockade, which may be triggered with
an increased number of depolarized, dysfunctional mitochondria that cannot be cleared because of
impaired autophagic flux. Another major mechanism of nanoparticle-induced autophagy pathway
dysfunction is lysosomal dysfunction. Many studies have observed nanomaterial-induced lysosomal
dysfunction (Figure 1) [59,60]. There are many plausible explanations for nanoparticle-induced
lysosomal dysfunction, including inhibited enzyme ability and bio-persistence [55]. The “proton
sponge” hypothesis for cationic nanoparticles is a well-known theory of nanoparticle-induced lysosomal
dysfunction, which involves osmotic swelling and membrane rupture [61]. Another direct mechanism
that might account for nanoparticle-induced lysosomal dysfunction is the generation of ROS [62].
As many nanoparticles can induce ROS, the oxidative stress model is by far the most accepted theory
of nanoparticle-induced toxicity [48].
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Figure 1. An overview of the mechanism of nanomaterial-induced autophagy-related toxicity and
subsequent systematic potential toxic effects. The overall toxicity caused by nanomaterials includes
neurodevelopmental disorders, skin damage, gastrointestinal tract toxicity, reproductive disorders,
immune system effects, DNA damage, and so on. One of the major forms of toxicity caused by
nanomaterials is the oxidative stress induced by ROS and resulting in ER stress and mitochondria and
DNA damage. The stress response and organelle damage can eventually induce apoptotic cell death.
ROS production results in mitochondrial damage that activates the NLRP3 inflammasome and cellular
inflammation. Another major implication for nanomaterial-induced toxicity is autophagy dysfunction.
Nanomaterial-induced autophagy and lysosomal dysfunction are displayed as blue arrows in the figure.
The initiation step of autophagy is induced by the accumulation of nanomaterials in autophagosomes
and blocked vesicle trafficking or by the inhibition of the PI3K/Akt/mTOR pathways. The second step
of autophagic toxicity can be induced by overloading of nanomaterials in the lysosomes, leading to
damage to the organelle compartments, lysosomal membrane permeabilization (LMP), and release of
hydrolytic enzymes. The damaged lysosomes also cause blocked autophagosome-lysosome fusion,
eventually leading to autophagic cell death. Altogether, stress responses and organelle damage may
synergistically promote cell death, including that caused by apoptosis activation, NLRP3 inflammasome
activation, or autophagy.

4. In Vivo Model Systems for the Detection of Nanomaterial Toxicity and Autophagy

4.1. C. elegans Model

Caenorhabditis elegans (C. elegans) is a well-established small nematode model organism that has
been used since the 1970s [63]. Unlike the traditional toxicity cell culture testing systems, C. elegans
provide data from a whole animal with complete and metabolically active digestive, reproductive,
endocrine, sensory, and neuromuscular systems [64]. Indeed, C. elegans research has been proved to be
essential in the clarification of several basic aspects of biology, including apoptosis, autophagy, RNA
interference, and miRNA function. It has also been demonstrated that the results conducted in C. elegans
have consistently shown good correlation with rodent oral LD50 ranking [65]. Due to the rapid needs of
nanotechnology assessment, especially at the environmental exposure and risk assessment, C. elegans,
as a complete model organism, has become an important in vivo alternative assay system to assess the
risk of NPs [66]. The interaction between NPs and C. elegans can be used for providing the toxicity
outcome of NPs in a multicellular organism. Recently, C. elegans has been used in acute, prolonged,
and chronic exposure by using oral treatment, topical applications, or microinjection to particular
organs. In addition, C. elegans as a whole organism, is able to provide different toxicity endpoints,
such as immunotoxicity, neurotoxicity, reproductive toxicity, and genotoxicity [66]. The assessment
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of the interaction between NPs and C. elegans provides information of the in vivo behavior and
biocompatibility in a multicellular organism of some NPs for evaluating their fate and toxicity [67].

Regarding the nanomaterial-induced autophagy, C. elegans has been employed to identify and
characterize the autophagy-regulating mechanism, and 139 conserved genes that regulate autophagy
activity are identified, offering a framework for thorough dissection of the autophagy process [68].
Studies show that treatment of quantum dots (QDs), gold nanoparticles (AuNPs), and carbon dots
(CDs) are able to induce massive autophagosome formation, autophagy related gene upregulation,
and autophagy substrate degradation in cultured HeLa cells and in live C. elegans [64]. Due to the
small size of C. elegans, it is very easy to track the autophagosome formation in real-time by simply
using the fluorescence microscopy [69], making C. elegans a suitable model organism for the alternative
nanotoxicity approach and providing great connection between in vitro and in vivo toxicity [69].

4.2. Zebrafish Model

The extensive applications of nanoparticles in various aspects of daily life, such as the
healthcare and industrial sectors, have increased the concern of their impact on human health
and the environment [70,71]. Several models have been applied to investigate the toxicity of
nanomaterials, including rodent, cell culture, zebrafish, and Drosophila system models [72–74].
Although the higher-vertebrate platform is an important model for evaluating complicated physiological
situations, vertebrates present various disadvantages that make them ill-suited for use in exploring
nanotoxicity [75]. The vertebrate animals are costly to obtain, time-consuming to maintain, and may
not align with animal welfare concerns. Therefore, cell culture, zebrafish, and Drosophila models have
become attractive alternative approaches due to their high throughput and cost efficiency [73,76].

Zebrafish constitute a well-established model that is often applied to study issues of development,
disease, and environmental contamination [77–80]. They exhibit various advantages that make them
suitable for studying toxicology [73,81]. Zebrafish are highly efficient models due to their high
reproduction rates [81]. Moreover, the maintenance of zebrafish is relatively inexpensive, with small
tank requirements, rapid development, and transparent embryos. In addition, the genes of this model
organism share 70% similarity with human genes [82,83], and their critical organ systems, such as the
nervous system, intestinal system, and cardiovascular systems, are similar those of humans [76,84].
Furthermore, the results of acute toxicity via inhalation or injection in zebrafish have been demonstrated
to exhibit a high correlation with zebrafish embryos and rodents. It is worth mentioning that the
zebrafish model can help us quickly and efficiently understand cellular and molecular mechanisms.
Due to the advancement of genetic tools, mechanisms, such as those of ROS and autophagy triggered
by toxicants, can be easily observed via fluorescent reporters and transgenic lines [85–88].

According to several studies, zebrafish and their embryos have great potential as models to
evaluate nanotoxicity, serving as alternatives in the approach for testing nanomaterials [73,76].
Moreover, the zebrafish model provides various means to measure nanotoxicity, such as the quick
assessment of productive toxicity, teratogenicity, and developmental toxicity, as well as for evaluating
immunotoxicity, genotoxicity, and neurotoxicity [7,89–92]. For example, zebrafish were employed
to evaluate nanoparticle-induced adverse effects. ZnONPs increased the mortality rate of zebrafish
embryos and induced malformation phenotypes, such as pericardial edema and yolk-sac edema.
Moreover, ZnO affected the expression of inflammatory and immune response genes, including aicda,
cyb5d1, edar, intl2, ogfrl2, and tnfsf13b [93]. In addition, silica NPs cause lower blood flow and blood
velocity in zebrafish embryos. Silica NPs trigger inflammatory responses via neutrophils and damage
vascular endothelial cells [94]. Another study revealed that AgNPs influence the richness and diversity
of the microbiota in zebrafish, particularly in males. Therefore, the zebrafish model provides an
ideal platform for a relatively quick, high-throughput screening of hazardous nanomaterials and for
determining nanomaterial-triggered toxic mechanisms.

As described above, autophagy is an important cellular response induced by nanomaterials.
Over the past decade, the zebrafish model gained attention in the autophagy field. Zebrafish, as a
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tractable animal model, are suitable for use in manipulating the molecular and cellular mechanisms
of autophagy [88,95]. Several transgene techniques are applicable to zebrafish models, such as
tissue-specific genomic manipulation and the CRISPR system for genome editing. Moreover,
several transgenic reporter lines have been used to monitor the autophagy process, including
Tg (CMV:EGFP-Mapllc3b) [30], Tg (TαCP:YFP-2XFYVE) [96], and Tg (TαCP:mCherry-GFP-map1
lc3b) [88,95,97]. These techniques promote the understanding of the physiological functions of
autophagy in zebrafish. Similarly, the application of these technologies in a zebrafish system to detect
nanomaterial-induced autophagy may be an ideal strategy. Indeed, exposure to high doses of TiO2NPs
has been reported to lead to abnormal testicular morphology and spermatocyte necrosis in zebrafish.
The application of TiO2NPs resulted in mitochondria being swallowed and autophagic vacuoles
accumulating in zebrafish testes [98].

4.3. Drosophila Model

Drosophila melanogaster has a long history of significant contributions to biomedical research,
including in the research of nine Nobel Laureates in Physiology or Medicine. This model organism has
orthologs for approximately 75% of human genes and can be profoundly manipulated with genetic
and molecular tools. Drosophila also complies with the recommendations of the European Center
for the Validation of Alternative Methods (ECVAM), because they present minor practical and ethical
obstacles. Further advantages of the fruit fly system includes easy maintenance, low cost, a relatively
short life cycle, and much-reduced genetic redundancy compared to mammals, making Drosophila an
efficient system for high-throughput screenings and assays [99].

It has been shown that exposure to AgNPs in the diet in an effective Drosophila in vivo platform
led to the generation of ROS and high-level autophagy activation, providing strong in vivo evidence
that dietary AgNPs activate a series of cytotoxic pathways, including autophagy [45]. In addition,
many established Drosophila autophagy transgenic lines are readily available to further study of
autophagy induction/activation/dysfunction; for example, UAS-GFP-mCherry-tagged Atg8a is an
autophagy reporter transgenic fly line used to monitor the progression of autophagic flux in vivo.
These transgenic lines can greatly facilitate the use and development of Drosophila as an in vivo
animal model for alternative strategies for testing nanomaterials. Therefore, the Drosophila autophagy
system may provide an excellent system for the in vivo assessment of nanoparticle toxicity [100,101].
Furthermore, AgNPs shortened the life span and reduced the stress resistance capacity of the adult
flies [45]. Interestingly, other nanomaterials, such as copper oxide nanoparticles (CuONPs), also induced
toxicity in Drosophila via ROS; whether CuONPs and other nanomaterials also induce autophagy
in Drosophila remains to be explored [102]. As basal autophagy provides a protection mechanism
and thus is generally considered a promoter of longevity [103], it is a possibility that AgNPs-induced
autophagy activation plays an important role in aging and longevity. Thus, inducing autophagy
activation in Drosophila can serve as an alternative testing strategy for determining nanomaterial
toxicity. More importantly, autophagy genes, encoding Atg proteins, are structurally, functionally,
and mechanistically conserved between Drosophila and humans [104].

Nevertheless, the molecular mechanisms by which nanomaterials induce autophagy and shorten
the life span of Drosophila remain to be explored. Given the potential risks associated with
nanomaterial-induced autophagy in longevity and diseases, it is important to further study autophagy
using an in vivo model and to develop systematic alternative strategies for testing nanomaterials,
particularly regarding autophagy activation in Drosophila. In other words, Drosophila can serve as a
practical and ethical in vivo animal model for alternative strategies for testing nanomaterials and make
an important contribution to preventing/treating nanomaterial-induced toxicity in humans. Moreover,
it is critical to establish Drosophila autophagy as a systematic and effective alternative strategy for
testing nanomaterials for improving nanomaterial risk management and human safety regulations.
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4.4. Rodent Model

The classic animal models most frequently used in toxicology are mammals, including rodents,
dogs, pigs, and non-human primates. However, major species used in nanotoxicology are mainly
rodents, such as mice and rats. Laboratory mice are popular research models because of their size,
availability, ease of handling, and high genetic similarity to humans. Many mice and rat models
are well-established and widely used in pharmacological and toxicological studies of NMs [105,106].
Using mouse models for precisely controlled exposure to NMs, we can perform NMs toxicity
assessment include LD50, biodistribution, clearance, hematology, serum chemistry, and histopathology.
Biodistribution can evaluate the NMs circulation route and the target organs by measuring fluorescent
or radioactive labeled nanoparticles in animals [107]. Examining the excretion and metabolism
of nanoparticles at regular time points after exposure can determine the clearance of NMs [108].
Monitoring changes in serum chemistry, cell type, and organ histopathology of mice after nanoparticle
exposure is also another method for nanotoxicity assessment [109–111]. Coupling with the development
of transgenic mice and disease models, we can also take various host factors, such as genetic defects and
pre-existing pathology, into consideration in nanosafety [105]. The REACH Guidance states that acute,
subchronic, and chronic toxicity, skin and eye irritation, or corrosion and skin sensitization, genetic
toxicity, reproductive toxicity, carcinogenicity, and toxicokinetics of NPs should be evaluated when
conducting in vivo nanotoxicity assessments. In some cases, REACH requests collection of urine and
blood at specified time points, recording the weight of the mice or rats and their behavior, measuring
the consumption of food and water [35]. NMs is widely used in multiple medical applications, so the
potential side effect of these NMs has become an important issue. As the in vitro and in vivo effects of
NPs are not fully matched, side effects cannot be accurately estimated by in vitro tests, it is recognized
that animal tests are essential for safety assessment of these medical NMs [106]. For example, AgNPs
is one of the most common NMs in medical use because of its antimicrobial activity. Of course, many
studies have evaluated the safety and biocompatibility of AgNPs in rodent models. Kim et al. have
reported the results of a 28-day oral exposure study of 60 nm AgNPs in rats [112]. Data showed
dose-dependent changes in serum cholesterol and ALP and liver damage after 300 mg AgNPs treatment.
In addition, eosinophil infiltration of the hepatic lobules and portal tract and bile duct hyperplasia
was also found. Another subchronic dermal toxicity assessment analyzed biodistribution of AgNPs
in guinea pigs, and the results showed that the tissue level of AgNPs and dermal exposure show a
dose-dependent correlation with the following ranking: kidney >muscle > bone > skin > liver > heart
> spleen [113]. Histopathological data further reported toxicities in kidney, bone, and cardiocytes after
dermal exposure to AgNPs. Chuang’s group also established allergen-provocation mice models to
investigate the effects of inhaled AgNPs in healthy and allergic individuals [114].

5. Autophagy Detection as a Toxicity Biomarker-Like Indicator for Medical, Food, and Cosmetic
NPs Safety Assessments in Future

5.1. Silver Nanoparticles-Induced Toxicity and the Possible Role of Autophagy

Silver has been used in our lives throughout history and recently for many medical applications
due to its effectiveness in arresting the growth of microorganisms [115]. Recent studies have shown
the enormous therapeutic potential of AgNPs against numerous cancer cells by modulating autophagy
action as cytotoxic agents or as nanocarriers that, combined with other treatments, deliver therapeutic
molecules [116,117]. The toxicity of AgNPs has been suggested as the result of lysosome-dependent
silver ion release that leads to massive ROS production. These ROS cause disruption of the lysosomal
membrane integrity and enables the escape of AgNPs into the cytosolic space, through which they
subsequently target other subcellular compartments [118]. In addition, AgNPs-induced lysosomal
dysfunction, including loss of membrane integrity or internal acidity, is also related to an impaired
autophagosome–lysosome fusion process that critically interferes with the functionality of the
autophagy machinery [119]. AgNPs have high affinity for thiol groups, which are important for protein
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folding and function as ROS scavengers. Therefore, AgNPs cause the protein misfolding that induces
the ER stress and glutathione depletion that leads to ROS metabolism imbalance. All of these results
enhance the autophagy process and ultimately cause cell death.

It has been documented that AgNPs are potential sources of oxidative stress, leading to ROS
production and subsequent autophagy induction in the NIH3T3 mouse embryonic fibroblast cells to
which they were exposed [18]. In another study, administration of AgNPs upregulated LC3-II protein
expression and accumulated in liver tissue [120]. Under oxidative stress conditions, autophagy can
be induced to suppress cellular ROS levels in a cell survival mechanism of normal cells. While it
has also been reported that chronic low-dose AgNPs exposure resulted in to HaCaT noncancerous
cell transformation, and despite the activation of EGF receptors and the related gene expression that
enhances cell proliferation, cells treated with a high dose of AgNPs within a short time showed inhibited
proliferation [121]. Ag-NPs have been observed to have a higher cytotoxic effect on PANC1 pancreatic
cancer cells than on non-tumor cells of the same tissue [122]. Furthermore, combining AgNPs with
drugs synergistically enhanced the cytotoxicity to cancer cells [116]. In addition to autophagy induction,
AgNPs have also been demonstrated to block autophagic flux to induce autophagosome accumulation,
resulting in the impedance of monocyte–macrophage differentiation [123]. These findings provide new
perspectives on anticancer therapy strategies using nanomaterials.

5.2. ZnO Nanoparticles-Induced Toxicity and the Possible Role of Autophagy

ZnONPs have been employed in biomedical and cancer applications due to their unique
properties [124]. It has been reported that ZnONPs induced significant cytotoxicity with increased
intracellular ROS and oxidative stress that led to apoptosis and autophagy in SKOV3 ovarian cancer
cells [125]. ZnONPs have also been observed to induce toxicity by activating PINK1/Parkin-mediated
mitophagy in CAL27 oral cancer cell lines [126]. In addition, some studies reported that ZnONPs
exhibited preferential cytotoxicity to highly proliferative tumor cells through a lysosome-mediated
zinc ion release mechanism that subsequently led to ROS-mediated cell death [124,127]. These reports
strongly suggest the potential of ZnONPs as anticancer agents.

In the cosmetics industry, ZnONPs are present in daily supplies, such as shampoos, conditioners,
soaps, deodorants, sunscreens, and skin care products, and makeup, in general, to function as
antibacterial agents, UV-filters, and pigments and for deeper skin penetration, anti-wrinkling,
or moisturizing [128–130]. For example, sunscreens containing ZnONPs and TiO2NPs are effective
barriers against ultraviolet light (UV-light) damage to skin and do not leave white or other residues on
the skin [131,132]. AgNPs are used in toothpaste and soap and other cleaning products to achieve
an antibacterial effect, and gold nanoparticles (AuNPs) are commonly used as carriers that easily
penetrate the skin [132–134]. However, the diversity of NMs applied in cosmetics has raised concerns
about their potential risks. Studies have indicated that NMs can be translocated to main organs,
such as the brain, kidney, or heart, from different exposure routes; the transdermal penetration and
translocation of NMs through the skin are still controversial [135–137]. Zvyagin et al. reported that
ZnONPs stayed in the stratum corneum (SC) and accumulated into skin folds and/or hair follicle
roots when applied topically in excised and in vivo human skin. [137]. In contrast, skin exposure to
ZnONPs and TiO2NPs led to the incorporation of nanoparticles in the SC and induced phototoxicity
and genotoxicity [138]. Numerous studies have reported the autophagy-inducing activities of ZnONPs.
For example, abnormal autophagosome accumulation and mitochondrial dysfunction was observed in
normal ZnONPs-treated skin cells, and ZnONPs toxicity was found to be related to the induction of
ROS in a concentration- and time-dependent manner [139]. In another study, ZnONPs induced ROS
generation in immune cells and activated autophagy through PI3K/Akt/mTOR signaling pathway
inhibition [140]. All these results show the ROS-related autophagy-inducing and cytotoxicity-inducing
abilities of ZnONPs. Therefore, the toxicity of ZnONPs to cells has attracted researchers’ attention.
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5.3. TiO2 Nanoparticles-Induced Toxicity and the Possible Role of Autophagy

TiO2NPs, which also serve as common ingredients in sunscreens and cosmetics, through which
they absorb ultraviolet radiation, have also been investigated as autophagy modulators [141]. TiO2NPs
induced autophagy in primary human keratinocytes in a dose-dependent manner, which played
a vital role in determining keratinocyte survival [142]. Another study also revealed that TiO2NPs
induced autophagy at a low dose while blocking autophagic flux at a high dose, which is caused by
a large amount of TiO2 NP accumulation-mediated overload of the degradative capacity of human
keratinocytes [143]. Generally, TiO2NPs induce lower toxicity in cells than ZnONPs because of their
resistance to lysosome degradation and low metal ion release [139]. These findings suggest that a
pro-survival mode of autophagy induction by TiO2NPs provides further insights into the debate of the
NPs for use in consumer products.

Recently, the unique super-photocatalytic properties of TiO2NPs showed potential application
in photodynamic therapy (PDT) upon irradiation [144]. It has been reported that TiO2NPs were
successfully used in PDT for many different types of cancers [145,146]. Under UV light illumination,
the excited valence band electrons in TiO2 jump to the conduction band, resulting in electron holes
that have the ability to generate various ROS, including hydroxyl radicals (OH·), hydrogen peroxide
(H2O2), and superoxide (O2

−) [145]. Excess ROS can further trigger autophagy-associated apoptotic
cell death, making TiO2 much more efficient at killing cancer cells. These findings provide another
application potential of TiO2NPs as anticancer agents.

In food industry, most of the nanoparticle in the products are designed “out-of-food” that are
not directly added to human food but some of these products have been used as food pigments and
colorants [147]. For instance, inorganic oxide chemicals such as SiO2 (E551), MgO (E530), and TiO2 (E171)
are used as anti-caking agents, food flavor carriers, food pigments, and colorants that are permitted
by the U.S. FDA [147]. Food-grade TiO2NPs are the most widely used NPs in food, as additives in
gum, white sauce, cake icing, candy, and pudding, with approximately 40% at concentrations in the
nanometer range [148]. TiO2NPs, AgNPs, and ZnONPs have also been used in food packaging because
each can be easily and effectively incorporated into nanocomposites to inhibit bacterial growth and
extend the shelf life of food products [149]. As mentioned above, NPs might increase the levels of
intracellular ROS, in turn damaging mitochondria and the ER, leading to apoptosis, DNA damage,
an impaired cell cycle, and autophagy [148,150]. However, ROS production may not be the sole
mechanism for the toxicity found in vitro with NPs. Previous studies have indicated that TiO2NPs
may interact with DNA directly, since particles were detected by transmission electron microscopy
inside the nucleus in various cells, including blood lymphocytes and nasal, pulmonary, and dermal
cells [151]. TiO2NPs-triggered DNA damage can also be induced through indirect mechanisms, such as
dysregulated cell division, DNA replication, transcription, and repair [151]. Zhang et al. indicated that
TiO2NPs entered trophoblast HTR-8/SVneo cells and were distributed primarily to lysosomes, where
they ultimately induced autophagy in the cells [152]. Thus, food NPs could trigger autophagy blockage
and lead to the accumulation of damaged ER and mitochondria and the production of ROS, resulting in
further cellular damage such as NLRP3 inflammasome activation [51]. These findings provide insight
into autophagy and may account for the early and specific toxicity-inducing mechanisms of NPs.

6. Conclusions and Perspectives

Nanotechnology has potential to be widely utilized in different fields, including the pharmaceutical,
food, and cosmetics industries. The biosafety issue of nanoparticles has drawn great attention because
many NPs induce various levels of cytotoxicity that eventually lead to cell death, cell cycle arrest,
or differentiation disruption. It should also be noted that the toxicity induced by the long-term exposure
to NPs has elicited significant concerns, especially the toxic effects to fertility, carcinogenesis, neuron,
skin, and the gastrointestinal tract [138,148,153–155]. All these concerns suggest that more research
and optimized evaluation systems are needed to define the exact mode of toxicity of NPs. Additionally,
uncovering the underlying mechanisms that regulate toxicity will contribute greatly to adequate
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hazard assessments of NPs and regulation and legislation development for the management of NPs.
Although several in vitro toxicity tests or in silica analyses covering important toxicity endpoints
have been established as high-throughput methods for the evaluation of chemical toxicity [8,22,24,26],
universally accepted protocols and well-designed alternative testing strategies for NP toxicity are
still relatively scarce. A primary cause of these limited protocols and strategies is the complexity of
the physicochemical properties of NPs and of NM interactions with biological systems that dictate
the diverse fates of exposed cells. To fill the gaps of understanding on nano–bio interactions, more
systematic research approaches using high-throughput in vitro models are needed to provide toxicity
results of NM use (Figure 2). Of importance, a better understanding of the interaction of NPs with
cells, tissues, and organs, for addressing critical issues related to toxicity testing, especially with
respect to alternatives to tests on animals, is needed. While nanotoxicity is often the major concern
when toxicologists discuss the novel nanomaterials’ safe assessment, there are many nanomaterials
that have been applied for therapeutic or industry purposes. Since the introduction of the first
FDA-approved nano-drug in 1995, nanomedicine has constantly revolutionized medical therapeutics
and diagnostics [156]. Manipulating molecules and atoms in the nanoscale has empowered researchers
to come up with novel particles and formulations that possess more beneficiary characteristics and less
unwanted features [156].

Adverse outcome pathways (AOPs) are an important tool to organize data and facilitate the
understanding of the specific bioactivity of NPs. With respect to AOPs, this review demonstrated
that autophagy and ROS production elicited by NPs appeared to be critical responses to toxicity, as
autophagy is a basic stress response and a potential regulator of toxicity. Undoubtedly, the autophagic
effects of NPs are highly dependent on their physicochemical characterization [51]. Some NPs
can induce both autophagy blockage and autophagic flux in different testing systems. Autophagy
dysfunction can lead to the accumulation of damaged DNA, proteins, and organelles that in turn
increase the risk of cancer, neurodegenerative diseases, and reproductive dysfunction [51]. Effective
risk assessment of NPs depends on in vitro testing strategies and relevant non-mammalian models
with sufficient sensitivity to these substances. The integrated approach applying autophagy as an
early sensitivity marker combined with the appropriate AOPs would enable the determination of the
possible toxicity of NPs. In this review, we focused on NPs that are widely used in several industries,
describing their applications, toxic effects, and autophagy-inducing potency. We also discussed several
alternative methods for nanoparticle toxicity evaluation and suggested the potential application of
autophagy as a tier I early toxicity endpoint in the testing framework. These results will enable the
development of more-relevant testing strategies to predict the possible long-term toxicity of NPs.
In addition, these strategies can be applied in the future for regulatory decision making and risk
assessment of NP uses (Figure 2).
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Figure 2. The proposed predictive, tiered toxicological testing strategy for nanomaterial hazard testing.
The tiered testing strategy we have suggested for the evaluation of the toxicity of nanomaterials is
based on screening with in vitro cell lines and high-throughput systems (Tier I). The next testing step is
performed using primary cells and a 3D cell culture system to increase confidence in the data obtained
from the cell lines (Tier II). Then, the zebrafish and/or Drosophila models (Tier III) are used to fill the
gap in the in vitro, and the potential effects are then detected in rodents (Tier IV). When a significant
potential hazard is identified in these test system steps, the rodent toxicity testing is needed. More
importantly, we focused on the assessment of autophagy-related effects (autophagy and lysosomal
dysfunction) and oxidative stress-related responses (ROS, mitochondrial damage, and DNA damage) as
primary sensitive markers for evaluating the toxicity of the nanomaterials. As autophagy is a significant
and sensitive effect induced by nanomaterials, evaluating autophagy-related pathways in the first step
would improve the testing efficiency of the nanomaterials. The development of a tiered testing strategy
for nanomaterial (NM) hazard assessment not only promotes the widespread adoption of non-rodent
models and/or the 3Rs (reduces, refines, or replaces) principle but also makes nanotoxicology testing
more ethical, relevant, and cost- and time-efficient.
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Abbreviations

3R’s Reduces, Refines, or Replaces
ACD Autophagic Cell Death
AgNPs Silver Nanoparticles
AMPK AMP Kinase
AOP Adverse Outcome Pathway
AuNPs Gold Nanoparticles
BBB Blood–Brain Barrier
BPR Biocidal Products Regulations
CLP Classification, Labelling and Packaging
CuONPs Copper Oxide Nanoparticles
DMH Dimethylhydrazine
ECVAM European Center for the Validation of Alternative Methods
ER Endoplasmic Reticulum
FADD Fas-Associated Protein with Death Domain
GIT Gastrointestinal Tract
INRA French National Institute for Agricultural Research
ISO International Organization for Standardization
LMP Lysosomal Membrane Permeabilization
NCI National Cancer Institute
NCL Nanotechnology Characterization Lab
NMs Nanomaterials
NRC National Research Council
OECD Organization for Economic Co-operation and Development
PDT Photodynamic Therapy
REACH Registration, Evaluation, Authorization and Restriction of Chemicals
ROS Reactive Oxygen Species
SC Stratum Corneum
SCCS Scientific Committee on Consumer Safety
SEURAT Safety Evaluation Ultimately Replacing Animal Testing
TEM Transmission Electron Microscopy
TiO2NPs Titanium Dioxide Nanoparticles
TT21C Toxicity Testing in the 21st Century
UV Ultraviolet
UV-light Ultraviolet Light
ZnONPs Zinc Oxide Nanoparticles
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Abstract: Nano Ag has excellent antibacterial properties and is widely used in various antibacterial
materials, such as antibacterial medicine and medical devices, food packaging materials and
antibacterial textiles. Despite the many benefits of nano-Ag, more and more research indicates
that it may have potential biotoxic effects. Studies have shown that people who ingest nanoparticles
by mouth have the highest uptake in the intestinal tract, and that the colon area is the most vulnerable to
damage and causes the disease. In this study, we examined the toxic effects of different concentrations
of Ag-NPs on normal human colon cells (NCM460) and human colon cancer cells (HCT116). As the
concentration of nanoparticles increased, the activity of the two colon cells decreased and intracellular
reactive oxygen species (ROS) increased. RT-qPCR and Western-blot analyses showed that Ag NPs
can promote the increase in P38 protein phosphorylation levels in two colon cells and promote the
expression of P53 and Bax. The analysis also showed that Ag NPs can promote the down-regulation
of Bcl-2, leading to an increased Bax/Bcl-2 ratio and activation of P21, further accelerating cell death.
This study showed that a low concentration of nano Ag has no obvious toxic effect on colon cells,
while nano Ag with concentrations higher than 15 μg/mL will cause oxidative damage to colon cells.

Keywords: nano-Ag; colon cells; biological toxicity; oxidative damage

1. Introduction

Nanomaterials have unique physical and chemical properties and are widely used in medical
equipment, industrial fields, biomedical fields, electronics and environmental research [1]. Especially
in recent years, their use in medicine, health products and food has grown exponentially [2]. Human
exposure to nanomaterials in daily life is increasing rapidly, so any potential harmful health effects
need special attention.

Nano-Ag is one of the most widely used materials in the world, used in everyday consumer
products [3]. Silver nanoparticles (Ag NPs) have highly effective antibacterial properties and have been
widely used in medicine, medical devices, coatings, textiles, food and cosmetics to inhibit bacterial
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growth [4–7]. In contrast to the widespread use of nanomaterials, their biological and toxicological
information is still relatively lacking. It is well known that the physical and chemical characteristics of
NPs are the key factors affecting their biological effects [8]. Compared with conventional materials,
the highly specific surface area of Ag-NPs enhances their interaction with components such as serum,
saliva, mucus and lung lining fluid, which may cause negative effects on biological systems [9]. On the
other hand, Ag-NPs can also cause strong oxidative activity by releasing Ag+, and can then induce
cytotoxicity, genotoxicity, immune responses and even cell death [10–12].

The transport and distribution of nanoparticles in the body depends mainly on the blood
circulation system. Nanoparticles can destroy lung epithelial cells, intestinal epithelial cells and
vascular endothelial cells, resulting in increased cell membrane permeability. This allows nanoparticles
to easily enter blood vessels and be transported throughout the body [13]. Although no significant
human disease has been attributed to food-grade nanoparticles to date, existing research suggests
that NPs may cause potentially adverse biological reactions. Nanoparticles can interact with various
components of the coagulation system in blood vessels and regulate their activity [14]. For example,
Ag-NPs can induce platelet aggregation and enhance thrombus formation in rats [15], and silver
colloids can cause platelet aggregation and fibrin polymerization [16]. Further, nanoparticles are
distributed to tissues and organs such as the liver, kidneys, brain, testis and ovaries through blood
circulation. This distribution can induce the production of reactive oxygen species (ROS), causing
cellular oxidative damage, immune response and genetic damage [17–19].

At present, little is known about the multiple mechanisms of action of Ag-NPs biological toxicity
and their physiological effects on humans during short-term exposure [20,21]. The toxicity of other
nanoparticles in different organisms has been reported in many studies, but the toxicity of Ag-NPs
has not been widely explored, especially the colonic cytotoxicity of Ag-NPs. Studies have shown
that people who ingest nanoparticles by mouth have the highest uptake in the intestinal tract, and
that the colon area is the most vulnerable to damage and causes the disease. In this study, we used
normal human colon cells (NCM460) and human colon cancer cells (HCT116) as models to detect
cytotoxicity, oxidative stress and apoptosis after exposure to Ag-NPs and to investigate the molecular
mechanisms involved.

2. Results

2.1. Characterization of Ag-NPs

The characteristics of the Ag-NPs used in this study are shown in Figure 1. The TEM pattern
shows that the nanoparticles have good dispersibility, a uniform size and a complete morphology. A
particle size analysis shows that the size of the nanoparticles is mainly distributed around 20 nm. The
XRD pattern of nano-Ag is basically the same as that of the standard JCPDS card (JCPDS NO14-0781).
The characteristic peaks are shown in Figure 1b. The figure shows five obvious peaks, indicating that
the nano-Ag has five crystal planes, and the corresponding indices are (111), (200), (220), (311), (322)
from inside to outside. This is because there are a large number of finely oriented crystal particles in
the sample area irradiated by the electron incident beam, which belongs to a polycrystalline structure.
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Figure 1. Characterization of nano-Ag. (a) Transmission electron micrograph; (b) XRD pattern. (c)
Granularity analysis.

2.2. Morphology Changes of Ag-NPs Treated Cells

After the cells were exposed to different concentrations of Ag-NPs for 24 h, the cell morphology
was observed through an inverted microscope, as shown in Figure 2. When the Ag-NPs concentration
was 3–6 μg/mL, there was no significant change in cell morphology. When the Ag-NPs concentration
was higher than 15 μg/mL, the morphology of the two colon cells changed, the cells became round and
the intercellular space increased.

Figure 2. The morphology of two cells was observed after exposure to nano-Ag. (a) HCT116 cells; (b)
NCM460 cells.

2.3. Cytotoxicity Analysis

The cellular activity of the two colon cells after exposure to different concentrations of nanoparticles
is shown in Figure 3a. After 24 h of exposure to Ag-NPs at a concentration of 3–6 μg/mL, the activity of
the two cells did not change significantly. As the nanoparticle concentration increased, the viability of
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the two cells began to decrease when it was higher than 15 μg/mL. When the nanoparticle concentration
was 60 μg/mL, the viability of NCM460 cells decreased to 60%, about 15% lower than that of the
HCT116 cells. Ag-NPs showed toxicity to colon cells and inhibited cell viability at 15–60 μg/mL. A
flow cytometry analysis of HCT116 cells showed that with the increase in nano Ag concentration, the
proportion of apoptosis increased (Supplementary Figure S1). We also examined the levels of ROS in
cells exposed to different concentrations of Ag NPs (Figure 4). When the nanoparticle concentration was
15 μg/mL, the ROS content increased significantly by about 50%. When the nanoparticle concentration
reached 60 μg/mL, the intracellular ROS content increased by a factor of 2 relative to the control
group (Figure 3b). However, within the tested nanoparticle concentration, there was no significant
difference in the lactate dehydrogenase (LDH) concentration in the medium of each experimental
group, indicating that the integrity of the cell membrane was not damaged (Figure 3c).

Figure 3. Nano-Ag cytotoxicity test. (a) MTT assay for cell viability; (b) Intracellular ROS content after
exposure to nano Ag; (c) The lactate dehydrogenase (LDH) content in the medium was measured to
assess the integrity of the cell membrane.

Figure 4. RT-PCR Analysis of the Expression Changes in mRNA Level of P53, Bax, Bcl-2, P21 after
exposure to Ag NPs for HCT116 and NCM460 cells. The experiment was in triplicate and data represent
mean. * means p < 0.05; ** means p < 0.01.
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2.4. Apoptosis-Associated mRNA and Protein Expression

The mRNA levels of the cell apoptosis markers (P53, Bax, Bcl-2, P21 and GAPDH) were detected
by RT-PCR after exposure to Ag-NPs and are shown in Figure 4. After exposure to 3 and 6 μg/mL Ag
NPs, the expression of P53, Bax, Bcl-2 and P21 did not change significantly in the two colon cells. When
the nanoparticle concentration reached 30–60 μg/mL, P53, Bax and P21 significantly up-regulated
expression, while Bcl-2 down-regulated expression.

Further, we performed Western-blot on the protein expression of related genes (Figure 5). In
HCT116 cells, when the nano Ag concentration was 3–6 μg/mL, there was no significant change in
the expression of each related protein. When the nano-Ag concentration was increased to 30 μg/mL,
the phosphorylation level of the P38 protein increased, but the phosphorylation level of the ERK
protein did not change significantly. At the same time, the expression of the P53, Bax and P21 proteins
increased and the expression of Bcl-2 decreased. In the NCM460 cells, the expression of the P38, P53,
Bax and P21 proteins was the same as that of the HCT116 cells, with the difference being that the
phosphorylation level of the ERK protein was reduced. The results of Western-blot were consistent
with mRNA expression.

Figure 5. Western-blot analysis of the expression changes in protein level of P53, Bax, Bcl-2, P21 after
exposure to Ag NPs for HCT116 and NCM460 cells. (a) HCT116 cell protein expression result; (b)
NCM460 cell protein expression result.

3. Discussion

Currently, Ag NPs are widely used as antibacterial agents in various foods, cosmetics, healthcare
products and medical devices. With the increasing application of Ag NPs in daily life, their toxicology
and environmental impact have caused widespread concern. No matter how the nanoparticles enter
the human body, they can reach all parts of the body through the blood system. Due to the special size
of the nanoparticles, they may remain in human organs and cause toxic effects. In vivo studies have
shown that the accumulation of Ag NPs in organs may cause pathological changes in organs such as
the liver, kidneys and lungs [22,23]. In recent years, research on the biological safety of nanoparticles
has become a hot topic. The cytotoxicity of many nanoparticles related to food, cosmetics and medicine,
such as Ag, TiO2 and ZnO [24–26], has been studied. Studies have shown that Ag NPs can induce
cytotoxicity and genotoxicity in human cells [27]. At present, the interaction between Ag NPs and
mammalian systems is not fully understood and the underlying mechanisms of Ag NPs toxicity are
poorly understood.

In this study, HCT116 and NCM460 cells were selected to evaluate the colonic cytotoxicity of
nano Ag. Morphological observation is the easiest and most direct way to identify cells, because the
morphology of most cells is related to the action of drugs or poisons. After treatment with Ag NPs, the
shape of the two colon cells changed, while the controls remained unchanged. Cell viability testing is a
vital step in toxicology testing which shows the response of cells to drugs and provides information
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about cell death and survival. In this experiment, Ag NPs did not significantly inhibit the growth
of the two cells in 0–6 μg/mL. As the nanoparticle concentration increased, the viability of the two
cells began to decrease when it was higher than 15 μg/mL. When the nanoparticle concentration was
60 μg/mL, the viability of NCM460 cells decreased to 60%, which was about 15% lower than that of
HCT116 cells. These results indicate that the cytotoxicity of Ag NP is positively correlated with its
concentration. In addition, previous studies have shown that Ag NPs can release Ag + in biological
fluids, while cytotoxicity is largely caused by Ag+ [28]. This will be further studied in our next work.

The ROS mechanism is one of the most commonly accepted conclusions for assessing the toxicity
of nanomaterials [29]. Studies have found that mitochondria are the main source of ROS. If the oxidant
is imbalanced and expresses antioxidant enzymes and proteins, it will produce oxidative stress [30–32].
This condition leads to the formation of peroxides and free radicals, thereby destroying proteins, lipids
and DNA, causing a series of cascades such as apoptosis, inflammation and the promotion of tissue and
organ damage [33,34]. In our study, ROS content was positively correlated with Ag NPs concentration.
When the Ag NPs concentration reached 60 μg/mL, the intracellular ROS content was about twice that
of the control group. This indicates that the excessive accumulation of ROS induced by Ag NPs may
be an important cause of cytotoxicity.

For detecting the impact of apoptosis-regulating genes such as P53, Bax, Bcl-2 and P21 on the
survival or cytotoxicity of HCT116 and NCM460 cells exposed to Ag NPs, we determined the mRNA
expression in the cells. In the HCT116 cell line, Ag NPs can promote the increase in P38 protein
phosphorylation levels without significant effects on ERK. By promoting the expression of P53 and Bax
and the down-regulation of Bcl-2, this leads to an increase in the Bax/Bcl-2 ratio and the activation of
P21, which further increases cell death. The difference is that ERK protein phosphorylation is reduced
in NCM460 cells. Bcl2 can prevent the release of apoptosis-forming factors (such as cytochrome
C) in mitochondria and plays an anti-apoptotic role. Moreover, Bax can act on voltage-dependent
ion channels on mitochondria, mediate the release of cytochrome C and promote apoptosis. P53
promotes apoptosis by up-regulating Bax and down-regulating Bcl-2 [35,36]. There have been reports
of colorectal cancer cells treated with Ag NPs, and the down-regulation of Bcl-2 expression, which
inhibited colon cancer proliferation, has also been recorded [37]. At the same time, the P53 protein
activates the transcription and high expression of the P21 gene, stopping the cell cycle at the G1, G2 or S
phase and hindering DNA replication and mitosis thereby inhibiting cell proliferation [38,39]. Our flow
cytometry results of HCT116 cells can confirm this conclusion (Supplementary Figure S1). Compared
with the control, significant concentration-dependent cytotoxicity of the nano Ag in HCT116 cells was
observed, in the concentration range of 15 to 60 μg/mL. It has also been found in other related studies
that 20 nm Ag particles increase ROS content in LoVo intestinal cell lines, leading to mitochondrial
dysfunction and subsequent induced apoptosis [40]. This is similar to our results. However, studies on
Ag nano-human liver HepG2 cells and colon Caco2 cytotoxicity studies have shown that the differences
in the mechanisms of toxicity induced by nanosilver may be largely a consequence of the type of
cells used [41]. This differential, rather than universal, response of different cell types exposed to
nanoparticles may play an important role in the mechanism of their toxicity. Similarly, our study also
showed that nano Ag has toxic differences on HCT116 and NCM460 cells. In addition, there is no doubt
that supplementing the results of studies with molecules such as caspase3 and other cell lines can
better prove our experimental conclusions. However, due to the recent severe pneumonia epidemic in
China, experimental supplementation of other related genes and cell lines cannot be performed in a
short period of time and should be explored further in the subsequent research.

In conclusion, this study evaluated the effect of Ag NPs exposure on colon cells. Ag NPs may induce
oxidative stress in cells, increase ROS, reduce cell viability and induce apoptosis. Furthermore, the
cytotoxicity is dependent on the concentration of Ag nanoparticles. In summary, these findings provide
very useful toxicological information and help to better evaluate the biological safety of nanomaterials.
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4. Materials and Methods

4.1. Nanoparticles

Nano Ag powder was purchased from Beijing Deke Daojin Technology Co., Ltd. (Deke Daojin,
Beijing, China). The structure of Ag-NPs was studied by transmission electron microscopy (TEM)
JEM-2010 (JEOL Ltd., Tokyo, Japan) and the observation samples were fixed on a copper mesh according
to standard procedures. The crystal structure of Ag-NPs was determined by X-ray diffraction (XRD)
(BRUKER AXS GMBH, Karlsruhe, Germany) and the particle size was detected by a nanometer particle
size analyzer Zetasizer Nano S90 (Malvern Panalytical, Malvern, United Kingdom). Ag-NPs were
added to a serum-free 1640 medium before each use and then sonicated for 30 min to fully disperse
the nanoparticles.

4.2. Cell Culture and Nanoparticle Treatment

A stock solution of Ag NPs (1.0 mg/mL) was prepared in a serum-free RPMI-1640 medium and
stored at −20 ◦C (pay attention to avoid repeated freezing-thawing). The desired concentration (3, 6,
15, 30, and 60 μg/mL) was obtained by diluting the nanoparticle stock solution with a complete cell
culture medium each time. The HCT116 and NCM460 cells were provided by the Molecular Nutrition
Laboratory of Central South University of Forestry and Technology (Changsha, China). The cells were
dispersed in a RPMI-1640 (Invitrogen Gibco, New York, NY, USA) complete medium (containing 10%
calf serum and 1% penicillin-streptomycin) and cultured in a 37 ◦C, 5% CO2 incubator for 8 h. The old
medium was removed, a fresh medium with different concentrations of nanoparticles was added and
incubation was continued for 24 h. The changes to cell morphology under an inverted microscope
were observed (Olympus CK 40, Tokyo, Japan) and saved.

4.3. Cell Viability Assay

MTT cell proliferation and cytotoxicity assay kits (Sangon, Shanghai, China) were used to detect
colon cell viability after exposure to different concentrations of Ag NPs. This method is based on
succinate dehydrogenase activity and determines the number of viable cells. The cells (1.0 × 105 mL−1)
were seeded into a 96-well plate and grown at 37 ◦C, 5% CO2 for adherent growth. The Ag NPs stock
solution was added to complete the medium in order to obtain the desired concentration of Ag NPs (3,
6, 15, 30 and 60 μg/mL). The old medium was carefully removed from the 96-well plate and a new
medium containing different concentrations of Ag NPs was added and placed in an incubator for
further culture. For each concentration, four well replicates were prepared. After 24 h of exposure,
10 μL of MTT solution was added to each cell culture well according to the manufacturer’s instructions.
Gently shake the culture plate to evenly disperse the MTT reagent, and continue incubating for 4 h in a
37 ◦C, 5% CO2 incubator. The MTT solution was then discarded, and 100 μL of formazan solution was
added to each well, and the plate was gently shaken at room temperature to mix them for 10 min. The
optical density (OD) of each well was measured by a multi-functional microplate reader SpectraMax
i3x (Molecular Devices, San Jose, California, USA) at a wavelength of 570 nm. Cell viability was
calculated as the ratio of the average OD obtained at each nanoparticle concentration to the average
OD under control (without Ag nanoparticles).

4.4. Intracellular Reactive Oxygen Species (ROS) Assay

Intracellular ROS levels were measured using a fluorescent probe 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA) according to the kit manufacturer’s instructions (Beyotime, Shanghai, China).
In short, HCT116 cells and NCM460 cells were seeded into 6-well plates with 5 × 106 cells/well and
allowed to grow overnight. The cells were then treated with Ag NPs (3, 6, 15, 30 and 60 μg/mL) for
24 h. The cell culture medium was removed, 1 mL of serum-free medium diluted DCFH-DA (10 μM)
was added and incubation was continued for 20 min. Finally, the cell culture medium was washed
3 times with PBS to completely remove free DCFH-DA. The fluorescence value of the sample was
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immediately measured by a multifunctional microplate reader (Molecular Devices, California, USA).
The percentage of active oxygen in the cell was calculated by the following formula: test sample
fluorescence value/control sample fluorescence value × 100%.

4.5. LDH Release

In this study, we used a lactate dehydrogenase (LDH) cytotoxicity assay kit (Beyotime, Shanghai,
China) to detect nano-Ag cytotoxicity. LDH is a cytoplasmic enzyme found in all living cells. If
cell membranes are damaged and integrity is compromised, intracellular LDH will be released into
external media. Therefore, we evaluated the cytotoxicity of nanoparticles by measuring the amount of
LDH in the medium after the cells were exposed to nano-Ag. Cells were seeded into 6-well plates
(5.0 × 106 cells/well), cultured to adherent growth and then exposed to different concentrations (0, 3, 6,
15, 30, and 60 μg/mL) of Ag nanoparticles. After 24 h, the cell culture plates were centrifuged with a
multi-well plate centrifuge at 400 g for 5 min, the supernatant (120 μL) was removed and 120 μL of
diluted LDH detection reagent was added. The culture was then mixed and shaken appropriately, and
incubation was continued for 1 h. The absorbance of each well was measured using a multifunctional
microplate reader (Molecular Devices) at 490 nm. The calculation formula is as follows: cell membrane
integrity (%) = absorbance of treated samples/absorbance of sample control wells × 100%.

4.6. RNA Isolation and Reverse-Transcriptase PCR Analysis

After cells were exposed to different concentrations of Ag-NP (3, 6, 15, 30, and 60 μg/mL) for 24 h,
RNA was extracted using the “Column Total RNA Purification Kit” (Sangon Biotech, Shanghai, China)
according to the manufacturer’s instructions. cDNA was synthesized using a M-MuLV First Strand
cDNA Synthesis Kit (Sangon Biotech, Shanghai, China) and further detected by RT-PCR using specific
primers [42,43]. The PCR conditions include 1 cycle at 95 ◦C for 3 min, then 40 cycles at 95 ◦C for 30 s,
60 ◦C for 30 s and 72 ◦C for 30 s and, finally, at 72 ◦C for the extended time of 5 min. The sequences of the
specific primers used in this study are shown in Supplementary Table S1. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal reference gene to quantify the expression level of
the target gene.

4.7. Western-Blotting Analysis

The cells were seeded in a 10 cm petri dish at a density of 1 × 107 and cultured in a 37 ◦C, 5% CO2

incubator to adhere the cells. The old culture medium was discarded and replaced with a fresh medium
containing different concentrations of Ag-NP (3, 6, 15, 30, and 60μg/mL). Incubation was then continued
for 24 h. After the treatment was completed, the cells were washed twice with PBS. The total protein
was extracted using a whole protein extraction kit (Sangon Biotech, Shanghai, China) according to the
manufacturer’s instructions. 12% sodium lauryl sulfate - polyacrylamide gel (SDS-PAGE) was used to
separate the target protein fragment, and then the protein was transferred to a polyvinylidene fluoride
(PVDF) membrane. The PVDF membrane was blocked with TBST containing 5% skimmed milk for
30 min at room temperature and then incubated with a specific primary antibody at 4 ◦C overnight.
The PVDF membranes were incubated with horseradish peroxidase (HRP)-conjugated (Sangon Biotech,
Shanghai, China) secondary antibodies at room temperature and the blots were developed by a
chemiluminescence visualization substrate system. GAPDH were used as a normalization control for
equal loading.

4.8. Statistical Analysis

The results of at least three independent experiments are presented as mean ± SD. The comparison
between the treated and control groups was carried out by ANOVA analysis using the SPSS 23.0
software package (SPSS Company, Chicago, IL, USA) [44]. * p < 0.05 was considered as the significance
level for all analyses performed.
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Abstract: Engineered nanomaterials (ENMs) have gained huge importance in technological
advancements over the past few years. Among the various ENMs, silver nanoparticles (AgNPs)
have become one of the most explored nanotechnology-derived nanostructures and have been
intensively investigated for their unique physicochemical properties. The widespread commercial
and biomedical application of nanosilver include its use as a catalyst and an optical receptor in
cosmetics, electronics and textile engineering, as a bactericidal agent, and in wound dressings, surgical
instruments, and disinfectants. This, in turn, has increased the potential for interactions of AgNPs
with terrestrial and aquatic environments, as well as potential exposure and toxicity to human health.
In the present review, after giving an overview of ENMs, we discuss the current advances on the
physiochemical properties of AgNPs with specific emphasis on biodistribution and both in vitro
and in vivo toxicity following various routes of exposure. Most in vitro studies have demonstrated
the size-, dose- and coating-dependent cellular uptake of AgNPs. Following NPs exposure, in vivo
biodistribution studies have reported Ag accumulation and toxicity to local as well as distant organs.
Though there has been an increase in the number of studies in this area, more investigations are
required to understand the mechanisms of toxicity following various modes of exposure to AgNPs.

Keywords: silver nanoparticles; cytotoxicity; routes of exposure; biodistribution

1. Introduction

Nanotechnology

The concept of novel nanoscale technology was introduced in 1959 in a lecture of physicist
Richard Feynman entitled “There is plenty of room at the bottom,” which discussed the importance
of manipulating and controlling things at the atomic scale [1]. The term nanotechnology was first
introduced by Professor Norio Taniguchi in 1974, and the American engineer Kim Eric Drexler
popularized the concept of molecular nanotechnology by using it in his 1986 book Engines of Creation;
The Coming Era of Nanotechnology [1]. However, it was only after the inventions of instruments for
imaging surfaces at atomic level—the scanning tunneling microscope in 1981, which was followed
by the atomic force microscope—that the growth of nanotechnology was sparked in the modern
era [1]. The emerging and exponential nanotechnology involves the manipulation, design and precision
placement of atoms and molecules at the nanoscale level [1]. Over the past two decades, nanotechnology
has witnessed breakthroughs in the fields of medicine, environment, therapeutics, drug development,
and biotechnology.

A major element of nanotechnology comprises engineered nanomaterials (ENMs). According to
European commission, NMs are “a natural, incidental or manufactured material containing particles in
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an unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the particles
in the number size distribution, one or more external dimensions is in the size range of 1–100 nm” [2].
NMs-containing consumer products include cosmetics, electronics, kitchenware, textiles and sporting
goods [3]. This wide utilization is due to unique properties of NMs, such as their small size, large
surface area to volume ratio, high reactivity, high carrier capacity, and easy variation of surface
properties [3]. The same unique properties that led to their widespread applications raise questions
about potential environmental and health effects that might result from occupational exposures during
the manufacture and use of NMs at the consumer end [4]. The toxic effect of NMs on humans has
recently gained much attention in the health industry [5,6]. Most exposure to airborne NMs occurs
in the workplace during the manufacture of these materials, the formulation of them into products,
their transport, or their handling in the storage facilities [7]. Additionally, widespread consumer
exposure via oral inhalation and direct contact with ENM-containing products is likely to occur [7].
Subsequently, the small size of this type of particle facilitates its translocation from natural barriers
such as the gastrointestinal tract (GIT), lungs, or skin, and this translocation can induce acute and
chronic toxic effects [8].

In spite of several advantages of nanoscale materials, their potential health hazards cannot be
overlooked due to their uncontrollable use, discharge to the natural environment and potential toxic
effects. Hence, nanotoxicology warrants intensive research studies in make the use of NMs more
convenient and environment friendly. Some of the most commonly studied NMs include fullerenes,
carbon nanotubes (CNTs), silver nanoparticles (AgNPs), gold nanoparticles (AuNPs), titanium oxide
nanoparticles (TiO2), zinc oxide nanoparticles, iron oxide (FeO), and silica nanoparticles [9]. Among
these, AgNPs have gained strong popularity among researchers over the past few decades [9]. Initial
investigations on AgNPs were more focused on synthesizing and characterizing them by using chemical
approaches [10]. However, current works have been more concentrated on their biological effects and
applications for several purposes [11]. AgNPs are also known to have unique properties in terms of
toxicity, surface plasmon resonance, and electrical resistance [11]. Based on these, intensive works have
been conducted to investigate their properties and potential applications for several purposes such
as antimicrobial agents in wound dressings, water disinfectants, electronic devices, and anticancer
agents [11,12].

Previous review papers have addressed the toxicological properties of AgNPs during their use
as antimicrobial agents for textiles, dental biomaterials, and bio-detectors, as well as during their
syntheses [13–18]. Recent reviews have covered topics such as their biosynthesis by using plant extracts
for antimicrobial applications, biocidal properties, and cytotoxicity based on their physiochemical
properties such as size, concentration and coating [19–21]. Moreover, the chemical and toxicological
interactions of AgNPs with other metal NPs such as Ag, Fe, and TiO2 were also discussed by
Sharma et al. [22]. An important factor regarding the potential health impact of AgNPs is their various
routes of exposure. In this regard, the potential toxic effects of AgNPs after oral exposure were also
thoroughly discussed by Gaillet et al. [23]. However, other major routes including respiratory, dermal
and intravenous exposure have not been covered in previous review articles. In our present paper,
we summarize the existing physical, chemical, and biological synthetic approaches of AgNPs, followed
by a description on their characterization techniques and applications. Notably, our paper aims to
report the most recent update and important studies on the toxic effect of AgNPs following various
routes of exposure including oral, inhalation, dermal, and intravenous administration. Moreover,
important in vitro and in vivo pathophysiological effects at the site of exposure and in remote and
distant organs following exposure are highlighted. To our knowledge, no other previous reviews have
structurally presented these topics so far. We conducted an extensive literature search of bibliographic
databases (e.g., PubMed, Google Scholar, Medline, and Web of Science) by using different keywords
and combinations of keywords (AgNPs, biodistribution, in vitro toxicity, in vivo toxicity, pulmonary
exposure, inhalation, instillation, oral exposure, dermal exposure and organ toxicity) to retrieve the
relevant information.
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2. Silver Nanoparticles (AgNPs)

Of all the ENMs developed and characterized so far, AgNPs has assumed a significant position
due to their potential uses in commercial applications [12,24]. Silver, symbolized as Ag, is a lustrous,
soft, ductile and malleable metal that has the highest electrical conductivity of all metals and is widely
used in electrical appliances [25]. This precious metal is chemically inactive, stable in water, and does
not oxidize in air—hence, it is used in the manufacturing of coins, ornaments and jewelry [25]. Silver
can be obtained from pure deposits as well as from silver ores such as horn silver and argentite. Most
silver is derived as a by-product along with deposits of ores containing gold, copper, and lead [25].
It is estimated that nearly 320 tons of nanoparticulate form of Ag are manufactured every year and
used in nanomedical imaging, biosensing and food products [21]. AgNPs exhibit special properties
relative to their bulk components due to their unique physicochemical properties including their
small size, greater surface area, surface chemistry, shape, particle morphology, particle composition,
coating/capping, agglomeration, rate of particle dissolution, particle reactivity in solution, efficiency of
ion release, and type of reducing agents used for the synthesis of AgNPs [12,26]. In addition, AgNPs
are also well known for their antimicrobial, optical, electrical, and catalytic properties [11]. Owing
to their unique properties, AgNPs have been extensively used in household utensils, food storage,
the health care industry, environmental applications, and biomedical applications such as wound
dressings, surgical instruments, and disinfectants [26]. Furthermore, due to their optical activities,
these NPs have been used in catalysis, electronics and biosensors [26].

2.1. AgNPs Synthesis and Characterization

Numerous methods have been adopted for the synthesis of AgNPs in order to meet these
increasing requirements. The conventional physical method of synthesis includes spark discharge
and pyrolysis [27,28]. A chemical method that can be a top–down or bottom–up approach involves
three main components: metal precursors, reducing agents and stabilizing/capping agents [12].
The common approach is usually chemical reduction by organic or inorganic reducing agents, such
as sodium citrate, ascorbate, sodium borohydride, elemental hydrogen, polyol process, Tollens
reagent, N, N-dimethylformamide, and polyethylene glycol-block copolymer [12]. Other procedures
include cryochemical synthesis, laser ablation, lithography, electrochemical reduction, laser irradiation,
sono-decomposition and thermal decomposition [12]. The major advantage of the chemical method is
its high yield unlike the physical method, which has a low yield [10]. However, contrary to the physical
method, the chemical method is extremely expensive, toxic and hazardous [10]. In order to overcome
the later limitations, the biologically-mediated synthesis of NPs has emerged as a better option. This
simple, cost effective and environment friendly approach uses biological systems including bacteria,
fungi, plant extracts, and small biomolecules like vitamins, amino acids and enzymes for the synthesis
of AgNPs [29]. The green approach is widely accepted due to the availability of a vast array of
biological resources, a decreased time requirement, high density, stability, and the ready solubility of
prepared NPs in water [29].

The characterization of AgNPs is a very crucial step to evaluate the functional effect of synthesized
particles [12]. It has been documented in various studies that the biological activity of AgNPs depends
on morphology, structure, size, shape, charge and coating/capping, chemical composition, redox
potential, particle dissolution, ion release, and degree of aggregation [21,30–33]. Like all other NPs,
these parameters can be determined by using various analytical techniques, such as dynamic light
scattering (DLS), zeta potential, and advanced microscopic techniques such as atomic force microscopy,
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), UV-vis spectroscopy,
X-ray diffractometry (XRD), Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron
spectroscopy (XPS) [12,34]. To capture the concept of importance of AgNPs characterization, it must
be noted that from a toxicological perspective, studies that used similar AgNPs provided by the same
manufacturer demonstrated different results. For example, a repeated exposure study by Vandebriel
RJ et al. [35] in rats showed that AgNPs are cytotoxic to various cells. On the other hand, Boudreau
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M.D et al. [36], using similar particles, showed the dose-dependent accumulation of AgNPs in various
tissues of rats, without causing significant cytotoxicity. Moreover, some published nanotoxicity
studies have reported characteristics of the particles by using only manufacturer’s data without
investigators to confirm their found characteristics or by using single analytical tool that provides
limited information about the particle-type being studied [35,37–39]. This brings in the importance of
the adequate physicochemical characterization of AgNPs prior to undertaking toxicity assessment
studies. In addition, a standardized measurement approach like the application of validated methods
and the use of reference materials that are specific to AgNPs needs to be more developed in order to
assure the comparability of results among toxicity studies that used similar AgNPs.

2.2. AgNPs Physicochemical Properties

Size is an important property that influence the NPs uptake and effect. In this regard, a review
study reported that the common sizes of AgNPs used in general applications ranging from 1 to
10 nm [40]. The reason behind this is that smaller particles have been found to display better
antimicrobial and cytotoxic activity, as demonstrated in various studies [38,41,42]. Furthermore, as
the particle size gets smaller, the specific surface area increases and, hence, a greater proportion of
its atoms is displayed on the surface [4] This implies that for the same mass of an NP, biological
interactions and toxicity are more dependent on particle number and surface area than on particle
mass. The properties of AgNPs can be further enhanced by the functionalization of NPs by using
various coatings that in turn influence NPs’ surface charge, solubility, and/or hydrophobicity. There
is considerable literature that has suggested that the fate and toxicity of AgNPs are determined by
their types of coating [43,44]. Various types of surface coatings applied to AgNPs, particularly to
improve their biocompatibility and stability against agglomeration are trisodium citrate (CT-AgNP),
sodium bis(2-ethylhexyl) sulfosuccinate, cetyltrimethylammonium bromide, polyvinylpyrrolidone
(PVP-AgNP), poly(L-lysine), bovine serum albumin, Brij 35 and Tween 20 [45]. Among the latter, CT
and PVP coatings are the most commonly used as stabilizing agents [40]. Furthermore, the coating also
modifies their charge, which again influences their toxic effect in cells. For example, positively charged
NPs are considered more suitable drug delivery tools for anticancer drugs because they can stay for a
long time in the blood stream compared to negatively charged particles [12]. Shape-dependent effects
were also reported in studies by using varying sized AgNPs. For instance, silver nanocubes showed
greater antibacterial effect against Escherichia coli compared to spheres and wires in a study that used
55 nm AgNPs [46]. Pal. S et al. [47] also successfully demonstrated a shape-dependent interaction with
E. coli where truncated a triangular-shaped AgNP had stronger biocidal action than spherical and
rod shaped AgNPs. Contrarily, Actis et al. [48] reported no biocidal effect on Staphylococcus aureus
after using spherical, triangular and cuboid AgNPs. Cellular uptake and biological responses are also
defined by the agglomeration state of NPs, and there is sufficient evidence that interaction of the AgNPs
with biological media and biomolecules can lead to particle agglomeration and aggregation [49,50].
Though the easy penetration of agglomerated AgNPs in mesenchymal stems cells and nuclei have been
reported in several studies, reduced cytotoxicity has also been evident with agglomerated particles
compared to free AgNPs [49,51]. A good amount of research has also been conducted on various types
of surface corona resulting from interfacial interactions between AgNPs and biological fluids [20]. This
has included studies involving both single and complex molecule protein coronas like bovine and
human serum albumin, tubulin, ubiquitin, and fetal bovine serum [52]. The formation of a corona,
depending on composition, has been shown to interfere with AgNPs’ dissolution to Ag ions and, thus,
their toxicity [52]. Researchers have also successfully established the importance of various AgNP
formulation during synthesis with respect to biomedical applications [53]. For example, the loading of
AgNPs inside multiwalled carbon nanotubes has demonstrated an improved targeting of AgNPs to
sperm cells and, hence, the potential for development as diagnostic tools for infertility management [54].
Similarly, Bilal et al. [55] synthesized an AgNPs-loaded chitosan-alginate construct that interestingly
showed excellent biocompatibility with normal cell line (L929) and cytotoxicity to cancer cells (HeLa
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cells). Azizi et al. [56] formulated albumin-coated AgNPs with the aim of developing new anticancer
agents and showed that the latter was taken specifically by tumor cells and induced apoptosis.

2.3. AgNPs Application and Mechanism of Action

Among various metal salts and NMs that are known to be effective in inhibiting the growth of
many bacteria, AgNPs are noteworthy for their strong inhibitory and bactericidal effects [57,58]. The use
of AgNPs as well as Ag salts in catheters, cuts, burns and wounds to protect them against infection has
been well established [59–62]. However, the exact mechanism underlying the antimicrobial effects of
AgNPs is still unresolved, though the literature has suggested that these particles can interact with the
membranes of bacteria [15,63]. A potential proposed pathway is that AgNPs, upon interaction with
bacteria, induce reactive oxygen species and free radicals, thus damaging the intracellular organelles
and modulating the intracellular signaling pathways towards apoptosis [64]. Another widely accepted
mechanism of bacterial cytotoxicity is the adhesion of AgNPs to the bacterial wall, followed by the
infiltration of the particles, with bacterial cell membrane damage leading to the leakage of cellular
contents and death [63,65]. In this context, the antimicrobial activity assessment of small sized AgNPs
(12 nm) by Das et al. [66] demonstrated these NPs to be excellent inhibitors against both Gram-positive
and Gram-negative bacteria, including Staphylococcus bacillus, Staphylococcus aureus, and Pseudomonas
aeruginosa. This indicates that both the membrane thickness and surface charge facilitates particle
attachment onto the cell membrane [67]. Finally, the large surface area of AgNPs releasing Ag+ ions is
another crucial factor that contributes to the cytotoxic activity. As it is well established, smaller AgNPs
have a faster rate of silver ion (Ag+) dissolution in the surrounding microenvironment due to their larger
surface area to volume ratio and, hence, an increased bioavailability, enhanced distribution, and toxicity
of Ag compared with larger NPs [68,69]. Furthermore, Ag+ ions’ release rate is dependent on a number
of factors including the size, shape, concentration, capping agent and colloidal state of NPs [70,71].
In particular, the rate of Ag+ ion release has been shown to be associated with the presence of chlorine,
thiols, sulfur, and oxygen [14]. Released Ag+ ions are suggested to interact with respiratory chain
proteins on the membrane, interrupt intracellular O2 reduction, and induce reactive oxygen species
(ROS) production, thus causing cellular oxidative stress in microbes and death [72]. AgNPs are also
familiar for their antifungal, antiviral and anti-inflammatory activity [71]. Several studies have reported
the potent anti-fungal activity of AgNPs against several phytopathogenic fungi (e.g., Alternaria alternate,
Sclerotinia sclerotiorum, Macrophomina phaseolina, Rhizoctonia solani, Botrytis cinereal and Curvularia lunata)
as well as human pathogenic fungi (e.g., Candida and Trichoderma sp) [73,74]. Likewise, AgNPs have
demonstrated efficient inhibitory activities against several viruses including human immunodeficiency
virus, hepatitis B virus, herpes simplex virus, human parainfluenza virus, peste des petits ruminants
virus, and bean yellow mosaic virus, a plant pathogenic virus [75–79]. Inflammation is an early
immunological response against foreign particles by tissue, and, interestingly, AgNPs have been
recently recognized to play important roles as anti-inflammatory agents. Studies evaluating the
anti-inflammatory effect of AgNPs have shown a significant reduction in wound inflammation,
a modulation of fibrogenic cytokines, a down regulation of pro-inflammatory cytokines, and apoptosis
in inflammatory cells [61,80,81].

3. Routes of Exposure and Biodistribution

The major routes of entry of NPs are ingestion, inhalation, dermal contact and, directly in systemic
circulation via intraperitoneal (i.p.) or intravenous (i.v.) injection [7]. The various modes of exposure
to AgNPs, their biodistribution, and their mechanisms underlying the effects are illustrated in Figure 1.
As AgNPs are extensively used in various household and biomedical products, the following section
discusses the various potential routes of entry of these NPs.
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Figure 1. Schematic representation of the biodistribution and toxicity of silver nanoparticles (AgNPs)
following various routes of exposure.

After their exposure, AgNPs are able to induce inflammation and oxidative stress at the site of
exposure. Moreover, they can cross various biological barriers and enter the systemic circulation.
Intravenously-administered AgNPs are directly available in circulation. From then onwards, AgNPs
are distributed to various organs and cause organ-specific pathophysiological effects. It remains to be
seen whether the effects observed in the distant organs are due to the direct impact of the translocated
AgNPs and/or particle-induced inflammatory and oxidative stress responses at the site of exposure.
Some abbreviation are as follows: alanine aminotransferase (ALT), aspartate aminotransferase (AST),
brain natriuretic peptide, plasminogen activator inhibitor-1, prothrombin time, activated partial
thromboplastin time, blood–brain barrier.

3.1. Respiratory Exposure

The release of AgNPs in the environment during the manufacturing, washing or disposal of
products enables the NPs to enter the human respiratory system through inhalation [82]. An exposure
assessment in an NMs manufacturing facility showed a significant release of AgNPs during processing
as soon as the reactor, dryer and grinder were opened, leading to potential occupational exposure
even for wet production processes [83]. Similar studies evaluating workplace exposure and health
hazard have reported that concentrations of AgNPs in the processes of manufacturing and integration
of AgNPs into various consumer products can reach up to 1.35 μg/m3 [84,85]. Several healthcare,
hygiene and antibacterial spray products containing AgNPs have now entered in our daily use.
Nazarenko et al. [86] and Lorenz et al. [87] reported that the use of nanotechnology-based consumer
sprays containing AgNPs can lead to the generation of nanosized aerosols and the release of NPs near
the human breathing zone. Furthermore, Ag-treated textiles can be a source of AgNPs in washing
solutions when laundering fabrics, regardless of either conventional Ag or nano Ag treatment [88].
A recent study that evaluated the effluent from a commercially available silver nanowashing machine
showed that AgNPs, at an average concentration of 11μg/L, were released in the environment [89].
AgNPs with a maximum concentration of 145 μg/L were also reported to be released from the outdoor
paints during initial runoff events [90]. An occupational study in a silver manufacturing plant revealed
that AgNPs in the air increases during production, and a peak area concentration of more than
290 μg/m3 could be been detected [84]. The authors suggested the possibility for workers to be exposed
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to airborne AgNPs at concentrations ranging from 0.005 to 0.289 mg/m3. In spite of considerable
studies that have evaluated pulmonary exposure and toxicity, there are still a lack of long-term toxicity
data, consumer exposure data, and human health effect data on AgNPs information. Nevertheless,
an occupational exposure limit of 0.19μg/m3 for AgNPs has recently been proposed based on a
subchronic rat inhalation toxicity study and by taking the human equivalent concentration with
kinetics into consideration [91]. Following inhalation, the transport and deposition of NPs is not
uniform and is influenced by several factors including flow rate, the structure of the airway, pulmonary
function, age, and, most importantly, particle size [82]. Particles smaller than 0.1 μm have been shown
to penetrate deeply into the alveolar region, mainly by diffusion [7,92]. Consequently, due to deeper
particle deposition, the clearance mechanism takes longer and leads to prolonged particle–tissue
interactions and more pathophysiological effects [7]. In addition, translocation in blood capillaries
is relatively easy for particles with a diameter lower than 0.1 μm [7]. The alveolar–capillary barrier
consists of a very thin monolayer of epithelial cells, the endothelial cells of the capillaries, and the
basement membrane between the two cells, and this barrier maintains the homeostasis of the lung [7].
NP penetration has been demonstrated following damage to the epithelial layer of the alveolar capillary
membrane [7,93].

3.2. Oral Exposure

In the food industry, AgNPs are used in packaging and storage in order to increase the shelf
life and quality of food [23]. Moreover, urban and industrial effluents enter the aquatic ecosystem
and accumulate along trophic chains [94]. Thus, the presence of AgNPs in dietary supplements,
water contamination, or food fish and other aquatic organisms provides the potential sources of oral
exposure [23]. Recent studies have also demonstrated that AgNPs incorporated in food packaging can
migrate from packaging into food under several usage conditions [95,96]. Inhalation exposure during
manufacturing also ultimately leads to oral exposure, since particles cleared via the mucociliary escalator
are swallowed and cleared through the GIT. It is estimated that the amount of daily consumption of
silver in humans by ingestion is around 20–80 μg [7]. After ingestion, the GIT serves as a mucosal
barrier that selectively promotes the degradation and uptake of nutrients such as carbohydrates,
peptides, and fats. NPs can act on the mucus layer, translocate to the blood stream and consequently
access each organ upon crossing the epithelium. It has been reported that the uptake of NPs with a
diameter lower than 100 nm occurs mainly by endocytosis in epithelial cells [97]. Within enterocytes,
AgNPs can trigger oxidative stress, DNA damage, and inflammation [7].

3.3. Skin and Parenteral Exposure

Human exposure to AgNPs may also take place through the skin, the largest organ of the
body and the first line of defense between the external environment and the internal environment.
The potential of solid NPs to penetrate healthy and breached human skin, as well as their ability to
diffuse into underlying structures, has been well demonstrated [98,99]. In this context, the use of
AgNPs in cosmetics production has been estimated to reach up to 20%. In addition to cosmetics, dermal
contact to wound dressings and antibacterial textiles has also shown large diffusion of AgNPs [100].
In a laboratory set up, i.v., i.p., and subcutaneous injection enables AgNPs to directly gain access into
systemic circulation. Furthermore, the development of AgNP-based drugs or drug carriers could
enable the direct entry of these particles into the human circulatory system.

Following exposure, the distribution and toxicity of AgNPs is further discussed broadly under
the in vivo toxicity section of this review article. In general, exposure and gender-related differences
in the target tissue AgNP accumulation have been evident in previous research [101–104]. Next to
biodistribution, the assessment of the clearance behavior of NPs is an important indicator of cumulative
toxicity. In this context, there are several studies that have investigated the post exposure clearance
kinetics following subacute inhalation, i.v, and, oral exposure to various sizes of AgNPs and Ag+

ions [104–107]. These studies have revealed silver clearance from most organs after the recovery period,
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which is generally 17 days to four months. However, tissues with biological barriers like the brain and
testes have exhibited a persistence of silver in long term oral exposure studies, suggesting the difficulty
of the silver to be cleared from these organs [106,107]. The persistence of silver in these organs also
enhances chances of increased toxicity.

4. Pathophysiological Effects of AgNPs

The increasing concern about the possible impact of AgNPs on the environment and human
health has directed researchers to focus on the in vitro and in vivo toxicity induced by these particles.

4.1. In Vitro Effects

In vitro cytotoxicity studies are often used to characterize the biological response to AgNPs,
and the results of these studies may be used to identify hazards associated with exposure to AgNPs.
Some important studies that have shown the toxic effects of AgNPs on different cell lines, including
macrophages (RAW 264.7), including bronchial epithelial cells (BEAS-2B), alveolar epithelial cells
(A549), hepatocytes (C3A, HepG2), colon cells (Caco2), skin keratinocytes (HaCaT), human epidermal
keratinocytes (HEKs), erythrocytes, neuroblastoma cells, embryonic kidney cells (HEK293T), porcine
kidney cells (Pk 15), monocytic cells (THP-1), and stem cells [20,108–117], are discussed below.

The exposure of A549 cells to increasing concentrations of AgNPs for 24 h has been to shown
cause morphological changes including cell shrinkage, few cellular extensions, a restricted spreading
pattern, and cell death in a dose-dependent manner [118]. In another study that used the same type of
cells, treatment with 20 nm AgNPs induced DNA damage and the overexpression of metallothioneins
at a concentration of 0.6 nM up to 48 h [119]. Size-dependent changes in cellular morphology were
observed in a rat alveolar macrophage cell line incubated with hydrocarbon-coated AgNPs of different
sizes (15, 30 and 55 nm) [120]. Gliga et al. [31] explored the mechanism of toxicity in BEAS-2B cells
exposed to CT-AgNPs of different particle sizes (10, 40 and 75 nm) as well as to 10 nm PVP-coated and
50 nm uncoated AgNPs. In the latter study, cytotoxicity was evaluated with Alamar Blue and lactate
dehydrogenase (LDH) assay. The Alamar Blue reagent assessed cell viability and proliferation based
on the reduction potential of metabolically active cells. Their results showed cytotoxicity only of the
10 nm particles, independently of surface coating, and toxicity observed was associated with the rate
of intracellular Ag release, a ‘Trojan Horse’ effect. Nguyen et al. [44] exposed a macrophage cell line
to uncoated (20, 40, 60, and 80 nm) and PVP-AgNPs (10, 50, and 75 nm) and found a cell shrinkage
effect due to uncoated particles, whereas cell elongation was evident after treatment with PVP-coated
particles. The exposure of BEAS-2B and RAW 264.7 cell lines to 20 and 110 nm PVP- and CT-Ag-AuNPs
(AgNPs with a gold core) showed that 20 nm Ag-AuNPs induced a significant reduction in cell viability
in the dose range of 6.25–50 μg/mL for 24 h [121]. In addition, significant ROS generation, intracellular
calcium influx, and a decline in mitochondrial membrane potential were also demonstrated in 20 nm
CT- and PVP-AgNPs and 110 nm CT-AgNP-treated cells. Bastos V. et al. [122] also evaluated the
cytotoxicity of 30 nm CT-AgNPs on RAW 264.7 cells by using parameters including viability, oxidative
stress, and cytostaticity at 24 and 48 h of exposure. Their findings revealed decreased cell proliferation
and viability at a concentration of only 75 μg/mL, thereby suggesting the low sensitivity of RAW 264.7
cells to lower doses of AgNPs. Recently, Gliga et al. [116], using a combination of RNA sequence and
functional assays, showed that repeated, low doses (1 μg/mL) and long term exposure (six weeks) of
BEAS-2B cells to 10 and 75 nm CT-AgNPs is profibrotic, indicated by the upregulation of TGFβ1 and
induce epithelial–mesenchymal transition and cell transformation. This evidence suggests that the
observed cellular effects are dose-, size-, coating- and duration of exposure-dependent.

The exposure of 20 nm AgNPs to C3A cells at sublethal concentrations (1.95 μg/106 cells) revealed
size-dependent cytotoxicity, as indicated by elevated LDH levels, an increased release of inflammatory
proteins (interleukin (IL) 8 and tumor necrosis factor (TNF) α), oxidative stress, and a decrease in
albumin synthesis [123]. Cell viability was also evaluated by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay, a colorimetric assay measuring cell metabolic activity based
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on nicotinamide adenine dinucleotide phosphate -dependent cellular oxidoreductase enzymes,
in human hepatoblastoma HepG2 and mice primary liver cells. Interestingly, AgNPs caused a
concentration-dependent decrease of cell viability in both cell types [124]. A study by Xue et al. [125] in
HepG2 cells demonstrated that AgNPs are able to cause time- (24 and 48 h) and dose-dependent (40, 80,
160 μg/mL) decreases in cell viability, and they are induce cell-cycle arrest in the gap/mitotic phase,
significantly increasing the apoptosis rate and ROS generation. A similar study that used PVP and
CT-AgNPs at concentrations of 1–100 mg/L also showed coating- (with CT causing more effects than
PVP) and dose-dependent reductions in cell viability along with the inhibition of albumin synthesis, as
well as a decrease in alanine transaminase activity and apoptosis in HepG2 cells, thus indicating the
therapeutic potential of the AgNPs against hepatic cancer [126]. Intestinal cells treated with Ag showed
an induction of cytokine release and a higher genotoxicity compared to other inorganic metallic NPs
(TiO2 and silicon dioxide) [127]. Böhmert et al. [128] analyzed the toxicity of AgNPs with a primary
size of 7.02 ± 0.68 nm in Caco-2 cells by using NP concentrations between 1 and 100 μg/ml. A partial
aggregation between digested and not-digested particles was observed by field fractionation (A4F)
combined with DLS and X-ray dispersion at small angles. The authors concluded that AgNPs entered
the GIT barrier without forming large aggregates in digestive fluids. These results confirmed the
importance of body fluids on NP behavior and toxicity.

Samberg et al. [129] assayed the potential cytotoxicity of AgNPs in HEKs cells following 24 h
of exposure and reported that unwashed and uncoated AgNPs caused a significant dose-dependent
decrease of HEK cell viability and an increase in inflammatory cytokines, whereas washed and
carbon-coated AgNPs did not induce any effect. Moreover, an in vitro percutaneous penetration of Ag
study revealed that the accumulation of Ag and silver chloride aggregates of smaller than 1 μm, both
in the epidermis and dermis [130].

NPs readily enter systemic circulation and may interact with circulatory components like blood
cells, the heart, and blood vessels [131–133]. The potential impacts of human exposure to AgNPs
on hemolysis, platelet activity and coagulation have recently gained interest. Studies that used
human erythrocytes have investigated the effects of AgNPs on hemolysis, morphology, and their
uptake [132,134]. In our recent in vitro study, we assessed the effect of the coating and dose of AgNPs
on oxidative damage and eryptosis on mice erythrocytes [111]. Both PVP and CT-AgNPs induced
oxidative stress and increased cytosolic calcium, annexin V binding, and calpain activity. The latter
data may explain the mechanism of hemolysis and eryptosis induced by AgNPs. These NPs could
also prevent platelet responses, as evidenced by the inhibitory effects of AgNPs of different sizes
(13–15 , 30–35, and 40–45 nm) on platelet aggregation [135]. Conversely, Bian et al. [136] recently
compared the AgNPs (<100 nm) with Ag macro particles (5–8 μm) and showed that the former can
promote phosphatidylserine (PS) exposure and microvesicle generation in freshly isolated human
erythrocytes, mainly through ROS generation and intracellular calcium increases, hence suggesting
that AgNPs may have prothrombotic risks by promoting the procoagulant activity of red blood
cells, more importantly at non-hemolytic concentrations (≤100 μg/mL). These discrepancies in results,
though not fully understood, could be related to the different cell types used in studies. The various
blood biological effects of AgNPs, such as hemolysis, the interference of plasma coagulation, the
enhancement of platelet aggregation, and the inhibition of lymphocyte proliferation, are size-, coating-
and concentration-dependent [111,137,138]. Lin et al. [139] studied the potential toxicity of AgNPs
on cardiac electrophysiology. The particles caused the concentration-dependent (10−9–10−6 g/mL)
depolarization of resting membrane potential and diminished action potential, subsequently leading
to a loss of excitability in mice cardiac papillary muscle cells in vitro. Milic M et al. [113] investigated
the interaction of CT-AgNPs (13–61 nm) with porcine kidney (Pk15) cells, and compared the effect
of the particles in their ionic form. For both forms of silver, concentration (1–75 mg/L) dependently
decreased the viability of Pk15 cells after 24 h.

Furthermore, AgNPs exhibited an increased toxicity in stem cells, and this was attributed to
their properties such as size, concentration and coating. The biocompatibility of 100 nm AgNPs
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was tested in human mesenchymal stem cells (hMSCs) by Greulich C et al. [140], and there was a
dose-dependent (0.5–50 μg/mL) effect on cytotoxicity exhibited by decreased cell proliferation and
chemotaxis. In addition, He W et al. [141] showed an increased LDH release and ROS production and
reduction in both cell viability and mitochondrial membrane potential in hMSCs exposed to 30 nm
AgNPs. Murine spermatogonial stem cells showed less cell viability, LDH leakage, and prolonged
apoptosis after exposure to 15 nm AgNPs at concentrations of 5, 10, 25, 50, and 100μg/mL [142]. Similarly,
neural stem cells (NSCs) showed an increase in cell death and LDH leakage, an induction of ROS, an
upregulation of the pro-apoptotic Bax protein, and increased in apoptosis when exposed to various
concentrations (0.01–80 μg/mL) of PVP-Ag-NPs [143]. In the latter study, AgNPs induced neurotoxicity
was compared to Ag+ ions, and the authors demonstrated that AgNPs caused cell apoptosis by
inducing intracellular ROS generation coupled with c-Jun N-terminal kinases phosphorylation, while
Ag ions caused cell necrosis via the alteration of cell membrane integrity and direct binding with
cellular thiol groups.

Results of in vitro studies have indicated that AgNPs are toxic to the mammalian cells that
are derived from the skin, the liver, the lung, the brain, the vascular system and reproductive
organs [144]. The cytotoxicity of AgNPs depends on their size, shape, surface charge, coating/capping
agent, dosage, oxidation state, agglomeration and type of pathogens against which their toxicity is
investigated [42,108,145,146]. Despite these studies, the toxicological of AgNPs mechanism is still
unclear. Several studies have reported DNA damage and apoptosis induced by NPs. In this context,
AgNPs have been shown to cause apoptosis in mouse embryonic stem cells [147]. A follow up by
the same group also demonstrated the involvement of AgNPs in the activation of apoptotic markers,
caspase 3 and caspase 9, at concentrations of 50 and 100 μg/mL [148]. DNA damage at a concentration
of 0.1 μg/mL of AgNPs was also reported in a study that investigated chromosomal aberrations
in human mesenchymal cells [149]. Furthermore, the potential of AgNPs to induce genes that are
associated with cell cycle progression, cause chromosomal damage, cell cycle arrest, and cell death
in human BEAS-2B cells, umbilical vein endothelial cells, and hepatocellular liver carcinoma cells at
various concentrations was also reported [144]. In spite of these numerous studies, a major limitation
of the in vitro study of hazard identification with respect to human health is related to the doses used
in in vitro studies, as these doses may not be comparable to realistic exposure doses in human. Hence,
this necessitates in vivo toxicity research, a review of which is presented in the following section based
on potential routes of exposure.

4.2. In Vivo Toxicity

In vivo biodistribution and toxicity studies in rats and mice have demonstrated that AgNPs that
are administered by inhalation, ingestion or i.v./i.p. injection are subsequently detected in blood and
cause toxicity in several organs including the lung, the liver, the kidney, the intestine and the brain.

Inhalation is a proposed major route of exposure, not only during manufacturing of Ag-containing
materials but also during the use of aerosolized products. Tables 1 and 2 summarize the important
toxicity and biodistribution studies of AgNPs in rodents following pulmonary exposure via inhalation
and intratracheal (i.t.) instillation, respectively. The data from these studies showed diverse outcomes
related to biodistribution and remote organ toxicity. Some studies showed no induction of adverse
effects [150,151], while other studies reported adverse effects varying from a minimal inflammatory
response to the presence of inflammatory lesions in the lungs [103,104,152,153]. For instance, a 28-day
inhalation toxicity study on rats showed no significant changes in the hematology and blood
biochemistry in either the male or female rats following exposure to 11–14 nm AgNPs at concentrations
of 1.73× 104/cm3, 1.27× 105/cm3 and 1.32× 106 particles/cm3 [151]. Hyun et al. [154] also exposed rats to
12–15 nm AgNPs for similar durations and doses and showed no remarkable histopathological changes
in the nasal cavity and the lung in the NPs exposed group compared to the control group. Nevertheless,
Lee et al. [155] found that a short term (14 days) nose-only exposure of mice to 20 nm AgNPs at
concentration of 1.91 × 107 particles/cm3 led to alterations in brain gene expression. Sub-chronic
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(90 days) inhalation studies showed mild, dose-dependent pulmonary inflammation and alterations in
pulmonary function in rats exposed to 18 nm AgNPs [153]. In addition, inhaled AgNPs may also enter
systemic circulation to become distributed to extra-pulmonary organs such as the liver and the brain,
as demonstrated in studies that used ~15 nm NPs at concentrations of 1–3 × 106 particles/cm3 [151,156].
A 90 days, an inhalation study by Sung et al. showed alterations in lung function and inflammatory
responses in rats exposed to 18 nm AgNPs [153]. Additionally, the accumulation of Ag in the lungs and
the liver were more evident in rats after 90 days of inhalation [103]. Silver accumulation has been also
observed in the brain, the olfactory bulb, the kidney and the spleen [103,157,158]. Moreover, AgNPs
(18–20 nm) were also shown to reach and cross mouse placenta in an inhalation study, where pregnant
females were exposed to freshly produced aerosols for either 1 or 4 h/day during the first 15 days of
gestation at a particle number concentration of 3.80 × 107 part/cm3 [159].

Table 1. Toxicity and distribution of AgNPs following pulmonary exposure in rodents via inhalation.

Size Dose Model
End-Point

Measurement
Effect

Tissue
Accumulation

References

11–14 nm

1.73 × 104/cm3

(low dose),
1.27 × 105/cm3

(middle dose),
(1.32 × 106

particles/cm3

(high dose)

Sprague–Dawley
rats

Inhalation 6 h/day,
5 days/week, for

4 weeks, sacrificed
1 day post last

exposure

AgNPs concentration
below the American

Conference of
Governmental

Industrial Hygienists
silver dust limit

(100 μg/m3 did not
produce significant

toxic effects.

Lu, Li, Br, Ob [151]

18 nm

0.7 × 106

particles/cm3 (low
dose), 1.4 × 106

particles /cm3

(middle dose), and
2.9 × 106

particles/cm3 (high
dose)

Sprague–Dawley
rats

Inhalation 6 h/day,
5 days/week, for

90 days, sacrificed
1 day post last

exposure

Subchronic exposure to
AgNPs compromised

the lung function.
N/A [153]

18 nm

0.6 × 106

particle/cm3, 49
μg/m3(low dose),

1.4 × 106

particle/cm3,
133 μg/m3 (middle
dose) and 3.0 × 106

particle/cm3,
515 μg/m3 (high

dose)

Sprague–Dawley
rats

Inhalation 6 h/day,
5 days/week, for

90 days, sacrificed
1 day post last

exposure

Silver accumulation in
kidney was

gender-dependent.
Dose-dependent

increase of bile duct
hyperplasia in

AgNP-exposed liver.

Lu, Li, Br, Ob,
Ki [103]

10 nm
(PVP-coated)

3.3 ± 0.5 mg/m3 or
31 μg/g lung

Male C57Bl/6
mice

Inhalation 4 h/day,
5 days a week, for
10 days, sacrifice

at 1 hr and 21 days
post last exposure

Subacute inhalation of
nanosilver induced
minimal pulmonary

toxicity.

Lu [152]

15 nm; 410
nm

179 μg/m3 and
167 μg/m3 or

7.9 × 106

particles/mm3 and
118 particles/mm3

for 15 and 410,
respectively

Male Fischer
rats

Inhalation 6 h/day,
4 consecutive

days, sacrifice at 1
and 7 days post

exposure

Size-dependent effect
on pulmonary toxicity

after inhalation of
similar mass

concentration of 15 and
410 nm AgNPs.

Lu, Li [158]

15 nm 8, 28 μg

BrownNorway
and

Sprague–Dawley
rats

Inhalation
3 h/1 day and

3 h/4 days.
Sacrifice at 1 and
7 days post last

exposure

AgNPs induced an
acute pulmonary

neutrophilic
inflammation with the

production of
proinflammatory and

pro-neutrophilic
cytokines.

Lu [160]
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Table 1. Cont.

Size Dose Model
End-Point

Measurement
Effect

Tissue
Accumulation

References

20 nm;
110 nm

(CT-coated)

7.2 ± 0.8 mg/m3 and
5.3 ± 1.0 mg/m3 or
86 and 53 μg/rat for

C20 and C110,
respectively

Male
Sprague–Dawley

rats

Inhalation 6 h/1
day, sacrifice at 1,
7, 21, and 56 days

postexposure

Delayed peak and
short-lived

inflammatory and
cytotoxic effects in
lungs with greater

response due to smaller
sized nanoparticles.

N/A [161]

18–20 nm 3.80× 107 part.
/cm−3

Female
C57BL/6 mice

Inhalation for
1 h/day or 4 h/day,
for first 15 days of

gestation,
sacrificed 4 h post

last exposure

Increased number of
resorbed fetuses

associated with reduced
estrogen plasma levels,
in the 4 h/day exposed

mothers.

Lu, Sp, Li, Pl [159]

Abbreviations: lung (Lu), liver (Li), spleen (Sp), kidney (Ki), olfactory bulb (Ob), brain (Br), placenta (Pl),
polyvinylpyrrolidone (PVP), and citrate (CT).

Table 2. Toxicity and distribution of AgNPs following pulmonary exposure in rodents via
intratracheal instillation.

Size Dose Model
End-Point

Measurement
Effect

Tissue
Accumulation

References

20 nm; 110 nm
(PVP- and
CT-coated)

0.5, 1 mg/kg
Male

Sprague–Dawley
rats

Single i.t.
instillation,

sacrifice at 1, 7
and 21 days

post exposure

Coating- and size-dependent
AgNPs retention in lungs.

PVP-coated AgNPs had less
retention over time and larger
particles were more rapidly
cleared from large airways

than smaller particles.

Lu [162]

20 nm; 110 nm
(PVP- and
CT-coated)

0.1, 0.5, 1
mg/kg

Male
Sprague–Dawley

rats

Single i.t.
instillation,

sacrifice at 1, 7
and 21 days

post exposure

Smaller sized AgNPs
produced more inflammatory

and cytotoxic response.
Larger particles produce

lasting effects post 21 days
instillation.

N/A [163]

20 nm
(CT-capped) 1 mg/kg

Male
Sprague–Dawley

rats

Single i.t.
instillation,
sacrifice at 1
and 7 days

post exposure

AgNP resulted in
exacerbation of cardiac

ischemic-reperfusion injury.
N/A [164]

20 nm; 110 nm 1 mg/kg
Male

Sprague–Dawley
rats

Single i.t.
instillation,
sacrifice at 1
and 7 days

post exposure

Both sizes of AgNP resulted
in exacerbation cardiac I/R

injury 1 day following
instillation independent of

capping agent. Persistence of
injury was greater for 110 nm
PVP-capped AgNP following

7 days instillation.

N/A [165]

50 nm; 200 nm
(PVP-coated)

0.1875, 0.375,
0.75, 1.5, 3

mg/kg

Female Wistar
rats

Single i.t.
instillation,

sacrifice at 3
and 21 days

post exposure

Focal accumulation of Ag in
peripheral organs along with

transient inflammation in
lung.

Li, Sp, Ki [157]

50 nm; 200 nm
(PVP- and
CT-coated)

0.05, 0.5, 2.5
mg/kg

Female BALB/C
mice

Single i.t.
instillation,

sacrifice 1 day
post

instillation

Size-, dose- and
coating-dependent

pro-inflammatory effects in
healthy and sensitized lungs

following pulmonary
exposure to AgNPs.

N/A [100]

10 nm 0.05, 0.5, 5
mg/kg BALB/C mice

Single i.t.
instillation,
sacrifice at 1
and 7 days

post exposure

Oxidative stress, DNA
damage, apoptosis in heart.

Induced prothrombotic
events and altered

coagulation markers.

N/A [166]

Abbreviations: lung (Lu), liver (Li), spleen (Sp), kidney (Ki), intratracheal (i.t.), polyvinylpyrrolidone (PVP),
and citrate (CT).
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In several cases, a gender-dependent difference for AgNPs accumulation in kidneys has been
reported, with females exhibiting a higher concentration than males [101,153,167]. One possible
explanation for the sex differences in the distribution of Ag may be hormonal regulation in the rat
kidney [36]. A gender-dependent difference was also reported in terms of the persistence of pulmonary
inflammation and a decrease in lung function in male rats following the termination of exposure, while
females showed a gradual improvement in lung inflammation following the cessation of exposure [104].
However, the exact mechanism of sex-related differences is still not clear.

The potential mechanisms of the cardiovascular effects of lung-deposited particles were previously
discussed by Nemmar et al. [168]. In this context, Holland et al. [164] investigated the effect of 20 nm
AgNPs on cardiovascular injury and showed the exacerbation of cardiac ischemic-reperfusion injury
following a single i.t. instillation in rats. The authors further evaluated the impact of the size (20 and
110 nm) and coating (PVP and CT) of AgNPs, and they demonstrated that the acute effect was size-
and coating-independent, whereas the persistence of injury was greater for 110 nm PVP-AgNPs [165].
A significant dose-dependent effect of pulmonary-exposed PVP- and CT-AgNPs on cardiovascular
homeostasis was also demonstrated in our recent study [166]. The mechanism through which lung
injury occurs and how the physicochemical properties of inhaled AgNPs affect their interactions
with the lung have recently begun to be investigated in vivo [100,158,162,163]. Along with in vitro
studies, in vivo results have suggested that size, coating and dose affect pulmonary inflammation and
cellular toxicity.

As mentioned above, besides respiratory exposure, consumer exposure to AgNPs via ingestion
can also occur due to the incorporation of AgNP into products such as food containers and dietary
supplements. Table 3 summarizes the important toxicity and biodistribution studies of AgNPs in
rodents via oral exposure. The deposition of orally-exposed AgNPs in the GIT has been widely
demonstrated in previous studies [36,169]. Jeong et al. [170] showed an increase of goblet cells in
the intestine, together with a high mucus granule release in mice orally-treated with AgNPs (60 nm)
at a concentration of 30 mg/kg bw/day for 28 days. In addition, AgNPs (5–20 nm) that were orally
administrated for 21 days in mice (20 mg/kg of body weight) disrupted epithelial cell microvilli
and intestinal glands [106]. The distribution of PVP-AgNPs (14 nm) to multiple organs including
the intestine, the liver, the kidney, the lung and the brain following oral administration have been
reported [169]. Several other investigators also showed that oral exposure to AgNPs may lead to
liver, intestinal and neuronal damage [171–173]. Cases of argyria (a condition characterized by an
irreversible gray or bluish gray pigmentation of the skin), irreversible neurologic toxicity, and death
have been reported upon the long-term ingestion of colloidal silver [174]. The liver appears to be a
major accumulation site of circulatory AgNPs [175]. In fact, PVP-AgNPs (20–30 nm) have been shown
to increase oxidative stress, enhance autophagy, and deplete insulin signaling pathways following
oral exposure for 90 days in the liver of male rats [173]. Changes in blood parameters indicated
by a significant elevation of ALT, AST, and hepatoxicity, shown by histological damages (necrosis,
hepatocytic inflammation, and the resultant aggregation of lymphocytes in liver tissue) were also
observed in a study that evaluated the toxic effect of 14 days of oral exposure to AgNPs (40 nm) at doses
20 and 50 ppm in BALB/C mice [176]. Moreover, Tiwari et al. [177] determined the effect of 60 days
AgNPs (10–40 nm) treatment on the kidneys of female Wistar rats at doses of 50 and 200 ppm, and they
demonstrated significant mitochondrial damage, increased levels of serum creatinine, and early toxicity
markers such as KIM-1, clusterin and osteopontin.
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Table 3. Toxicity and biodistribution of AgNPs in rodents via oral exposure.

Size Dose mg/kg Model
End-Point

Measurement
Effect

Tissue
Accumulation

References

56 nm 30, 125, 500 F344 rats

Daily exposure
for 90 days,

sacrifice 24 h
post last
exposure

Accumulation of silver in
kidneys was gender-dependent,
with a 2-fold increase in female
kidneys. Liver is the target of

silver toxicity for both male and
female rats.

Li, Ki, Br, Lu,
Bl [102]

15 nm; 20
nm 90

Male
Sprague

Dawley rats

Daily exposure
28 days, sacrifice
24 h, 1 week, 8
weeks post last

exposure

Main target organ for AgNPs and
AgNO3 upon oral exposure are
the liver and spleen. Silver was
cleared from all organs after 8

weeks post dosing except brain
and testes.

Li, Sp, Te, Ki,
Br, Lu, Bl, Blr,

Ht
[106]

20 nm 820
Male

Sprague
Dawley rats

Daily exposure
for 81 days,

sacrifice 24 h
post last
exposure

AgNPs induces liver and cardiac
oxidative stress and mild

inflammatory response in liver.
N/A [178]

20, nm; 110
nm (PVP-

and
CT-coated)

0.1, 1, 10
Male

C57BL/6NCrl
mice

3 days exposure,
sacrifice at 1 and

7 days post
exposure

Acutely ingested AgNP,
irrespective of size or coating, are
well-tolerated in rodents even in

markedly high doses and
associated with predominant

fecal accumulation.

Absence of
tissue

accumulation
[179]

10 nm; 75
nm; 110 nm 9, 18, 36 Sprague

Dawley rats

Daily exposure
for 13 weeks.
Sacrifice 24 h

post last
exposure

Silver accumulation in tissues
showed a size-dependent
relationship 10>75>110.

Statistically significant difference
in distribution and accumulation
of silver in male and female rats.

No toxic effect on blood,
reproductive and genetic system

tested was observed.

Ki, Sp, Li, Ht,
Ut [36]

20–30 nm
(PVP-coated) 50, 100, 200

Male
Sprague

Dawley rats

Daily exposure
for 90 days,

sacrifice 24 h
post last
exposure

Though AgNPs accumulated in
hepatic and ileum cells, no
harmful effects in liver and

kidney, as well as no
histopathological, hematological

and biochemical markers
changes was observed.

Il, Li, Ki, Br,
Th, Spl [180]

20–30 nm
(PVP-coated) 50, 100, 200

Male
Sprague

Dawley rats

Daily exposure
for 90 days,

sacrifice 24 h
post last
exposure

High dose showed an increase of
sperm morphology

abnormalities.
N/A [181]

10 ± 4 nm
(CT-capped) 0.2 Male Wistar

rats

Daily exposure
for 14 days,

sacrifice 24 h
post exposure

Prolonged low dose AgNPs
exposure induced oxidative

stress in brain but not in liver.
N/A [182]

91.71 ± 1.6
nm 0.5 Male Wistar

rats

Daily exposure
for 45 days,

sacrificed 24 h
post exposure

AgNPs caused significant
oxidative stress compared to

TiO2NP with similar dose
concentration.

Bl, Li, Ki [183]

20 nm; 110
nm 10

Pregnant
Sprague

Dawley rats

Single exposure,
sacrificed at 24 h

and 48 h post
exposure

Silver enters and crosses placenta
regardless of route and form of

silver.

Ce, LI, Pl, Ki,
Bl [184]

20–30 nm
(PVP-coated) 50, 100, 200

Male
Sprague

Dawley rats

Daily exposure
for 90 days,

sacrifice 24 h
post last
exposure

High dose of AgNPs induced
hepatocellular damage by
increased ROS production,
enhanced autophagy and
depleted insulin signaling

pathway.

N/A [173]

Abbreviations: lung (Lu), liver (Li), spleen (Sp), kidney (Ki), brain (Br), heart (Ht), bladder (Bl), uterus (Ut), thymus
(Th), cecum (Ce), placenta (Pl), polyvinylpyrrolidone (PVP), and citrate (CT).
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The use of AgNPs in wound dressings and other applications designed to regulate skin microbiome
composition is an established strategy that has been shown to inhibit a broad range of bacteria, including
Pseudomonas aeruginosa, Escherichia coli and Staphylococcus aureus [57,81]. Numerous reports have
indicated that AgNPs promote wound healing by decreasing the inflammatory response [185,186].
Nevertheless, an aspect that remains sparsely researched is the possibility of the sensitization of the
skin by these NPs. It is well known that patients with wounds are at particular risk of developing
either an allergic or irritant contact dermatitis, and silver compounds are widely used in wound
care. However, so far, there have been very few confirmed cases of contact dermatitis secondary
to silver-containing wound products like silver sulfadiazine and skin markers that contain silver
nitrate [187,188]. Contrary, there is considerable evidence for the significant transdermal penetration of
AgNPs into capillaries during the use of surgical dressings, textiles, and cosmetics [189,190]. In order
to elucidate the mechanism of cytotoxicity, Samberg et al. [129] evaluated the potential ability of
AgNPs to penetrate porcine skin and showed the existence of the focal inflammation and localization
of AgNPs on the surface and in the upper stratum corneum layers of porcine skin. Acute and sub-acute
dermal studies conducted by Korani et al. [6] suggested a correlation between dermal exposure, tissue
accumulation of AgNPs (100 nm), and dose-dependent histopathological abnormalities in the skin, all
of which was exhibited by a reduced thickness of the papillary layer and the epidermis. Compared to
animals treated with a single dose, animals that were subjected to sub-chronic exposure showed a
considerable accumulation of AgNPs, as well as a dose-dependent toxic response in several organs,
including the spleen, liver and skin [191].

Another potential route of AgNPs entry in the case of biomedical applications includes parenteral
administration. A summary of important toxicity and biodistribution studies of AgNP in rodents via
exposure of i.v. injection is given in Table 4. In a recent study, comparing the biodistribution and
toxicological examinations after repeated i.v. administration of AgNPs and AuNPs in mice showed a
higher deposition of AgNPs in the heart, the lung, and the kidney than that of AuNPs [175]. Moreover,
the AgNPs induced adverse effects in a dose-dependent manner (the concentrations tested were 4,
10, 20, and 40 mg/kg) [175]. Another study, following the subcutaneous administration of AgNPs of
different sizes in rats also revealed that the particles translocated to the blood circulation and were
distributed throughout the main organs, especially in the kidney, the liver, the spleen, the brain and
the lung [131]. The results also suggested the potential of AgNPs to cross the blood–brain barrier
and to induce astrocyte swelling and neuronal degeneration [131]. A few studies have reported the
transfer of AgNPs across the placenta in rats and mice [192,193]. Following the i.v. administration
of 10 nm AgNPs at a dose of 66 μg Ag/mouse to pregnant animals on gestational days 7, 8 and 9,
Ag accumulation was revealed in all examined organs, with the highest accumulation being in the
maternal liver, spleen and visceral yolk sac and the lowest concentrations being in the embryos [192].
Another study comparing administration methods (i.v. versus i.p.) showed a similar localization of Ag
in the liver and the spleen for both methods [193]. However, Ag was more quickly excreted from the
body with i.v. administration, as compared to i.p. administration. The latter study also showed that
the AgNPs could cross the placental and the blood–testes barriers, thus resulting in an accumulation in
the fetus and the testes, respectively [193].

55



Int. J. Mol. Sci. 2020, 21, 2375

Table 4. Toxicity and biodistribution of AgNPs in rodents via exposure through intravenous injection.

Size Dose Model
End-Point

Measurement
Effect

Tissue
Accumulation

References

15–40 nm 4, 10, 20, 40
mg/kg

Male Wistar
rats

32 days i.v,
sacrifice 24 h
post last i.v

administration

AgNPs in doses <10mg/kg is safe,
while >20mg/kg is toxic. Li, Ki [194]

21.8 nm 7.5, 30, 120
mg/kg ICR mice

Single i.v,
parameters
measured at

1,7,14 days post
injection

Inflammatory reactions in lung
and liver cells were induced in
mice treated at the high dose of

AgNPs. Gender-related
differences in distribution and

elimination of AgNPs,
elimination in female is longer

than the males.

Sp, Li, Lu, Ki [195]

20 nm; 200
nm 5 mg/kg Male Wistar

rats

Single i.v,
sacrifice at 1, 7,
28 days post i.v
administration

High tissue concentration of
silver in tissues of 20 nm group
as compared to 200 nm groups

Li, Sp, Ki, Lu,
Br, Ur, Fe [196]

7.2 ± 3.3 nm 5, 10, 45
mg/kg

Male
Sprague–Dawley

rats

Daily tail vein
injection for 3
consecutive

days,
parameters

measured at 1
and 3rd day

Decrease in body weight and
locomotor activity. N/A [197]

20, nm; 100
nm

0.0082,
0.0025, 0.074,
0.22, 0.67, 2,

6 mg/kg

Wistar rats

28 days,
repeated i.v,

sacrifice at 24 h
post last
injection

Immune system is the most
sensitive parameter affected by

AgNPs; reduced thymus weight,
increased spleen weight and
spleen cell number, strongly
reduced NK cell activity, and

reduced IFN-γ production were
observed.

N/A [37]

20 nm

0.0082,
0.0025, 0.074,
0.22, 0.67, 2,

6 mg/kg

Male Wistar
rats

28 days,
repeated i.v,

sacrifice at 24 h
post last
injection

AgNPs suppress the functional
immune system. N/A [35]

10 nm
(CT-coated) 1 mg/kg CD1 mice

IV
administration,

once every 3
days, sacrifice at
15, 60 120 days

post initial
exposure

AgNPs induced toxicity to male
reproduction, altered Leydig cell
function, increased testosterone

level.

Te [198]

10 nm;
75 nm; 110

nm
(CT-coated)

0.1 mg/kg
Female
BALB/C

mice

Single dose
injection

sacrifice at 4h, 1,
3 or 7 days post
injection. Multi

dose: i.v
injection on day

1, 4 and 10,
sacrifice at 7

days post last
injection

Injection of a single dose of
AgNPs induced a less toxicity in
liver and lung tissues than that

induced by multi-dose injections.
The toxic effect of AgNPs was

time-dependent.

N/A [199]

10 nm;
40 nm,

100 nm (PVP-
or

CT-coated)

10 mg/kg Male CD-1
(ICR) mice

Single i.v,
sacrifice at 24 h
post injection

10 nm AgNP group showed
increased silver distribution and

overt hepatobiliary toxicity
compared to larger ones.

Sp, Li, Lu, Ki,
Bl, Br [68]

3 ± 1.57 nm 11.4–13.3
mg/kg

Male
KunMing

mice

i.v. injection 2
times/week for 4
weeks, sacrificed
at 1, 28, 56 days
post injection

AgNPs preferentially
accumulated in all major organs
compared to other metallic NPs.

Li, Sp, Ki, He,
Lu, Te, Fe, Bl,
In, St, Br, SV

[175]

56



Int. J. Mol. Sci. 2020, 21, 2375

Table 4. Cont.

Size Dose Model
End-Point

Measurement
Effect

Tissue
Accumulation

References

20 nm;
110 nm 1 mg/kg

Pregnant
Sprague

Dawley rats

Single exposure,
sacrificed at 24
and 48 h post

exposure

Silver crosses the placenta and is
transferred to the fetus regardless

of the form of silver.

Sp, Pl, Li, Lu,
Ce, Bl, Ki [184]

6.3–629 nm 5 mg/kg
Female
Sprague

Dawley rats

Single exposure,
sacrificed at 24 h

Histopathologically, AgNPs
caused mild irritation in thymus

and spleen and significantly
increased chromosome breakage

and polyploidy cell rates.

Lu, Sp. Li, Ki,
Th, Ht [200]

20 nm;
110 nm (PVP

or CT)
701.75 μg/kg

Pregnant
female

Sprague
Dawley rats

Single i.v
administration

Exposure to CT-AgNPs is
associated with changes in fetal

growth and increased contractile
force in both uterine and aortic

vessels.

N/A [201]

Abbreviations: lung (Lu), liver (Li), spleen (Sp), kidney (Ki), brain (Br), heart (Ht), bladder (Bl), uterus (Ut),
thymus (Th), cecum (Ce), placenta (Pl), intestine (It), stomach (St), feces (Fe), urine (Ur), intravenous (i.v.),
polyvinylpyrrolidone (PVP), and citrate (CT).

5. Knowledge Gaps in Human and Environmental Risk Assessment

For all NPs studies, a crucial issue remains the composition, particle surface area, surface chemistry,
and the careful, accurate characterization of particle size and morphologic features, especially in the
physiological environment [202]. Moreover, equally important to the latter is the control of assays
and assay conditions [202]. It is only with the complete characterization of NPs and the appropriate
control of assays that the results of reported studies can be comparable with those of other studies
conducted with similar NMs [68,203]. Unfortunately, the characterization of materials, especially
following in vivo applications, is still inadequate for many published studies. In this regard, though
several characterizing tools have been developed, each has its own limitations. For instance, DLS
is the most commonly used tool, especially in studies that adopt limited characterization steps,
due to its accessibility, low cost, and easy handling [204]. However, its disadvantages include low
resolution, multiple light scattering, sedimentation, a lack of selectivity, and a relatively low signal
strength, particularly in complex biological media such as in plasma [204]. Likewise, zeta potential
is affected not only by the properties of NPs but also by the nature of the solution, such as pH and
ionic strength [204]. Moreover, the understanding of operating principles, as well as dealings with
critical issues like sample preparation and data interpretation, proposes challenges to the application
of these characterization techniques. As the outcome of particle effects is largely governed by the NP’s
physicochemical properties, the thorough characterization of AgNPs is extremely important, especially
when investigating in vivo effects following various routes of contact.

Toxicokinetic studies of NPs including absorption, distribution, metabolism and elimination have
provided important data related to their in vivo behavior and risk assessment. In this context, there are
very limited data on AgNPs’ toxicokinetic properties, particularly metabolism and clearance. Though
several of the studies discussed in this review have demonstrated organ distribution following the
translocation of AgNPs, it is not yet clear whether the distribution and effects observed were due to
their particulate forms, ionic forms, or a combination of both forms. In order to find out whether
the distribution of AgNPs were in ionic or particulate forms, Lee JH et al. [205] recently investigated
the toxicokinetic of i.v.-administered AgNPs (10 nm) and AuNPs (14 nm), either separately or in
combination, and evaluated NP clearance after a four-week recovery period. Interestingly, their data
revealed that the co-administration of AgNPs with AuNPs of a similar size distribution not only
decreased NPs’ distribution to organs, thus indicating a competitive cellular uptake, but also confirmed
the particulate form of NP tissue distribution rather than ionic form [205]. Another potential form
suggested is the distribution in secondary particle form, because NPs can interact with proteins like
thiol after dissolution in ionic form. The latter was demonstrated by Liu et al. [206], who suggested that
the newly formed secondary AgNPs circulated in systemic circulation and photoreduced to metallic
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silver, eventually contributing to agyria silver deposits in light-affected skin areas. Another study
that used silver nitrates or AgNPs also demonstrated the formation of similar secondary AgNPs [106].
This in fact gives another dimension to research, as the detected AgNPs in tissues could not only be
the product of exposed nanotechnology but could also have been due to any chemical forms of silver
exposure that eventually transformed into secondary AgNPs. A parallel controversy pertains to the
tissue clearance of accumulated silver. In spite of studies that have evaluated silver clearance with
different exposure routes, exposure periods, and recovery periods, there not yet a clear understanding
of whether the ionic or particulate form is eliminated from tissues.

Another aspect that has not been studied much is the impeding effects of AgNPs on susceptible
populations like pulmonary disorders, obesity, hypertension, and diabetes. It is well established that
the impact of air pollution is aggravated in patients with pre-existing cardiorespiratory diseases, such as
asthma, and chronic respiratory diseases, such as chronic obstructive pulmonary disease, pneumonia,
cystic fibrosis, and ischemic heart diseases [207]. A recent study also reported the exacerbation of
autoimmune diseases to short term exposure to particulate matter (PM10 and PM2.5) [208]. However,
information in regard to the effect of AgNP exposure on susceptible populations is very much limited.
The pathophysiological effects of the latter could be well studied by using animal models of increased
susceptibility, e.g., hypertension and diabetes, changes in blood biochemistry, acute phase response,
and hepatic pathology. In this context, Ramirez-Lee et al. [209] recently evaluated the cardiovascular
effect of 15 nm AgNPs by using isolated perfused hearts from male, spontaneously hypertensive
rats. The authors concluded that hypertension intensified AgNP-induced cardiotoxicity due to an
observed reduction in NO and an increase in oxidative stress, leading to increased vasoconstriction
and myocardial contractility. Jia et al. [210] studied the effect of orally-exposed PVP-AgNPs (30 nm) in
overweight mice and showed the progression of fatty liver disease from steatosis to steatohepatitis.
The mechanisms proposed in the latter study were the activation of Kupffer cells, the enhancement
of hepatic inflammation, and the suppression of fatty acid oxidation. Kermanizadeh, A. et al. [211]
investigated AgNP-induced hepatic pathology in models representative of pre-existing alcoholic
liver disease. Their data showed that following oral exposure, AgNP-induced hepatic effects were
aggravated in the alcohol-pretreated mice in comparison to controls with regards to an organ-specific
inflammatory response.

The evaluation of trans-generational impact is also an important point to understand the long-term
effect of NPs on human health and the environment. In this context, Hartmann et al. [212], assessed the
impact of pristine and waste water-borne AgNPs on the aquatic invertebrate Daphnia magna in a multi
generation approach that covered six generations. The authors showed that while pristine AgNPs
caused a significant reduction in the mean number of offspring compared with the control, the waste
water-borne AgNPs had no effects on reproduction in any generation. Raj et al. [213] investigated
impact of ingested AgNPs (20–100 nm) on the adult and larval stages of Drosophila. Their results
demonstrated a significant reduction of survival, longevity, ovary size, and egg laying capability in
flies fed with AgNPs compared with a control [213]. The latter effects persisted in the next generation
without AgNP feeding, thereby suggesting the transgenerational effects of AgNPs. Despite these
findings, the in vivo transgenerational effects of AgNPs involving higher mammalian systems or
humans still remains the least explored area of NP research.

Another aspect that lacks detailed research is the effect of AgNPs on humans via various routes
of exposure. In this regard, very few studies have attempted to investigate whether AgNPs can
penetrate physically and functionally intact human skin [99,214]. George et al. [99] demonstrated
the in vivo penetration of AgNPs (10–40 nm) by using healthy human participants with normal skin.
Their data suggested that AgNPs, applied as nanocrystalline silver dressing for four-to-six days, can
penetrate beyond the stratum corneum and reach as deep as the reticular dermis. A controlled, cross
over time exposure (three, seven, and 14 days) study of orally dosed (10 ppm) commercial AgNPs
(5–10 nm) demonstrated the absence of any changes in human metabolic, hematologic, urine, and
physical findings or imaging morphology [215]. However, AgNP toxicology research with respect
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to susceptible individual and human exposure thus far remains understudied, and these areas are
particularly important with regard to NP risk assessment.

The increasing concern about the possible impact of AgNPs on the environment and, subsequently,
human health has directed researchers to focus on the in vitro and in vivo toxicity induced by
these particles.

6. Conclusions and Recommendations for Future Studies

This paper critically reviewed and structurally presented the toxicity and biodistribution studies
of AgNPs following various routes of exposure. Our conclusions drawn from these studies are
listed below:

• The cytotoxic effects of AgNPs, documented in in vitro studies in various cell lines, are governed
by factors such as size, shape, coating, dose and cell type.

• Toxicity and biodistribution studies, in vivo, following various routes of exposure, like inhalation,
instillation, oral, dermal and intravenous, have established Ag translocation, accumulation, and
toxicity to various organs.

• Both the local and distant organ effects are influenced by particle size, coating, route and duration
of exposure, doses, and end point measurement time.

• There is lack of adequate and standard characterization techniques that could be adapted for
studies that evaluate the toxicity of AgNPs in order to make the results of one study comparable
to another by using similar NPs.

• The mechanisms of action of AgNPs are still not well understood, and there is lack of information
on the potential effects of AgNP exposure on animal models of enhanced susceptibility, such as
hypertension, diabetes, and asthma.

Owing to the evidence provided in this review, there are still gaps in the risk assessment of the Ag
in the form of NPs both for humans and the environment. For example, it is still not clear to what
extent the intact AgNPs themselves can enter the human body, whether the AgNPs undergo changes
in the physiological environment, if the Ag+ ions released from the NPs absorbed, or if the effect
observed is due to tge AgNP-induced inflammatory response or due to the ions released or due to
the nanoparticulate from itself. Since no clear pathway has been proven to be the most important
mechanism of AgNP-induced pathophysiological effects, we have some recommendation for future
research listed below.

• In order to overcome the limitation of a single method of particle characterization and to efficiently
evaluate the functional effect of synthesized particles, the characterization of AgNPs should be
done by using multiple relevant techniques.

• AgNPs’ characteristics should be evaluated in an appropriate medium because interactions with a
biological fluid can alter NPs’ properties, intake, and cellular effects.

• There is a need for extensive data on the biodistribution and accumulation of AgNPs, and these
data should take AgNPs’ various physicochemical properties into consideration in order to get a
concrete idea on the local and distant tissue toxicity of AgNPs, as well as the mechanisms behind
the toxicity.

• Appropriate techniques and methodologies have to be constructed in order to estimate Ag+

ions originating from AgNPs in vivo and to calculate AgNPs’ surface ionization fraction in
various tissues.

• AgNPs effect on animal models with pre-existing diseases like asthma, obesity, hypertension, and
diabetes needs to be carried out, as toxicological consequences might be aggravated in animal
models of enhanced susceptibility.
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• Multi-generation studies assessing the transgenerational impact of AgNPs in higher mammalian
systems needs to be carried out in order to identify the potential long-term effects of AgNPs in a
more realistic scenario.

• Multidisciplinary investigations taking in account long term exposure, variable routes of exposure,
and the dosing of AgNPs should be conducted in humans in order to ascertain the human
toxicity threshold.
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Abbreviations

AuNPs Gold nanoparticles
AgNPs Silver nanoparticles
Bl Bladder
Br Brain
Ce Caecum
CNTs Carbon nanotubes
CT Citrate
ENMs Engineered nanomaterials
Fe Feces
FeO Iron Oxide
Ht Heart
It Intestine
i.p. Intra-peritoneal
i.t. Intra-tracheal
i.v. Intra-venous
Ki Kidney
LDH Lactate Dehydrogenase
Lu Lung
Li Liver
NM Nanomaterials
Pl Placenta
PVP Polyvinylpyrrolidone
ROS Reactive Oxygen Species
Sp Spleen
St Stomach
Th Thymus
TiO2 Titanium Oxide
Ur Urine
Ut Uterus

References

1. Keiper, A. The nanotechnology revolution. New Atlantis 2003, 2, 17–34.
2. Boverhof, D.R.; Bramante, C.M.; Butala, J.H.; Clancy, S.F.; Lafranconi, M.; West, J.; Gordon, S.C. Comparative

assessment of nanomaterial definitions and safety evaluation considerations. Regul. Toxicol. Pharmacol. 2015,
73, 137–150. [CrossRef] [PubMed]

3. Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2017, 12,
908–931. [CrossRef]

60



Int. J. Mol. Sci. 2020, 21, 2375

4. Bakand, S.; Hayes, A. Toxicological considerations, toxicity assessment, and risk management of inhaled
nanoparticles. Int. J. Mol. Sci. 2016, 17, 929. [CrossRef] [PubMed]

5. Li, Z.; Cong, H.; Yan, Z.; Liu, A.; Yu, B. The Potential Human Health and Environmental Issues of
Nanomaterials. In Handbook of Nanomaterials for Industrial Applications; Elsevier: Amsterdam, The Netherlands,
2018; pp. 1049–1054.

6. Korani, M.; Ghazizadeh, E.; Korani, S.; Hami, Z.; Mohammadi-Bardbori, A. Effects of silver nanoparticles on
human health. Eur. J. Nanomed. 2015, 7, 51–62. [CrossRef]

7. De Matteis, V. Exposure to inorganic nanoparticles: Routes of entry, immune response, biodistribution and
in vitro/in vivo toxicity evaluation. Toxics 2017, 5, 29. [CrossRef]

8. Jeevanandam, J.; Barhoum, A.; Chan, Y.S.; Dufresne, A.; Danquah, M.K. Review on nanoparticles and
nanostructured materials: History, sources, toxicity and regulations. Beilstein J. Nanotechnol. 2018, 9,
1050–1074. [CrossRef]

9. Vance, M.E.; Kuiken, T.; Vejerano, E.P.; McGinnis, S.P.; Hochella, M.F., Jr.; Rejeski, D.; Hull, M.S.
Nanotechnology in the real world: Redeveloping the nanomaterial consumer products inventory.
Beilstein J. Nanotechnol. 2015, 6, 1769–1780. [CrossRef]

10. Iravani, S.; Korbekandi, H.; Mirmohammadi, S.V.; Zolfaghari, B. Synthesis of silver nanoparticles: Chemical,
physical and biological methods. Res. Pharm. Sci. 2014, 9, 385.

11. Syafiuddin, A.; Salim, M.R.; Beng Hong Kueh, A.; Hadibarata, T.; Nur, H. A review of silver nanoparticles:
Research trends, global consumption, synthesis, properties, and future challenges. J. Chin. Chem. Soc. 2017,
64, 732–756. [CrossRef]

12. Zhang, X.-F.; Liu, Z.-G.; Shen, W.; Gurunathan, S. Silver nanoparticles: Synthesis, characterization, properties,
applications, and therapeutic approaches. Int. J. Mol. Sci. 2016, 17, 1534. [CrossRef] [PubMed]

13. Ahmed, K.B.R.; Nagy, A.M.; Brown, R.P.; Zhang, Q.; Malghan, S.G.; Goering, P.L. Silver nanoparticles:
Significance of physicochemical properties and assay interference on the interpretation of in vitro cytotoxicity
studies. Toxicol. In Vitro 2017, 38, 179–192. [CrossRef] [PubMed]

14. Maurer, L.L.; Meyer, J.N. A systematic review of evidence for silver nanoparticle-induced mitochondrial
toxicity. Environ. Sci. 2016, 3, 311–322. [CrossRef]

15. Le Ouay, B.; Stellacci, F. Antibacterial activity of silver nanoparticles: A surface science insight. Nano Today
2015, 10, 339–354. [CrossRef]

16. Singh, R.; Shedbalkar, U.U.; Wadhwani, S.A.; Chopade, B.A. Bacteriagenic silver nanoparticles: Synthesis,
mechanism, and applications. Appl. Microbiol. Biotechnol. 2015, 99, 4579–4593. [CrossRef]
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126. Vrček, I.V.; Žuntar, I.; Petlevski, R.; Pavičić, I.; Dutour Sikirić, M.; Ćurlin, M.; Goessler, W. Comparison of
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Abstract: Zinc oxide nanoparticles (ZnO NPs) have shown adverse health impact on the human
male reproductive system, with evidence of inducing apoptosis. However, whether or not ZnO NPs
could promote autophagy, and the possible role of autophagy in the progress of apoptosis, remain
unclear. In the current study, in vitro and in vivo toxicological responses of ZnO NPs were explored
by using a mouse model and mouse Leydig cell line. It was found that intragastrical exposure of
ZnO NPs to mice for 28 days at the concentrations of 100, 200, and 400 mg/kg/day disrupted the
seminiferous epithelium of the testis and decreased the sperm density in the epididymis. Furthermore,
serum testosterone levels were markedly reduced. The induction of apoptosis and autophagy in
the testis tissues was disclosed by up-regulating the protein levels of cleaved Caspase-8, cleaved
Caspase-3, Bax, LC3-II, Atg 5, and Beclin 1, accompanied by down-regulation of Bcl 2. In vitro tests
showed that ZnO NPs could induce apoptosis and autophagy with the generation of oxidative stress.
Specific inhibition of autophagy pathway significantly decreased the cell viability and up-regulated
the apoptosis level in mouse Leydig TM3 cells. In summary, ZnO NPs can induce apoptosis and
autophagy via oxidative stress, and autophagy might play a protective role in ZnO NPs-induced
apoptosis of mouse Leydig cells.

Keywords: ZnO NPs; Leydig cells; apoptosis; autophagy; oxidative stress

1. Introduction

Nanotechnology manipulates matters at the atomic, molecular, and supramolecular scales and has
grown rapidly worldwide in the past decades. With the development of nanotechnology, environmental
exposure to nanoparticles (NPs) is increasing dramatically [1,2]. Metal oxide nanoparticles are the most
abundantly produced types of engineered nanomaterials in industry [3]. Among them, zinc oxide
nanoparticles (ZnO NPs) are used in various applications, such as cosmetics, rubber manufacture,
pigments, food additives, biosensors, chemical fibers, bioimaging, and antibacterial agents, due to
their low production cost and unique physicochemical properties [4]. ZnO NPs may enter human
bodies by various routes, including inhalation, dermal penetration, injection, and ingestion [5]. These
NPs can then accumulate in various organs, such as the liver, spleen, lungs, kidney, and heart via
circulation, and may produce adverse consequences, such as edema and degeneration of hepatocytes,
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inflammation of the pancreas, or damage to the stomach and spleen [6,7]. Consequently, toxicity
research and health risk assessments of ZnO NPs have attracted tremendous attention recently [8].

Tissue damage due to NPs exposure arises from direct cell–NPs interaction and is associated with
local concentrations of exogenous substances in the tissues, i.e., the nanoparticle itself or solubilized
ions [9,10]. Previous researches show that zinc ion dissolved from the surface of ZnO NPs is a primary
reason for its cytotoxicity [11,12]. Reducing the ion release from the surface, such as by pre-coating with
a protein corona, could greatly decrease their cytotoxicity [13,14]. Furthermore, our previous research
illustrates that ZnO NPs and their soluble ions can induce significant cellular endoplasmic reticulum
(ER) stress responses before triggering ER-related apoptosis [12]. Generation of reactive oxygen species
(ROS) is generally involved in cellular damage from the exposure to ZnO NPs [12,13,15]. ROS are
chemically-reactive molecules containing oxygen, which are generated as by-products of biological
oxidation during mitochondrial respiration under physiological conditions. ROS include both free
radicals, such as nitric oxide (NO), superoxide (O2

•−), and hydroxyl radical (•OH), and peroxides [16].
Reduced glutathione (GSH) and antioxidant enzymes such as glutathione peroxidase (GSH-PX) and
superoxide dismutase (SOD) are normally used to scavenge ROS. Oxidative stress occurs when there
is an imbalance between ROS production and the cellular antioxidant defence system [17,18].

Spermatogenesis consists of highly organized and sequential steps of undifferentiated
spermatogonial stem cell proliferation and differentiation, which generates functional sperms in
the testis [19–21]. ZnO NPs can cause vacuolization of germinal epithelium and sloughing of germ,
and even decrease the sperm number and motility in the epididymis [22]. In addition to Sertoli cells,
Leydig cells play an important role in maintaining spermatogenesis and are prone to being affected by
various chemicals [23,24]. ZnO NPs have been reported to exert cytotoxic effects on mouse Leydig
cells [25,26]. Similar toxic effects were revealed in the testis of six-month-old common carp Cyprinus
carpio after exposure to 10, 50, and 100 μg/L ZnO NPs for 21 days [27]. Furthermore, increasing
evidence suggests that the toxicity of ZnO NPs may result from ROS production [9,28,29].

Autophagy is an evolutionarily-conserved, highly-regulated lysosomal degradative pathway
involving the delivery of cytoplasmic cargo to the lysosome, which occurs at low basal levels to
perform protein and organelle turnover in normal situations [30,31]. Autophagy can be induced
during starvation or growth factor withdrawal in order to generate more intracellular nutrients and
energy [32]. Autophagy can also be induced under stressful conditions such as neurodegenerative
diseases, pathogen infections, chemotherapy, and chemical exposure [33–37]. Increasing evidence has
shown that ZnO NPs can induce autophagy in immune cells, normal skin cells, gastrointestinal tract
cells, and kidney tissue [7,38–40]. Until now, there has been no evidence that ZnO NPs exposure could
induce autophagy in testis tissue.

The aims of the present study were to investigate whether oxidative stress was involved in
ZnO NPs-induced apoptosis and autophagy of mouse Leydig cells, and to determine the role of
autophagy in ZnO NPs-induced apoptosis. These results will provide fundamental understanding of
ZnO NPs-induced spermatogenesis failure.

2. Results

2.1. Characteristics and Morphology of ZnO NPs

Transmission electron microscopy (TEM) test shows the primary size of ZnO NPs is about 30 nm
with a propensity to agglomerate (Figure S2). These characteristics are comparable to previous
publications using the same nanoparticles [41,42]. The hydrodynamic sizes and zeta potentials of ZnO
NPs suspended in water are 66.36± 0.39 nm (PDI= 0.167, n= 3) and 38.25± 1.06 mV (n = 3), respectively.

2.2. ZnO NPs Cause Testis Damage to Male Mice

As shown in Figure 1A, the testes of vehicle-treated mice showed normal seminiferous tubules
lined with both spermatogenic cells and Sertoli cells. No detached germ cells were found in the tubular
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lumen. In the 100 mg/kg/day ZnO NPs exposure group, no significant morphologic changes were
observed at the seminiferous epithelium. However, the seminiferous tubule demonstrated mildly
disorganized histo-architecture in the 200 mg/kg/day group. In the 400 mg/kg/day group, seminiferous
tubules exhibited disintegration of the germinal epithelium, germ cell depletion, and a reduction in
round sperm. There was a significant decrease in sperm density of the epididymis after exposure to
100, 200, or 400 mg ZnO NPs/kg/day compared to the vehicle control group (Figure 1B), indicating that
ZnO NPs exposure significantly inhibited spermatogenesis.

 
Figure 1. Intragastrical exposure of zinc oxide nanoparticles (ZnO NPs) cause toxic damage to the
mouse male reproductive system. (A) Testes were obtained from male mice treated with 0 (a), 100 (b),
200 (c), or 400 (d) mg ZnO NPs/kg/day for 28 days. The testes were stained with hematoxylin and eosin
(HE) and then were visualized under an IX51 Olympus microscope. The disruption of the seminiferous
epithelium in the testis is indicated by arrows. Magnification: 100×. (B) Epididymides were obtained
from male mice treated with 0 (a), 100 (b), 200 (c), or 400 (d) mg ZnO NPs/kg/day for 28 days, and
stained with HE. The sperm in the epididymis are indicated by an asterisk. Magnification: 200×.
(C) The protein levels of cleaved Caspase-3, cleaved Caspase-8, Bax, and Bcl 2 and (E) the levels of LC3,
Beclin 1, and Atg 5 were detected by Western blot; Actin was used as an internal control. (D,F) The
relative protein levels were quantified by densitometry. (G) The serum testosterone concentration.
The experiment was done in triplicate and repeated three times (n = 9). Data were analyzed by one-way
ANOVA. * p < 0.05.
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To further investigate the potential mechanism of ZnO NPs-induced spermatogenesis failure,
the apoptosis level in the mouse testis tissues was assessed. As can be seen from Figure 1C,D, ZnO NPs
significantly increased the levels of apoptosis-related proteins, including cleaved Caspase-8, cleaved
Caspase-3 and Bax, along with a decreased protein level of Bcl 2 in the testis tissue, which indicates
that ZnO NPs induced apoptosis of the testis tissue. Additionally, ZnO NPs markedly increased the
ratio of LC3-II/LC3-I, as well as the levels of autophagy proteins Atg 5 and Beclin 1, indicating that
ZnO NPs induced autophagy of the testis tissue (Figure 1E,F). Furthermore, ZnO NPs decreased the
serum testosterone concentration in a dose-dependent manner (p < 0.05), which implies that ZnO NPs
disrupted the physiological function of the male reproductive system by targeting the Leydig cells
(Figure 1G).

2.3. ZnO NPs Induce Apoptosis of Mouse Leydig TM3 Cells

The content of testosterone dramatically decreased in the ZnO NPs-treated groups, which implies
that ZnO NPs might cause damage to Leydig cells. To further verify the hypothesis, mouse Leydig
TM3 cell line was utilized as an in vitro model. As shown in Figure 2A, ZnO NPs at concentrations
of 3, 4, and 8 μg/mL significantly inhibited cell viability. Further tests showed that the cell viability
was further suppressed at time points of 24, 48, and 72 h post-exposure to 4 μg/mL ZnO NPs
(Figure 2B). To determine whether the anti-proliferative effect of ZnO NPs resulted from apoptosis,
the apoptosis-related proteins were investigated, including cleaved Caspase-8, cleaved Caspase-3, Bcl 2
and Bax, after the cells were incubated with 0, 2, 3, and 4 μg/mL ZnO NPs for 24 h. It was shown that
ZnO NPs dramatically increased the protein levels of cleaved Caspase-8, cleaved Caspase-3, and Bax,
as well as decreased Bcl 2 protein level (Figure 2C,D). Furthermore, ZnO NPs increased the numbers
of AnnexinV-FITC positive staining cells (Figure 2E). These results indicate that ZnO NPs induced
apoptosis of mouse Leydig TM3 cells.

Figure 2. ZnO NPs induce apoptosis in mouse Leydig TM3 cells. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay results of mouse Leydig TM3 cells treated with 0–8 μg/mL
ZnO NPs for 24 h (A) or treated with 4 μg/mL ZnO NPs for 24~72 h (B). (C) The cells were treated with
0–4 μg/mL ZnO NPs for 24 h; then, the protein levels of cleaved Caspase-3, cleaved Caspase-8, Bcl 2,
and Bax were investigated by Western blot; Actin was used as an internal control. (D) The relative
protein levels were quantified by densitometry. (E) The cells were treated with 0 (a), 2 (b), 3 (c), 4
(d) μg/mL ZnO NPs for 24 h, then the AnnexinV-FITC positive staining cells were counted by flow
cytometry. The experiment was done in triplicate and repeated three times. Data were analyzed by
one-way ANOVA. * p < 0.05.
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2.4. ZnO NPs Induce Apoptosis through Activation of Oxidative Stress

In order to investigate whether oxidative stress was involved in ZnO NPs-induced apoptosis of
mouse Leydig TM3 cells, the contents of malondialdehyde (MDA) and GSH and the enzyme activities
of SOD and GSH-PX were determined after the cells were treated with ZnO NPs for 24 h. As shown in
Figure 3, ZnO NPs significantly increased MDA level in the cells in a dose-dependent manner, whereas
the content of GSH and the activities of the antioxidant enzymes SOD and GSH-PX were decreased in
the ZnO NPs-treated cells, which implies that ZnO NPs induced oxidative stress in mouse Leydig TM3
cells. The same markers were detected after the cells were treated with H2O2 and the cell viability was
significantly inhibited with the induction of apoptosis, suggesting that oxidative stress could induce
apoptosis of mouse Leydig TM3 cells (Figure S3). The mouse Leydig TM3 cells were treated with
4 μg/mL ZnO NPs for 24 h in the presence or absence of 5 mM NAC, an inhibitor of ROS, to further
confirm the role of oxidative stress in ZnO NPs-induced apoptosis. As shown in Figure 4, inhibition
of viability and induction of apoptosis by ZnO NPs was significantly rescued by NAC. These results
illustrate that oxidative stress was involved in ZnO NPs-induced apoptosis of mouse Leydig TM3 cells.

Figure 3. ZnO NPs induce oxidative stress in mouse Leydig TM3 cells. Mouse Leydig TM3 cells were
treated with 0–4 μg/mL ZnO NPs for 24 h; then the contents of MDA (A) and GSH (B) and the enzyme
activities of SOD (C) and GSH-PX (D) were determined. The experiment was done in triplicate and
repeated three times. Data were analyzed by one-way ANOVA. * p < 0.05.
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Figure 4. Oxidative stress is involved in ZnO NPs-induced apoptosis of mouse Leydig TM3 cells.
Mouse Leydig TM3 cells were treated with 4 μg/mL ZnO NPs for 24 h in the absence or presence of
5 mM NAC, then cell viability (A), the protein levels of cleaved Caspase-8, cleaved Caspase-3, Bcl 2,
and Bax (B) and the AnnexinV-FITC positive staining cells (D) were detected by MTT assay, Western
blot, and flow cytometry, respectively. (C) The relative protein levels of cleaved Caspase-8, cleaved
Caspase-3, Bcl 2, and Bax were quantified by densitometry. The experiment was done in triplicate and
repeated three times. Data were analyzed by one-way ANOVA. * p < 0.05.

2.5. Oxidative Stress is Involved in ZnO NPs-Induced Autophagy

As shown in Figure 5A,B, ZnO NPs increased the ratio of LC3-II to LC3-I, as well as the protein
levels of Atg 5 and Beclin 1. Similarly, H2O2 markedly increased the ratio of LC3-II to LC3-I and
the contents of Atg 5 and Beclin 1, indicating that oxidative stress could induce autophagy of mouse
Leydig TM3 cells (Figure S4). Furthermore, inhibition of oxidative stress could rescue the induction of
autophagy by ZnO NPs (Figure 5C,D). ZnO NPs-induced autophagy was further investigated by TEM.
As shown in Figure 5E, there were relatively few autophagosomes in the cytoplasm of the control cells,
while autophagic vacuoles containing extensively-degraded organelles (such as mitochondria and
endoplasmic reticulum) significantly increased in both ZnO NPs-treated cells and starvation-treated
cells. Interestingly, inhibition of oxidative stress decreased the number of autophagosomes. These
results suggest that oxidative stress played an important role in ZnO NPs-induced autophagy. It is
worthy to note that ZnO NPs-induced autophagy and apoptosis of mouse Leydig TM3 cells might be
closely related to the soluble zinc ions, as similar bio-effects were observed after the cells were treated
with 0–1 μg/mL ZnCl2 (Figure S5).

2.6. Inhibition of Autophagy Increases ZnO NP-Induced Apoptosis

As apoptosis and autophagy were both induced by ZnO NPs, the effects of autophagy on ZnO
NPs-induced apoptosis were studied. Cell viability was measured after the cells were treated with
4 μg/mL ZnO NPs for 24 h in the absence or presence of an autophagy inhibitor, either 10 mM
3-Methyladenine (3-MA) or 1 μM Wortmannin (Wort). Compared with the ZnO NPs-treated cells,
inhibition of autophagy further decreased viability of mouse Leydig TM3 cells (Figure 6A) and
up-regulated the protein levels of cleaved Caspase-8, cleaved Caspase-3, and Bax, accompanied by the
down-regulation of Bcl 2 protein (Figure 6B,C). The number of AnnexinV-FITC positive staining cells
were also markedly increased when autophagy was inhibited (Figure 6D). These results indicate that
autophagy might play a protective role in ZnO NPs-induced apoptosis of mouse Leydig TM3 cells.
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Figure 5. Oxidative stress is involved in ZnO NPs-induced autophagy of mouse Leydig TM3 cells.
Mouse Leydig TM3 cells were treated with 0–4 μg/mL ZnO NPs for 24 h (A) or treated with 4 μg/mL
ZnO NPs for 24 h in absence or presence of 5 mM NAC (C); then, the protein levels of LC 3, Atg 5,
and Beclin 1 were quantified by Western blot. (B,D) The relative protein levels of LC 3, Atg 5, and
Beclin 1 were quantified by densitometry. (E) The cells were treated with ddH2O, bars: 1 μm, (a),
4 μg/mL ZnO NPs (b), or 5 mM N-acetyl-L-cysteine (NAC) plus 4 μg/mL ZnO NPs for 24 h (d). Then,
autophagic vacuoles in the cells were visualized by transmission electron microscopy (TEM), with
starvation-treated cells as a positive control (c). The autophagic vacuoles are indicated by white arrows.
The experiment was done in triplicate and repeated three times. Data were analyzed by one-way
ANOVA. * p < 0.05.

Figure 6. Inhibition of autophagy increases the ZnO NPs-induced apoptosis level in mouse Leydig
TM3 cells. Mouse Leydig TM3 cells were treated with 4 μg/mL ZnO NPs for 24 h in the absence or
presence of 10 mM 3-MA or 1 μM Wortmannin (Wort), then cell viability (A), the protein levels of
cleaved Caspase-8, cleaved Caspase-3, Bcl 2, and Bax (B) and the AnnexinV-FITC positive staining
cells (D) were tested by MTT assay, Western blot, and flow cytometry, respectively. (C) The relative
protein levels of cleaved Caspase-8, cleaved Caspase-3, Bcl 2, and Bax were quantified by densitometry.
The experiment was done in triplicate and repeated three times. Data were analyzed by one-way
ANOVA. * p < 0.05.
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3. Discussion

Exposure to ZnO NPs for humans is inevitable due to their wide applications in commercial and
industrial products. Thus, the adverse effects from the exposure of ZnO NPs need clear definition.
Nanoparticles can pass through the blood–brain barrier (BBB), blood–testis barrier (BTB), and blood–air
barrier (BAB), with the ability to accumulate in the brain, the testis, or peripheral organs [43–46].
Recently, Qian et al. showed that ZnO NPs could cause adverse effects throughout the male reproductive
system by impairing the BTB [47]. Oral dose toxicity has been reported in SD mice after repetitive
exposure to positively-charged 100 nm ZnO NPs over 14 or 90 days, and the target organs were
found to be the spleen, stomach, and pancreas, with a no-observed-adverse-effect dose level of about
125 mg/kg (b.w.) [48,49]. In our research, it was shown that 28-day gavage exposure of ZnO NPs
(30 nm positively charged) at the concentrations of 100, 200, and 400 mg/kg/day caused disruption
and atrophy of the seminiferous epithelium in the testis of mice. Furthermore, the sperm density in
the epididymis significantly decreased in the ZnO NPs-treated groups, which was in good agreement
with some previous work [22,27]. This toxic dosage range is also similar to the research of Hong et al.,
in which they tested the toxicity on embryo-fetal development in rats from 15 days of repeated oral
doses of 20 nm negatively-charged ZnO NPs [50]. Therefore, ZnO NPs, with the high chance of daily
contact and exposure, may pose a high risk of reproductive toxicity after long-term accumulation in
the human body.

ZnO NPs have been shown to induce apoptosis in many cells such as human epidermal
keratinocytes, human aortic endothelial cells, human liver and kidney podocytes [51–54]. Han et al.
showed that ZnO NPs took cytotoxic effects on mouse testicular cells and induced apoptosis in Leydig
cells [25]. In this research, we confirmed that ZnO NPs up-regulated the protein levels of Bax, cleaved
Caspase-3, and cleaved Caspase-8 in the testis tissue, as well as decreased the protein level of Bcl 2,
which indicates that ZnO NPs could induce apoptosis in the testis.

Autophagy protein LC3, a widely used marker of mammalian autophagy, has two forms, i.e.,
a cytosolic form (LC3-I) and an autophagic vesicle-associated form (LC3-II). During induction of
autophagy, LC3-I covalently conjugates with phosphatidylethanolamine and develops LC3-II, which
is recruited and bound to the autophagosome membrane [33,55]. The conversion of LC3-I to LC3-II
is considered to be a crucial step in initiating autophagy [56], with the amount of LC3-II related to
the extent of autophagosome formation [55]. In the present study, ZnO NPs exposure significantly
increased the ratio of LC3-II to LC3-I in the testis tissue, along with similar up-regulation of autophagy
proteins Atg 5 and Beclin 1. These results implied that ZnO NPs could induce autophagy in the
testis tissue.

The primary function of Leydig cells is the synthesis and secretion of androgen, which plays an
important role in spermatogenesis [57]. In our study, ZnO NPs could decrease serum testosterone
level, indicating that Leydig cells might be the target for ZnO NPs-induced spermatogenesis failure.
To further verify this hypothesis, the mouse Leydig TM3 cell line was utilized as an in vitro research
model. In agreement with the in vivo findings, ZnO NPs exposure inhibited viability and induced
apoptosis of mouse Leydig TM3 cells. Thus, it is reasonable to speculate that the inhibition of cell
viability upon ZnO NPs exposure might result from the induction of apoptosis.

Oxidative stress has been identified as a critical pathophysiological mechanism of reproductive
toxicity from environmental chemicals or organophosphorus compounds [58]. Asani et al. showed
that ZnO NPs could induce oxidative stress in pancreatic β-cells [59]. Similar to the toxicity effects
of H2O2, exposure to ZnO NPs significantly increased the MDA in the cells, along with a marked
decrease in both the GSH levels and the enzyme activities of SOD and GSH-PX. Further evidence
demonstrates that apoptosis could be distinctly reduced when oxidative stress was inhibited, which
confirmed that oxidative stress was involved in ZnO NPs-induced apoptosis of mouse Leydig TM3 cells.
Oxidative stress has been shown to induce autophagy and plays an important role in chemical-induced
autophagy [21,60]. In the current study, ZnO NPs exposure induced autophagy of mouse Leydig TM3
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cells, which could be inhibited by NAC, a scavenger of ROS. Collectively, these results provide clear
evidence that oxidative stress was critical in ZnO NPs-induced autophagy in mouse Leydig TM3 cells.

Both cell survival and death can be related to autophagy when the cells are subject to stressful
conditions. In most circumstances, autophagy will promote cell survival [35,61]. However, autophagy
is also considered to be a form of non-apoptotic programmed cell death—“type II” or “autophagic”
cell death [62,63]. To investigate the role of autophagy in ZnO NPs-induced apoptosis, apoptosis
was measured after the treatment of ZnO NPs in the absence or presence of autophagy inhibitor.
Surprisingly, inhibition of autophagy could further induce apoptosis of mouse Leydig TM3 cells
(Figure 7). These results illustrate that autophagy plays a cytoprotective role in ZnO NPs-induced
apoptosis of mouse Leydig TM3 cells.

 
Figure 7. Schematic representation of the activation mechanism of apoptosis and cytoprotective
autophagy in mouse Leydig cells after ZnO NP exposure. The up-regulation expression of protein
is indicated by up arrow (↑), and down-regulation expression is indicated by down arrow (↓) in
schematic illustration.

4. Materials and Methods

4.1. Reagents

ZnO NPs (No. 721077), N-acetyl-L-cysteine (A7250), 3-Methyladenine (M9281), and Wortmannin
(12-338) were obtained from Sigma (St. Louis, MO, USA). Mouse Leydig cell line (TM3) was obtained
from the Cell Culture Center of the Institute of Basic Medical Science, Chinese Academy of Medical
Sciences (Beijing, China). Anti-Caspase-3 (sc-7148), anti-Caspase-8 (sc-7890), anti-Bax (sc-493), anti-Bcl-2
(sc-492), and anti-β-actin (sc-69879) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Anti-LC3 (PD014), anti-Atg5 (PM050), and anti-Beclin-1 (PD017) were gained from MBL Co.
Ltd. (Nagoya, Japan). The AnnexinV-FITC/PI Apoptosis Kit (V13242) was purchased from Invitrogen
Life Technologies (Waltham, MA, USA). Oxidation-antioxidation assay kits of malondialdehyde
(MDA) (A003-1), glutathione (GSH) (A006-1), superoxide dismutase (SOD) (A001-1-1) and glutathione
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peroxidase (GSH-PX) (A005), testosterone Assay Kit (H090), and protease inhibitor cocktail (W060)
were bought from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

4.2. Nanoparticles and Characterization

In characterization tests, ZnO NPs dispersed in sterile Milli-Q water (final concentration 1 mg/mL,
Milford, MA, USA) were put into an ultrasound bath (100 W, Shanghai, China) to break up the
aggregates before transmission electron microscopy (TEM, JEM-200CX, JEOL, Japan) and dynamic
light scattering (DLS) analyses (Malvern Zeta sizer Nano ZS, Malvern Instruments, U.K.).

4.3. Animal Administration

Adult male Kunming mice (8 weeks old, 20–25 g) were obtained from the Shanghai Laboratory
Animal Center, Chinese Academy of Sciences (CAS, Shanghai, China). The mice were housed in
an isolated and air-conditioned animal room with water and rodent food supplement. All animals
were acclimated to this environment for at least one week prior to the experiment. Experiments were
approved by the Animal Ethics Committee of Nanchang University, China, SYKX2015-0001, 12 October
2015. The mice were intragastrically (i.g.) administered with ZnO NPs (0, 100, 200, 400 mg/kg/day,
diluted in water) for 28 days and were then anesthetized with carbon dioxide inhalation, followed
by cervical dislocation. The serum samples were collected following standard operation procedures.
Then, the testes and the epididymis were quickly dissected free of fat, decapsulated, and frozen in
liquid nitrogen.

4.4. Histology

Male mouse testis and epididymis tissues were stained with hematoxylin and eosin (HE) according
to the method described by Chen et al. [43].

4.5. Western Blotting Analysis

The homogenized testis tissue and mouse Leydig TM3 cells were harvested in lysis buffer (50 mM
Tris pH 7.5, 0.3 M NaCl, 5 mM EGTA, 1 mM EDTA, 0.5% Triton X-100, 0.5% NP40) containing protease
inhibitor cocktail. Then, the supernatants were collected for Western blot after centrifuge for 10 min at
12 000× g. All primary antibodies and their recommended secondary antibodies were diluted 1:1000
and 1:5000, respectively.

4.6. Detection of Testosterone Content

The testosterone level in the serum was determined by ELISA kit according to the manufacturer’s
instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

4.7. Cell Culture and ZnO NP Treatment

Mouse Leydig TM3 cells were cultured at 37 ◦C in a 5% CO2 atmosphere in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Langley, OK, USA), supplemented with 5% horse serum (Gibco,
Langley, OK, USA) and 2.5% fetal bovine serum (FBS, Gibco, Langley, OK, USA). The cultured cells
were seeded and incubated for 24 h before exposure to varying concentrations of ZnO NPs or ZnCl2 as
per experimental designs. The summary of the research design was illustrated in Figure S1.

4.8. Cell Viability Assay

The cells were seeded at a density of 1 × 104 cells per well in medium in 96-well plates and
incubated for 24 h. The medium was then replaced with ZnO NPs of indicated concentrations in the
presence or absence of 5 mM NAC, 10 mM 3-MA, or 1 μM Wortmannin for 24 h. Cell viability was
determined by measuring the absorbance at 570 nm after the cells were incubated with 0.5 mg/mL
MTT in medium for 4 h.
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4.9. AnnexinV-FITC/PI Apoptosis Assay

Apoptosis was determined by using an AnnexinV-FITC/PI Apoptosis Kit from Invitrogen Life
Technologies (Waltham, MA, USA) as described previously [64].

4.10. Oxidative Stress Measurement

The resultant supernatants of homogenized mouse Leydig TM3 cells were utilized to determine the
activities of GSH-PX and SOD and the levels of GSH and MDA by using the commercial kits following
the manufacturer’s instructions. The protein concentration was detected by the Bradford assay.

4.11. Transmission Electron Microscopy (TEM) Analysis

Mouse Leydig TM3 cells were treated with ddH2O, 4 μg/mL ZnO NPs or 5 mM NAC, plus 4 μg/mL
ZnO NPs for 24 h. Then, the autophagic vacuoles were observed by TEM as previously described [65].
The cells treated for 2 h by starvation media (140 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM glucose,
and 20 mM HEPES at pH = 7.4 supplemented with 1 % BSA) were used as the positive control
of autophagy.

4.12. Statistical Analysis

The data were represented as means ± SE. Statistical analyses were performed using a one-way
ANOVA with Newman–Keuls multiple range test. p < 0.05 was considered statistically significant.

5. Conclusions

ZnO NPs could cause disruption and atrophy of seminiferous epithelium, and even damage to
spermatogenesis in male mice. Apoptosis and autophagy were induced by ZnO NPs in the testis tissue
with a decreased level of serum testosterone. In vitro studies demonstrated that ZnO NPs markedly
inhibited the viability of mouse Leydig TM3 cells and induced apoptosis and autophagy. Oxidative
stress was also induced after the cells were treated with ZnO NPs, while inhibition of oxidative stress
could rescue the induction of apoptosis and autophagy, indicating that oxidative stress was involved
in ZnO NPs-induced apoptosis and autophagy. However, suppression of autophagy further inhibited
cell viability with increase of the apoptosis levels. Taken together, we have provided detailed evidence
that oxidative stress is involved in ZnO NPs-induced apoptosis and autophagy of mouse Leydig TM3
cells, while autophagy contributes to counteract the reproductive toxicity of ZnO NPs in the testis.
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Abstract: (1) Background: Zinc oxide (ZnO) particles are widely used as zinc (Zn) fortifiers, because
Zn is essential for various cellular functions. Nanotechnology developments may lead to production
of nano-sized ZnO, although nanoparticles (NPs) are not intended to be used as food additives.
Current regulations do not specify the size distribution of NPs. Moreover, ZnO is easily dissolved into
Zn ions under acidic conditions. However, the fate of ZnO in commercial foods or during intestinal
transit is still poorly understood. (2) Methods: We established surfactant-based cloud point extraction
(CPE) for ZnO NP detection as intact particle forms using pristine ZnO-NP-spiked powdered or
liquid foods. The fate determination and dissolution characterization of ZnO were carried out in
commercial foods and human intestinal cells using in vitro intestinal transport and ex vivo small
intestine absorption models. (3) Results: The results demonstrated that the CPE can effectively
separate ZnO particles and Zn ions in food matrices and cells. The major fate of ZnO in powdered
foods was in particle form, in contrast to its ionic fate in liquid beverages. The fate of ZnO was closely
related to the extent of its dissolution in food or biomatrices. ZnO NPs were internalized into cells in
both particle and ion form, but dissolved into ions with time, probably forming a Zn–ligand complex.
ZnO was transported through intestinal barriers and absorbed in the small intestine primarily as
Zn ions, but a small amount of ZnO was absorbed as particles. (4) Conclusion: The fate of ZnO is
highly dependent on food matrix type, showing particle and ionic fates in powdered foods and liquid
beverages, respectively. The major intracellular and intestinal absorption fates of ZnO NPs were Zn
ions, but a small portion of ZnO particle fate was also observed after intestinal transit. These findings
suggest that the toxicity of ZnO is mainly related to the Zn ion, but potential toxicity resulting from
ZnO particles cannot be completely excluded.

Keywords: zinc oxide; fate; cloud point extraction; dissolution; commercial food; intestinal absorption

1. Introduction

Nanomaterials have been widely applied to diverse industries, such as electronics, medicine,
pharmaceutics, cosmetics, and foods. In particular, food additive particles, including silicon dioxide
(SiO2), titanium dioxide (TiO2), and zinc oxide (ZnO) are widely used as anticaking agents, coloring
agents, and nutritional fortifiers, respectively [1–3]. Among them, ZnO can be added to milk,
dairy products, cereals, and beverages. This is due to the fact that zinc (Zn) plays an essential role
as a trace element in the immune system, cell function, enzyme activity, and signaling in human
body [4–6]. ZnO is used as a food additive in the United States (US) and Europe, and classified as
“Generally Recognized as Safe” by the US Food and Drug Administration [7]. The acceptable daily
intake (ADI) for Zn in Zn-fortified functional foods is in the range of 2.55 to 12 mg in the Republic
of Korea [8]. Nanotechnology developments have led to the production of nano-sized ZnO particles,
although nanomaterials that range in size from 1 to 100 nm are not intended to be used as food
additives. Indeed, the particle size distribution for ZnO as a food additive is unspecified [9].
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The fate determination of ZnO is of importance for interpreting and understanding its potential
toxicity, because the toxic effects resulting from ZnO nanoparticles (NPs), NP aggregates/agglomerates,
micro-sized particles, or Zn ions are completely different [10,11]. A few reports have demonstrated the
fates of ZnO in biological systems or environmental water samples [12–14]. ZnO NPs were reported to
be primarily present as ionic forms in tissues after oral administration in rats [15–17]. Zn ion release
from ZnO NPs in simulated gastric fluid increased to 14% has also been reported [18,19], suggesting
their partial dissolution property. Studies have demonstrated that ZnO can be easily decomposed to
Zn ions in acidic solutions or biological fluids [20–23]. Since most foods have a slightly acidic pH
and Zn-fortified foods are taken up by the oral route, ZnO can be dissolved into Zn ions in food
matrices to some extent, and does not present in its particle form in the body. However, there is
no clear information about the fate of ZnO in commercial foods and human intestinal cells during
intestinal transit.

Food additive ZnO is directly added to complex food matrices in solution or powdered form.
Hence, the interactions between ZnO and food components should also be considered. Indeed,
ZnO NPs have been demonstrated to interact with food components, such as proteins and saccharides,
forming particle–matrix corona (nanocorona covered by matrices) [23–25]. These interactions were
also found to affect cytotoxicity, intestinal transport efficiency, and oral absorption [24–27]. Thus,
separating ZnO from complex food matrices in intact particle form is challenging. Currently, the most
widely applied method for detecting ZnO is inductively coupled plasma–atomic emission spectroscopy
(ICP-AES), ICP–mass spectroscopy, or atomic absorption spectroscopy. However, these methods
require pre-digestion procedures with acids to digest organic matrices, and therefore are used for
analyzing total Zn levels only and cannot be used to distinguish ZnO particles from Zn ions.

On the other hand, cloud point extraction (CPE) using Triton X-114 (TX-114) was first described
and developed for the analysis of trace NPs, such as gold, silver, and copper as particle forms [28–30].
TX-114 is a surfactant, is cost-effective, and has the advantage of forming micelles at room temperature
(20–25 ◦C), contributing to easy manipulation. To date, TX-114-based CPE studies have focused on
the determination of silver NPs in water or cells [31,32]. ZnO separation by CPE in aqueous phase or
environmental waters where little organic matrix is present has also been reported [33]. A CPE-based
approach was used for the detection of aluminum (Al) or Zn in foodstuffs. However, these studies used
ethylenediaminetetraacetic acid (EDTA) or 8-hydroxyquinoline as chelating agents for precipitation
of Al or Zn ions in precipitated surfactant-rich phase by CPE [34,35]. Moreover, the CPE method
was applied after pre-treatments such as filtering, nitric acid treatment, and dry-ashing were applied
in order to digest organic matrices in foods [34,35]. No attempt has been made to detect ZnO in its
particle form in complex systems, such as in foods or biomatrices.

In the present study, an analytical method for determining ZnO with intact particle size and shape
in foods and human intestinal cells was established using surfactant-based CPE. The fates of ZnO in
commercial processed foods, including liquid and powdered types, were determined based on the
optimized method established with pristine ZnO-NP-spiked food matrices. Finally, fate determination
was assessed in human intestinal cells, in vitro models of human intestinal barriers, and an ex vivo
intestinal absorption model.

2. Results

2.1. Optimization and Characterization of CPE for ZnO NPs

TX-114-based CPE was first optimized utilizing pristine ZnO NPs. The optimization of ZnO
dispersant was carried out with humic acid (HA) and glucose (Glc), and compared with NPs in distilled
and deionized water (DDW) as a control at 37 and 45 ◦C, respectively. HA was chosen as a dispersing
agent based on the research of Majedi et al. [33], and Glc is known to play a role in NP dispersion as
well [25,36]. The physicochemical properties of ZnO NPs after dispersion (Step 1), during CPE (Step 2:
surfactant-rich and aqueous phases without centrifugation), and after CPE (Step 3: surfactant-rich and
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aqueous phases separated by centrifugation) were characterized (Figure 1). When particle size, shape,
and morphology were examined by field emission-scanning electron microscopy (FE-SEM), pristine
ZnO NPs dispersed in DDW, HA, and Glc (Step 1) had an average primary particle size of ~60 nm with
irregular shapes (Figure 2A). The precipitated, TX-114-rich phase of ZnO NPs after CPE (Step 3) had
similar primary particle size distributions compared to pristine NPs in different dispersants, showing
no significant differences in particle size between Step 1 and Step 3 (Figure 2B, p > 0.05). FE-SEM
images during CPE process (Step 2) could not be clearly obtained due to the presence of high level of
organic material TX-114.

Figure 1. Schematic illustration of Triton X-114 (TX-114)-based cloud point extraction (CPE) procedure.

The hydrodynamic radii of ZnO NPs consequently increased when ZnO NPs were covered
by TX-114 and after micelle formations (Step 2). Thus, the formation of ZnO NPs-TX-114 micelles
was confirmed through dynamic light scattering (DLS) analysis. The hydrodynamic diameters of
pristine ZnO NPs in DDW or HA were significantly smaller than those in Glc at Step 1 (Table 1).
The hydrodynamic radii of ZnO NPs in different dispersants dramatically increased during the CPE
process (Step 2) in all cases, but decreased to the same levels similar to that in pristine NPs after CPE
(Step 3), only when ZnO NPs were dispersed in HA (Table 1). No statistical differences in temperatures
(37 and 45 ◦C) were found (p > 0.05), except in ZnO NPs in HA during CPE (Step 2). On the other hand,
the zeta potential values changed to slightly negative charges in all cases after CPE (Step 3, Table 1).

Table 1. Hydrodynamic radii and zeta potentials of pristine ZnO nanoparticles (NPs) in different
CPE conditions.

Dispersant
Type

Incubation
Temperature (◦C)

Z-Average Size (nm) Zeta Potential (mV)

Step 1 Step 2 Step 3 Step 1 Step 2 Step 3

ZnO in
DDW

37 261.27 ± 3.59 A,a 1716.33 ± 93.38 A,c 739.57 ± 113.49 B,b 25.9 ±
0.99 A,a

−0.98 ±
0.05 B,b

−1.62 ±
0.14 A,b

45 261.27 ± 3.59 A,a 1717.00 ± 120.68 A,c 857.97 ± 56.61 BC,b

ZnO in HA
37 260.43 ± 4.22 A,a 1653.67 ± 123.52 A,b 345.67 ± 17.05 A,a −34.63 ±

1.33 C,c
−0.77 ±
0.02 A,a

−4.92 ±
0.44 B,b

45 260.43 ± 4.22 A,a 2272.33 ± 279.40 B,b 338.90 ± 10.91 A,a

ZnO in Glc
37 777.57 ± 19.03 B,a 1466.33 ± 22.72 A,c 897.13 ± 35.72 B,C,b 16.63 ±

0.42 B,a
−1.37 ±
0.10 C,b

−1.68 ±
0.17 A,b

45 777.57 ± 19.03 B,a 1685.67 ± 147.97 A,b 1073.53 ± 171.95 C,a

Different upper-case letters (A,B,C) indicate significant differences among different CPE conditions (p < 0.05).
Different lower-case letters (a,b,c) indicate significant differences among different CPE steps (p < 0.05). Abbreviation:
DDW, distilled and deionized water; HA, humic acid; Glc, glucose.

2.2. Recovery of Pristine ZnO NPs by CPE

The recovery (%) of ZnO NPs in different dispersants by CPE was checked by quantifying Zn
amounts in both aqueous and TX-114-rich phases (supernatant and precipitate after CPE, respectively)
in order to confirm the efficiency of the CPE procedure. As shown in Figure 2C, more than 82% of the
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ZnO NPs were recovered from the precipitates as particles after CPE, regardless of CPE conditions.
Only small portions (less than 2%) of ZnO NPs were detected in supernatants as ions after CPE.
The highest total recovery (94.9%) of ZnO NPs in both supernatant and precipitate after CPE was
found when ZnO NPs were dispersed in HA at 45 ◦C. It is worth noting that 93.4% of pristine ZnO
NPs in HA were obtained in the precipitates as particles after CPE. Hence, this condition was further
used for fate determination of ZnO in commercial foods and human intestinal cells.

Figure 2. Field emission-scanning electron microscopy (FE-SEM) images and size distribution of
pristine ZnO NPs in different dispersants (A) before CPE and (B) after CPE. (C) Recovery (%) of Zn
ions, ZnO particles, and total Zn levels obtained from pristine ZnO NPs by CPE. Size distributions
were obtained by randomly selecting 100 particles from FE-SEM images. Different lower-case letters
(a,b,c) indicate significant differences among different CPE conditions (p < 0.05).

2.3. Dissolution Property of ZnO NPs in Food/Bio Matrices

The solubility of ZnO NPs in food matrices and cell culture medium was first checked prior to fate
determination. Two different food types which were representative of powdered or liquid foods were
used. Powdered foods (coffee mix and skim milk) and liquid beverages (milk and sports drink) were
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selected based on the potential utilization of ZnO in Zn-fortified foods. Figure 3A showed that the
solubilities of ZnO NPs in different dispersants ranged from 0.8% to 1.7%. The pHs of ZnO dispersed
in DDW, HA, and Glc were 8.6, 8.1, and 8.7, respectively.

On the other hand, the solubilities of ZnO in food matrices increased, reaching 39.4%, 30.0%,
and 49.2% in coffee mix, skim milk, and milk, respectively. There was a dramatic increase in solubility
observed in sports drink, which reached up to 90.9% (Figure 3B). The pHs of ZnO-spiked food matrices
were 6.2, 6.9, 6.9, and 3.3 in coffee mix, skim milk, milk, and sports drink, respectively. The solubility
of ZnO in cell culture minimum essential medium (MEM) (pH 7.0) was ~18% after 0.5 h and increased
up to 24.8% after 6–24 h (Figure 3C).

 

Figure 3. Dissolution properties of ZnO NPs in (A) dispersants, (B) food matrices, and (C) cell culture
medium. Different upper-case letters (A,B) indicate significant differences among different dispersants
(p < 0.05). Different lower-case letters (a,b) indicate significant differences among incubation times
(p < 0.05).

2.4. Characterization and Fate of ZnO-NP-Spiked Foods

The reliability and accuracy of the CPE method for fate determination of ZnO in commercial foods
were checked using ZnO-NP-spiked foods. DLS results demonstrated that all ZnO NPs recovered
from the precipitates of ZnO-NP-spiked coffee mix, skim milk, and milk after CPE had statistically
significant similarities in hydrodynamic radii compared to pristine ZnO NPs (p > 0.05, Figure S1).
On the other hand, no particle forms were detected in the precipitates of ZnO-NP-spiked sports drink
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after CPE (Figure S1). SEM and energy dispersive X-ray spectroscopy (EDS) analysis revealed the
presence of Zn elements recovered from the precipitated TX-114-rich phases of all ZnO-NP-spiked
foods after CPE, except sports drink (Figure 4A,B).

Figure 4. (A) FE-SEM images and (B) energy dispersive X-ray spectroscopy (EDS) analysis of the
precipitates of ZnO-NP-spiked foods after CPE. (C) Fate (%) of ZnO NPs in ZnO-NP-spiked foods by
CPE, followed by inductively coupled plasma–atomic emission spectroscopy (ICP-AES) quantification.

Quantitative ICP-AES analysis results on the supernatants and precipitates after CPE are presented
in Figure 4C. About 59.5%, 59.5%, and 51.3% of ZnO were present as particle forms in coffee mix,
skim milk, and milk, respectively, and 93.7% of ZnO NPs were dissolved and detected as Zn ions in
sports drink. The total Zn recoveries (%) from both Zn ions and ZnO particles ranged from 92.6%
to 97.5%.

2.5. Fate of ZnO in Commercial Foods

The presence of ZnO particles or Zn ions in Zn-fortified commercial foods was determined based
on the established CPE method. Commercial foods that indicated ZnO as an additive as seen in product
labeling were chosen, and another product containing Zn gluconate as a Zn fortifier was also used for
comparative study. When the supernatants and precipitates after CPE were quantitatively analyzed by
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ICP-AES, the fate of ZnO differed depending on food type (Figure 5). The highest concentration of ZnO
was detected as particle forms (~77–99%) in powdered or dried foods (chocolate powder, powdered
probiotics, and cereals). ZnO was determined to be mainly present as Zn ions (~92–98%) in liquid
beverages (functional peptide beverage and fruit juice). It is worth noting that the Zn ionic fate of
Zn gluconate after CPE was also found in another functional mineral beverage (Figure 5F). The pHs
of peptide, fruit juice, and mineral beverages were 4.7, 3.4, and 2.7, respectively, whereas the pHs of
powdered chocolate, probiotics, and cereals were 7.3, 7.5, and 6.5, respectively. The total Zn recoveries
(%) from both ZnO particles and Zn ions ranged from 96.9% to 102.8%, which was calculated based on
composition labeling in commercial foods.

Figure 5. Fate (%) of ZnO in ZnO-added commercial foods: (A) chocolate powder, (B) powdered
probiotics, (C) cereals, (D) functional peptide beverage, (E) fruit juice. (F) Fate of Zn gluconate in
a functional mineral beverage by CPE.

2.6. Intracellular Fate of ZnO NPs

The fate of ZnO NPs was evaluated by CPE in human intestinal cells, and intracellular Zn levels
in both supernatants and precipitates after CPE were quantified after cell lysis. Figure 6A shows that
the uptake of ZnO NPs, as measured by total Zn levels, increased in concert with incubation time and
reached a plateau at 1 h post-incubation. Intracellular ZnO NPs separated by CPE increased with time
and reached a maximum level at 6 h, and then returned to normal control level after 24 h. On the other
hand, intracellular Zn ion concentrations gradually increased and the highest Zn ion level was detected
at 24 h, which was statistically similar to total Zn level at 24 h. When we compared ZnO NP/Zn ion
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ratios, most ZnO NPs were present as Zn ions (~71%) at 0.5 h, and both ZnO NPs and Zn ions were
present at almost similar levels at 6 h (~53 vs. 47%). Zn ion forms (~87%) were primarily found at 24 h.

The intracellular fate of ZnO NPs was also checked with a Zn-selective fluorescent probe during
incubation and examined by confocal microscopy. Figure 6B shows that the fluorescence intensity
increased at 0.5–1 h and decreased thereafter. Magnified confocal images clearly demonstrated that
the fluorescence intensity inside cells resulting from Zn ions was higher at 0.5–1 h than that at 6–24 h.
Slightly increased fluorescence was also observed in control cells without ZnO NPs, attributed to basal
intracellular Zn ion levels.

Figure 6. (A) Intracellular fate of ZnO NPs in human intestinal Caco-2 cells, as determined by CPE
followed by ICP-AES analysis. (B) Confocal microscopic images of intracellular Zn ions, as determined
by a Zn-selective fluorescent probe, TSQ in Caco-2 cells. Different upper-case letters (A,B) indicate
significant differences among Zn ion, ZnO, and total Zn (p < 0.05). Different lower-case letters
(a,b,c) indicate significant differences among different incubation times (p < 0.05). Abbreviation: ND,
not detectable.

2.7. Intestinal Transport and Absorption Fate of ZnO NPs

The fate of ZnO NPs after intestinal transport was examined using in vitro Caco-2 monolayer and
follicle-associated epithelium (FAE) models, representing the intestinal tight junction and microfold
(M) cells in Peyer’s patches, respectively. Figure 7A,B show that ZnO NPs were transported through
both Caco-2 monolayer and M cells primarily in Zn ion form. No significant differences in transport
amount were found between the Caco-2 monolayer and M cells (p > 0.05).
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We also evaluated the intestinal absorption fate of ZnO NPs using ex vivo everted small intestine
sacs, which reflect small intestinal absorption in vivo. These results demonstrated that ZnO NPs were
primarily absorbed into the body across the mucosa of the small intestine as Zn ionic forms (Figure 7C).
It is also worth noting that ZnO can be slightly but significantly transported by M cells and absorbed
in the small intestine in particle form after 0.5–6 h (Figure 7B,C).

Figure 7. Intestinal transport fate of ZnO NPs obtained from in vitro models of (A) Caco-2 monolayer
and (B) follicle-associated epithelium (FAE) by CPE. (C) Intestinal absorption fate of ZnO NPs using
ex vivo everted small intestine sacs. Different lower-case letters (a,b,c) indicate significant differences
among different incubation times (p < 0.05). Abbreviation: ND, not detectable.

3. Discussion

ZnO NPs have a wide range of applications in products intended for human consumption,
such as foods and cosmetics, which raises increasing concerns about their potential toxicity. The fate
determination of NPs is important, and can answer the fundamental question of whether NPs
are present as intact particles or dissolved ionized forms. This type of research is also useful
for understanding whether the toxicity of ZnO results from nano-sized particles or from Zn ions.
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In particular, fate determination is crucial for partially soluble NPs in commercial products or biological
environments, such as ZnO NPs and silver NPs [37,38]. However, separating NPs and ionized forms
from complex food and biological matrices without affecting intact particle size and morphology
is challenging.

In this study, TX-114-based CPE was first optimized using pristine ZnO NPs. The results obtained
revealed that ZnO NPs can be effectively separated into ZnO particles and Zn ions: (1) ZnO NPs
were recovered from the precipitated TX-114-rich phase after CPE as intact particles (Figure 2); (2) the
hydrodynamic radii and primary particle sizes of pristine ZnO NPs obtained by CPE were statistically
similar to those of pristine (Table 1, Figure 2), suggesting that particle size and size distribution
were not affected during CPE procedure; (3) more than 82% of pristine ZnO NPs under all variable
CPE conditions and ~93% of ZnO NPs in HA at 45 ◦C were recovered in the precipitates after CPE
(Figure 2C), suggesting the efficacy of CPE for separating ZnO NPs as particle form; and (4) small
amounts (less than 2%) of ZnO NPs were detected in supernatants as Zn ions (Figure 2C), indicating that
only a minimum amount of Zn ions was released from ZnO NPs during CPE. This was also confirmed
by low dissolution property (less than 2%) of ZnO NPs in different dispersants (Figure 3A). On the
other hand, zeta potential values were affected and changed to slightly negative charges, approaching
zero zeta potentials in all cases after CPE (Table 1). It is known that zeta potentials close to zero are
optimal for the formation of NPs-TX-114 micelles [30,31]. The results obtained with pristine ZnO NPs
suggest that TX-114-based CPE, especially in HA as a dispersant at 45 ◦C, can effectively separate ZnO
particles and Zn ions without affecting primary particle size, size distribution, or morphology.

The dissolution property of ZnO NPs was highly affected by food matrices and cell culture medium
(Figure 3B,C). The solubilities of ZnO NPs in coffee mix, skim milk, and milk ranged from ~30–49%
(Figure 3B), although the pHs of ZnO-NP-spiked food matrices were close to neutral, except for sports
drink (pH 3.3). It is known that ZnO can be dissolved into Zn ions under acidic conditions [39–41].
Thus, the high solubility (~91%) of ZnO in sports drink can be explained by the low pH of the sports
drink. Increased solubilities of ZnO in other food matrices, such as coffee mix, skim milk, and milk,
seem to be related to its interaction with food components. Meanwhile, the solubilities of ZnO NPs in
MEM cell culture medium (pH 7.0) were ~18% to 25% over the incubation time (Figure 3C), which likely
resulted from their interactions with various components found in the MEM [38,42]. The solubility of
ZnO could, therefore, be highly affected by the presence of food or biomatrices.

The efficacy of CPE was also confirmed using ZnO-NP-spiked foods, showing the reliability and
accuracy of the CPE for fate determination of ZnO NPs in foods: (1) DLS results recovered from the
precipitates of ZnO-NP-spiked coffee mix, skim milk, and milk after CPE had similar hydrodynamic
radii compared to pristine ZnO NPs (Supplementary Figure S1), indicating that ZnO NPs were well
recovered as intact particle forms after CPE; (2) no particle forms were detected in the precipitates of
ZnO-NP-spiked sports drink after CPE (Supplementary Figure S1), suggesting the complete dissolution
of ZnO into Zn ions; (3) SEM-EDS analysis revealed the presence of Zn elements recovered from the
precipitates of all ZnO-NP-spiked foods after CPE, except in sports drink (Figure 4A,B), which was in
good agreement with DLS results; and (4) ~51–60% of ZnO were present as particles in coffee mix,
skim milk, and milk, whereas almost all ZnO NPs were detected as Zn ions in sports drink after CPE,
which is highly consistent with the dissolution properties of ZnO (Figure 3B). Indeed, no significant
differences were found between solubilized Zn ions in food matrices (Figure 3B) and Zn ions recovered
after CPE (Figure 4C, p > 0.05). Hence, the fate of ZnO NPs in food matrices can be determined as both
intact particle and Zn ion forms by applying CPE, without affecting particle size and solubility. The total
Zn recoveries (%) from both ZnO particles and Zn ions ranged from 92.6% to 97.5%, suggesting the
accuracy of the analytical procedure.

The same trends were observed in commercial foods in which ZnO addition was indicated on
product labeling. Most ZnO particles were present as Zn ions in liquid foods (functional peptide
beverage and fruit juice), while the fate of ZnO was found to be mainly the particle forms in powdered
foods (chocolate powder, powdered probiotics, and cereals, Figure 5). It is worth noting that another
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functional mineral beverage fortified with Zn gluconate was found to contain Zn ions after CPE
(Figure 5F), supporting the reliability of the results. The pHs of liquid beverages were 2.7–4.7,
which affected ZnO dissolution property due to the fact that ZnO dissolves more rapidly in acidic
solutions. The slight presence of ZnO as particles in liquid beverages seems to be attributable to
a Zn ion complex formed with other food components. The total Zn recoveries (%) from both ZnO
and Zn ions ranged from 96.9% to 102.8%, and was calculated based on composition labeling in
commercial foods and ICP-AES analysis, supporting the accuracy of the CPE procedure. Zn ion ratios
in ZnO-NP-spiked powdered foods (Figure 4) were higher than those in commercial powdered or
dried foods (Figure 5). The various processing steps used for commercial food products, such as
formulation, mixing, and thermal or drying treatment, may increase the stability of ZnO in processed,
powdered foods, contributing to its low dissolution in food matrices. Taken together, it is probable that
ZnO as a food additive is primarily present as a particle in powdered or dried foods, but can be easily
decomposed into Zn ions in liquid foods.

The intracellular fate of ZnO NPs, determined by CPE followed by ICP-AES analysis, revealed
that ZnO NPs were taken up in particle forms, but slowly dissolved into Zn ions after a certain time
inside cells (Figure 6A). A portion of dissolved Zn ions from ZnO in cell culture medium can be also
rapidly taken up by cells, considering that the dissolution property of ZnO NPs in MEM is ~18–25%
(Figure 3C). Vandebriel et al. also demonstrated that ZnO NPs can be taken up by cells by in both
particle and ionic forms, which is consistent with our findings [43]. Paek et al. reported that Zn ions
can be more rapidly and massively absorbed into the bloodstream after oral administration in rats [18],
which may support the rapid cellular uptake of Zn ions compared to ZnO (Figure 6A). Taken together,
both ZnO NPs and Zn ions can be internalized into cells, but the major fate of ZnO NPs is to become
ionized inside cells over time. Gilbert et al. demonstrated that ZnO NPs were completely dissolved
into Zn ions after cellular internalization [12]. Wang et al. also reported that ZnO NPs were internalized
into cells by endocytosis and localized within acidic lysosomes, releasing Zn ions from internalized
ZnO NPs [44–46]. ZnO NPs were reported to cause cytotoxicity associated with an increase in the Zn
ions released inside cells [47,48]. However, contradictory results were obtained by confocal microscopy
using a Zn–selective fluorescent probe, showing elevated Zn ion levels at 0.5–1 h and decreased Zn
ions thereafter (Figure 6B). The discrepancy might be explained by complex formation between Zn ions
and other molecular ligands inside cells, which was evidenced by Zn–S bond formation in tissues after
oral administration of ZnO NPs in rats [15]. It is, therefore, strongly likely that ZnO NPs are dissolved
into Zn ions and form Zn–molecular ligand complexes after internalization into cells, which is in good
agreement with the results obtained by Gilbert et al. [12].

The intestinal transport and absorption fate of ZnO NPs, evaluated using in vitro models of
human intestinal barriers and ex vivo everted small intestine sacs, was determined to be primarily Zn
ion forms. This result suggests that ZnO NPs can be taken up by cells in both particle and ionized forms
(Figure 6A), but most ZnO particles are dissolved into Zn ions during intestinal transit and absorption
(Figure 7). Our previous report demonstrated that the ex vivo solubility of ZnO NPs in rat-extracted
intestinal fluid was ~9% [23], supporting their high dissolution during intestinal transit. Thus, the major
fate of absorbed ZnO NPs in the small intestine is likely to be the ionized forms. However, a small
amount of ZnO can be also transported by M cells and absorbed as particle form (Figure 7B,C),
suggesting different toxicokinetic behaviors of ZnO compared to those of Zn ions, as reported by
previous research [18]. Intestinal transport of NPs by M cells was also demonstrated [23,49,50].

4. Materials and Methods

4.1. Materials

ZnO NPs (<100 nm), D-(+)-glucose, humic acid (sodium salt), TX-114, EDTA, formalin, ammonium
chloride (NH4Cl), and monosodium phosphate (NaH2PO4) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Sodium hydroxide (NaOH), sodium chloride (NaCl), potassium chloride
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(KCl), calcium chloride (CaCl2), magnesium chloride (MgCl2), sodium bicarbonate (NaHCO3),
nitric acid (HNO3), and hydrogen peroxide (H2O2) were supplied by Samchun Pure Chemical
Co., Ltd. (Pyeongtaek, Gyeonggi-do, Korea). Conical-bottom glass centrifuge tubes (15 mL) were
obtained from Daeyoung Science (Seoul, Korea). MEM, Roswell Park Memorial Institute (RPMI)
1640 medium, Dulbecco’s modified eagle’s medium (DMEM), heat-inactivated fetal bovine serum
(FBS), penicillin, streptomycin, Dulbecco’s phosphate-buffered saline (DPBS), and phosphate-buffered
saline (PBS) were purchased from Welgene Inc. (Gyeongsan, Gyeongsangbuk-do, Korea).
N-(6-Methoxy-8-quinolyl)-p-toluenesulfonamide (TSQ) was obtained from Enzo Life Science Inc.
(Farmingdale, NY, USA). Matrigel® was from Corning Inc. (Corning, NY, USA). Transwell®

polycarbonate inserts were purchased from SPL Life Science Co., Ltd. (Pocheon, Gyeonggi-do, Korea).
Commercial foods used for the spiking experiment were as follows: coffee mix, skim milk, milk,

and sports drink. Commercial Zn-fortified products analyzed were as follows: chocolate powder
(ZnO added), powdered probiotics (ZnO added), cereals (ZnO added), functional peptide beverage
(ZnO added), fruit juice (ZnO added), and functional mineral beverage (Zn gluconate added), all from
international brands found in markets in Seoul, Republic of Korea, in 2019.

4.2. Characterization

Primary particle size, shape, and chemical characterization were determined by FE-SEM
(JSM-7100F, JEOL, Tokyo, Japan), equipped with EDS (Aztec, Oxford Instruments, Abingdon, UK).
Zeta potentials and hydrodynamic radii of particles (1 mg/mL) were measured with Zetasizer Nano
System (Malvern Instruments, Worcestershire, UK) after stirring for 30 min, sonication for 15 min
(Bransonic 5800, Branson Ultrasonics, Danbury, CT, USA), and dilution (0.1 mg/mL).

4.3. Optimization of CPE for Pristine ZnO NPs

ZnO NPs (100 μg/mL) were dispersed in 7 mL of DDW, HA (final concentration of 10 μg/mL),
or Glc (final concentration of 1% (w/v)) solution by stirring for 30 min, followed by sonication for
15 min. CPE was processed as described by Majedi et al. [33]. The suspensions (7 mL) were transferred
to conical-bottom glass centrifuge tubes and the pH was adjusted to 10 by adding an NaOH solution.
Next, 5% (w/v) TX-114 (0.5 mL) and 0.2 M NaCl solution (0.75 mL) were added to the suspensions.
After dilution to 10 mL with DDW, the mixtures were incubated for 30 min at 37 or 45 ◦C and
centrifuged for 5 min at 2500× g at 25 ◦C. The precipitates and supernatants were analyzed by ICP-AES
(JY2000 Ultrace, HORIBA Jobin Yvon, Longjumeau, France) after digestion with HNO3 as described in
Section 4.12.

4.4. Fate Determination of ZnO NPs in Food Matrices

ZnO NPs (10 mg) were spiked into 10 g of powdered foods, such as coffee mix and skim milk
powder, and mixed well. Next, 0.1 g of the mixed powders were dispersed in 7 mL of HA solution,
and the dispersions were stirred for 30 min followed by sonication for 15 min. In parallel, 10 mg
of ZnO NPs were spiked with 100 mL of HA-added liquid foods, such as milk and sports drink.
Spiked samples (1 mL) were then diluted to 7 mL by adding HA solution and stirring for 30 min,
followed by sonication for 15 min. The Zn concentrations were chosen based on the ADI for Zn in
Zn-fortified functional foods (2.55–12 mg) in the Republic of Korea [8]. The same procedure was
applied as described in Section 4.3.

4.5. Dissolution Property of ZnO NPs in Food/Bio Matrices

ZnO NPs in DDW, different dispersants, or food matrices were prepared and stirred for 30 min.
The same concentration of ZnO NPs for optimization of CPE and fate determination in food matrices
were used. ZnO NPs (50 μg/mL) in cell culture medium MEM were incubated for 0.5, 1, 6, and 24 h
with gentle shaking (180 rpm) at 37 ◦C. The ZnO suspensions were then centrifuged (16,000× g) for
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15 min, and the supernatants were subjected to ICP-AES analysis after pre-digestion as described in
Section 4.12.

4.6. Fate Determination of ZnO in Zn-Fortified Commercial Foods

Zn-fortified powdered foods (10 g) were homogenized in an agate mortar. Samples thus
homogenized (0.1 g) were dispersed in 7 mL of HA solution, and the dispersions were stirred for
30 min and sonicated for 15 min. Commercial Zn-fortified beverages (1 mL) were diluted to 7 mL
by adding HA solution, and the solutions were stirred for 30 min followed by sonication for 15 min.
The same procedure was applied as described in Section 4.3.

4.7. Cell Culture

Human intestinal epithelial Caco-2 cells were purchased from the Korean Cell Line Bank (KCLB;
Seoul, Korea). The cells were cultured in MEM containing 10% FBS, 100 units/mL of penicillin,
and 100 μg/mL of streptomycin in a 5% CO2 incubator at 37 ◦C.

4.8. Cellular Uptake and Intracellular Fate of ZnO NPs

The cells were plated at a density of 1 × 106 cells/well and incubated with ZnO NPs (50 μg/mL)
for 0.5, 1, 6, and 24 h. After washing three times with DPBS, 5 mM EDTA in DPBS was used to treated
the cells for 40 s in order to remove adsorbed NPs on the surface of cell membrane. After washing
with PBS three times, the cells were harvested with a scraper, centrifuged, and re-suspended in 1 mL of
DDW to determine the intracellular fate of ZnO NPs by CPE and cellular uptake quantification by
ICP-AES. Cells in the absence of ZnO NPs were used as controls.

The suspended cells (1 mL) were transferred to conical-bottom glass centrifuge tubes and sonicated
four times for 10 s on ice with a 150 W ultrasonic processor (Sonics & Materials Inc., Newtown, CT,
USA). After dilution to 7 mL by adding HA solution, the same procedure was applied as described in
Section 4.3.

4.9. Intracellular Fate of ZnO NPs by Confocal Microscopy

The cells were plated at a density of 2 × 104 cells on a glass coverslip, and ZnO NPs (50 μg/mL)
were treated for 0.5, 1, 6, and 24 h. After washing with DPBS, the cells were fixed with 500 μL of
freshly made 3.7% formalin (containing 1.5% methanol) in DPBS on ice for 20 min. Next, 50 mM
NH4Cl in DPBS was added and incubation was continued on ice for 30 min. After washing twice with
DPBS, 50 μL of 30 μM fluorescent probe for Zn ions, TSQ, was added and incubated for 30 min in the
dark at room temperature. Finally, the cells were rinsed three times with DPBS and visualized using
a D-Eclipse C1 confocal microscope (Nikon Instech. Co., Kawasaki, Japan), equipped with Ar (488 nm)
and HeNe (543 nm) lasers. Image acquisition and analysis were performed with EZ-C1 2.3 software
(Nikon Instech. Co., Kawasaki, Japan). Each experiment was repeated twice on separate days.

4.10. Intestinal Transport Fate of ZnO NPs

Human Burkitt’s lymphoma Raji B cells, supplied from the KCLB, were cultured in RPMI
1640 medium containing FBS (10%), non-essential amino acids (1%), L-glutamine (1%), penicillin
(100 units/mL), and streptomycin (100μg/mL) in a 5% CO2 incubator at 37 ◦C. The FAE model, mimicking
M cells, was established as described previously [23,51]. After coating Transwell® polycarbonate
inserts with Matrigel® matrix prepared in serum-free DMEM for 2 h, supernatants were removed,
and inserts were then washed with serum-free DMEM. Caco-2 cells (1 × 106 cells/well) were seeded
on the apical sides and grown for 14 days. Lymphoma Raji B cells (1 × 106 cells/well) were added to
the basolateral sides, and these co-cultures were maintained for 5 days until trans epithelial electrical
resistance (TEER) values reached 150–200 Ω cm2. The apical medium of the monolayers was then
replaced by medium containing ZnO NPs (50 μg/mL), and incubation continued for 0.5 and 6 h.
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Caco-2 monoculture was also used to evaluate the transported fate of ZnO NPs through intestinal
epithelial tight junction barrier. Caco-2 cells (4.5 × 105 cells/well) were seeded on upper inserts and
further cultured for 21 days (TEER ≥ 300 Ω cm2). Apical medium of the monolayers was then replaced
by medium containing ZnO NPs (50 μg/mL), and incubation continued for 0.5 and 6 h.

Basolateral solutions (1 mL) were collected in a conical-bottom glass centrifuge tube, and diluted
to 7 mL with HA solution. The same procedure was applied as described in Section 4.3.

4.11. Intestinal Absorption Fate of ZnO NPs

Eight-week-old male Sprague Dawley (SD; 200–250 g) rats were purchased from Koatech Co.
(Pyeongtaek, Gyeonggi-do, Korea). Animals were housed in plastic laboratory animal cages in
a ventilated room, maintained at 20 ± 2 ◦C and 60% ± 10% relative humidity with a 12 h light/dark cycle.
Water and commercial complete laboratory food for rats were available ad libitum. Animals were
environmentally acclimated for 5 days before treatment. All animal experiments were performed in
compliance with the guideline issued by the Animal and Ethics Review Committee of Seoul Women’s
University (SWU IACUC-2019A-1), Republic of Korea.

Everted small intestine sacs were prepared as previously described [52]. Briefly, two male rats
were fasted overnight (water available) and sacrificed by CO2 euthanasia. The small intestines were
collected, washed three times with Tyrode’s solution (containing 0.8 g of NaCl, 0.02 g of KCl, 0.02 g
of CaCl2, 0.01 g of MgCl2, 0.1 g of NaHCO3, 0.005 g of NaH2PO4, and 0.1 g of glucose in 100 mL
of distilled water), cut into sections (5 cm in length), and everted on a puncture needle (0.8 mm in
diameter). After one end was clamped, the everted sacs were filled with 200 μL of Tyrode’s solution
and then tied using silk braided sutures. Each sac was placed in a six well plate containing 3 mL of
ZnO NPs (50 μg/mL) for 0.5 and 6 h in a humidified 5% CO2 atmosphere at 37 ◦C. The solution in the
interior sac was collected and the same procedure was applied after dilution to 7 mL with HA solution,
as described in Section 4.3.

4.12. ICP-AES Analysis

All samples were pre-digested with 10 mL of ultrapure HNO3 at ~160 ◦C, and 1 mL of H2O2

solution was added and heated until the samples were colorless and until the solution was completely
evaporated. The digested samples were diluted with 3 mL of DDW, and total Zn concentrations were
determined by ICP-AES (JY2000 Ultrace, HORIBA Jobin Yvon).

4.13. Statistical Analysis

Results are expressed as means ± standard deviations. One-way analysis of variance with Tukey’s
test in SAS Ver.9.4 (SAS Institute Inc., Cary, NC, USA) was used to determine the significances of
intergroup differences. Statistical significance was accepted for p values < 0.05.

5. Conclusions

Surfactant TX-114-based CPE was optimized and established for fate determination of ZnO in
commercial foods and human intestinal cells. The solubility of ZnO was not affected by dispersants
used for CPE, but was highly affected by food matrices or cell culture medium, showing dissolved
fate to some extent. ZnO was found to be mainly present as particle forms in powdered or dried
foods, whereas its major fate in liquid beverages was in Zn ionic form. On the other hand, ZnO NPs
were internalized into cells as both particles and Zn ions, but slowly dissolved into Zn ions upon
time, probably forming Zn–ligand complexes inside the cells. ZnO NPs were found to be transported
through intestinal barriers and absorbed in the small intestine primarily as Zn ions. However, a portion
of ZnO NPs could be absorbed into the body as particles. The toxicity of ZnO NPs is, therefore, likely
to be mainly associated with Zn ion toxicity, but long-term potential toxicity resulting from particle
forms cannot be completely excluded. These findings will be useful for understanding the potential
toxicity of ZnO NPs and for their wide application to commercial foods at safe levels.
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Abstract: The use of nanomaterial-based products continues to grow with advancing technology.
Understanding the potential toxicity of nanoparticles (NPs) is important to ensure that products
containing them do not impose harmful effects to human or environmental health. In this study,
we evaluated the comparative cytotoxicity between nickel oxide (NiO) and nickel hydroxide (Ni(OH)2)
in human bronchoalveolar carcinoma (A549) and human hepatocellular carcinoma (HepG2) cell
lines. Cellular viability studies revealed cell line-specific cytotoxicity in which nickel NPs were toxic
to A549 cells but relatively nontoxic to HepG2 cells. Time-, concentration-, and particle-specific
cytotoxicity was observed in A549 cells. NP-induced oxidative stress triggered dissipation of
mitochondrial membrane potential and induction of caspase-3 enzyme activity. The subsequent
apoptotic events led to reduction in cell number. In addition to cell death, suppression of cell
proliferation played an essential role in regulating cell number. Collectively, the observed cell viability
is a function of cell death and suppression of proliferation. Physical and chemical properties of
NPs such as total surface area and metal dissolution are in agreement with the observed differential
cytotoxicity. Understanding the properties of NPs is essential in informing the design of safer materials.

Keywords: nanoparticles; viability; cell proliferation; physicochemical properties; oxidative stress;
caspase-3; mitochondrial membrane potential; cell cycle; apoptosis

1. Introduction

Nanomaterials have become increasingly popular in the production of a wide range of products
and processes including, but not limited to, cosmetics [1], pharmaceuticals [2], medical research [3],
semiconductor fabrication [4], food [5], and electronic manufacturing [6]. The global market for
nanomaterial-based products is estimated to reach $55 billion by 2022, with about a 20% compound
annual growth rate [7]. Increased use of nanoparticles (NPs) heightens the potential for human exposure,
especially from airborne particles or the consumption of products containing them. Workers in various
industries are at higher risk of exposure to NPs used in manufacturing via inhalation [8]. While some
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NPs are relatively harmless, others produce moderate to severe toxic effects. In vitro studies have
demonstrated that NPs are cellularly internalized where they can cause injuries [9–13]. This is observed
as increased reactive oxidative stress, mitochondrial dysfunction, severe DNA damage, cell cycle arrest,
induction of apoptosis, and increased necrosis [14].

Toxicity depends on the physicochemical properties of NPs [15]. For instance, the crystal structure
and morphology of NPs affect cytotoxicity. The amorphous form of TiO2 generated more reactive
oxygen species (ROS) than the anatase and rutile forms [16]. Rod-shaped CeO2 produced toxic responses
in RAW 264.7 cells while octahedron and cubic CeO2 elicited little change [17]. Surface charge may also
influence toxicity, with positively charged ZnO producing a higher degree of toxicity than negatively
charged particles in A549 cells [18]. Three iron NPs (Fe3O4, oleic acid-coated Fe3O4, and carbon-coated
Fe) with different positive charges also produced toxic responses in BEL-7402 cells, with higher positive
charge correlating with worse toxic responses [19]. Dissolution rate, relative available binding sites on
particle surfaces, and particle surface charge of various transition metal oxides correlated with toxicity
in A549 cells [20]. It is important to note that the toxicity mechanisms of NPs are not always, but can
be, cell line-dependent [9,21]. For instance, NiO NPs arrested BEAS-2B cells in the G0/G1 phase of
cell cycle while arrest of A549 cells occurred in the G2/M phase [21]. Furthermore, NiO NPs induced
a higher rate of apoptosis in BEAS-2B cells than in A549 cells [21]. ZnO exposure also induced cell
cycle alterations in A549 cells but not in BEAS-2B cells [9]. Collectively, morphology, surface charge,
dissolution rate, and relative surface binding sites influence NP toxicity.

NiO NPs are used in coloring agents for enamels, nanowires, automotive rear-view mirrors,
and more products [22]. Ni(OH)2 NPs are used in rechargeable battery electrodes, nickel cadmium
batteries, and nickel metal hydride batteries [23]. Nickel can be released to the environment via
various anthropogenic processes. It exists in various oxidation states, though Ni(II), nickel in the
+2 valence state, is its prevalent form [24]. The environmental levels of Ni-associated compounds
and their effective toxic concentrations are influenced by nickel’s oxidation state, agglomeration,
and media (i.e., water, soil, foods, anaerobic, aerobic), as well as by interactions with other organic
and inorganic matrixes. Although the environmental concentrations of nano-sized nickel are still
unknown, their existence in the environment may impose risk to human health. The mechanism
of toxicity is an essential element of and forms the base of risk assessment. Toxic responses upon
exposure to NiO and Ni(OH)2 NPs have been characterized to a limited extent in in vivo and in vitro
settings. Treatment with NiO or Ni(OH)2 NPs induced inflammation in the lungs of rodents [25,26].
NiO induced ROS and lipid peroxidation in A549 cells [27]. Oxidative stress, apoptosis, and reduced
viability in the breast cancer cell line MCF-7 and the human airway epithelial cell line HEp-2 were also
caused by NiO NP exposure [28]. Particulate and soluble nickel compound treatments (including NiO
and Ni(OH)2) led to a varying degree of toxicity in modified Chinese hamster ovary CHO-K1 (AS52)
cells [29]. However, Ni(OH)2 cytotoxicity has not been studied in human cell lines. Adverse responses
to nickel NPs observed in animals and cells indicate human health could be threatened by exposure.

To date, there are no studies comparing the difference in cellular toxicity and toxicological
mechanism upon exposure of HepG2 (a human hepatocellular carcinoma cell line) and A549 (a human
bronchoalveolar carcinoma cell line) to NiO and Ni(OH)2 NPs. Further, there have been no studies on
the role of suppression of cell proliferation induced by these NPs on overall toxicity. Our preliminary
data suggest that Ni(OH)2 NPs decrease viability more significantly than NiO NPs in A549 cells. We thus
hypothesized that (1) differential cytotoxicity of NiO and Ni(OH)2 NPs is cell line-, particle-, time-,
and dose-dependent, (2) cytotoxicity is mediated by oxidative stress and subsequent cellular events
including modulation of mitochondrial membrane potential and caspase-3 enzyme activity, and (3)
exposure to NiO and Ni(OH)2 NPs alters cell cycle and suppresses cell proliferation. Our specific aims
were to (1) demonstrate that cytotoxicity is cell line-, particle-, time-, and dose-dependent, (2) measure
the differences in various biochemical responses upon NiO or Ni(OH)2 exposure, and (3) investigate
whether cell viability is a function of cell killing and inhibition of cell proliferation. To achieve our
goals, we measured cell viability in HepG2 and A549 cells upon NiO or Ni(OH)2 exposure. We then
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delineated the toxicological mechanism of action in the context of the physical and chemical properties
of NPs and oxidative stress-mediated cellular injuries, including changes in mitochondrial membrane
potential, caspase-3 activity, apoptosis, cell proliferation, and cell cycle, in A549 cells.

2. Results

2.1. Physiochemical Properties of NiO and Ni(OH)2

The physiochemical properties of NiO and Ni(OH)2 were analyzed to determine differences
between the two NPs which may contribute to distinct cellular responses (Table 1). Transition electron
microscope (TEM) analysis revealed the apparent morphology and crystalline structure of the NPs
(Figure 1A–F). NiO was in the form of aggregated nanograins, while Ni(OH)2 was a flakey aggregate.
Selected area electron diffraction (SAED) patterns (Figure 1E,F) confirmed that NiO NPs have a cubic
crystal symmetry with a Fm3m space group, and Ni(OH)2 NPs have a trigonal crystal symmetry with
a P3m1 space group, consistent with X-ray diffraction (XRD) data (Figure S1). Both NPs contained
Ni and O peaks in energy disperse X-ray spectroscopy (EDX) analysis, as expected (Figure 1G,H).
Ni(OH)2 contained a small peak that correlated with Br. However, this contamination was estimated
to be 1.01% by INCA software (ETAS, Stuttgart, Germany), excluding mass contributed by H, and was
thus determined to be insignificant. Peaks corresponding to C and Cu are due to the TEM sample
grid composition.

The two NPs were similar in approximate physical size (APS), with a size of 15.2 ± 4.9 nm for
Ni(OH)2 and 16.1 ± 4.8 nm for NiO. However, Ni(OH)2 possessed a higher specific surface area (SSA)
than NiO, with Ni(OH)2 having an area of 103.2 m2/g and NiO having 73.5 m2/g. In our experiments,
cytosolic pH conditions were considered as 7.4 pH and lysosomal conditions were considered as
4.5 pH. Ni(OH)2 had a larger number of relative binding sites than NiO based on X-ray photoelectron
spectroscopy (XPS) analysis, with a physisorbed to chemisorbed O ratio of 1.956 at pH 7.4 and 2.018 at
pH 4.5 compared to NiO with 1.245 at pH 7.4 and 0.385 at pH 4.5 (Table 2, Figure S2). Point of zero
charge (PZC) analysis revealed both NiO and Ni(OH)2 had positive surface charge at cytosolic and
lysosomal pH, with NiO at 8.7 pH and Ni(OH)2 at 7.9 pH, respectively (Figure 2, Table S1). Ni(OH)2

was more positively charged than NiO, with zeta potentials of 35.8 ± 0.7 mV and 29.1 ± 0.8 mV,
respectively. Ni(OH)2 was also more soluble compared to NiO. The NP had a higher dissolution rate at
cytosolic and lysosomal pH compared to NiO (Figure 3). The dissolution of Ni(OH)2 after 48 h at pH
7.4 was 2.3% and at pH 4.5 it was 26.2%. After 48 h, NiO only had a dissolution of 0.18% at pH 7.4 and
1.5% at pH 4.5. Thus, Ni(OH)2 had an almost 13-fold increase in dissolution at pH 7.4 compared to
NiO and over a 17-fold increase at pH 4.5.

Cell culture medium was a well-buffered solution. However, to understand whether NPs can
influence pH in cell culture medium, we added NPs to cell-containing medium (with supplements).
The starting pH was 7.7. When incubated with cells for 24 or 48 h, with or without 100 μg/mL of NPs,
the medium stayed in the range of 7.2 to 7.7 pH, which was consistent with our previous study; the
slight change is negligible in consideration of cytotoxicity [20].
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Figure 1. Morphology of (A) NiO and (B) Ni(OH)2 nanoparticles (NPs) from TEM bright field images.
The lattice fringes of (C) NiO and (D) Ni(OH)2 polycrystals are visible from high resolution transition
electron microscopy (HRTEM) images. Selected area electron diffraction (SAED) patterns of (E) NiO
and (F) Ni(OH)2 are shown with (hkl) and 1/distance (1/nm) values for prominent rings indicated.
The energy disperse X-ray spectroscopy (EDX) spectra of (G) NiO and (H) Ni(OH)2 show that both
particles are composed of Ni and O, with C and Cu peaks being attributed to the TEM grid material.
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Table 1. Physical characteristics of NiO and Ni(OH)2 NPs. Data are expressed as mean ± SD.

Characteristic NiO Ni(OH)2

APS * (nm) 16.1 ± 4.8 15.2 ± 4.9
SSA ** (m2/g) 73.5 103.2

Apparent morphology Aggregated nanograins Flakey aggregate
PZC *** (pH) 8.7 7.9

Zeta potential (mV) 29.1 ± 0.8 35.8 ± 0.7

* APS, approximate physical size, ** SSA denotes specific surface area. *** PZC, point of zero charge is defined as the
pH value at which the surface is electrostatically neutral.

Table 2. Relative number of binding sites from integrated X-ray photoelectron spectroscopy (XPS) O 1s
peak areas.

NP Condition
Metal Oxide or

Chemisorbed OH
Physisorbed O

Physisorbed to
Chemisorbed O Ratio

NiO pH 7.4 912 1135 1.245
NiO pH 4.5 4874 1875 0.385

Ni(OH)2 pH 7.4 1330 2601 1.956
Ni(OH)2 pH 4.5 2020 4076 2.018
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Figure 2. Point of zero charge (PZC) analysis of NiO and Ni(OH)2. Results indicate that the PZCs of
NiO and Ni(OH)2 are 8.7 pH and 7.9 pH.
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Figure 3. Dissolution of (A) NiO and (B) Ni(OH)2 at 7.4 and 4.5 pH after 12, 24, 36, and 48 h. Ni in
solution was analyzed using inductively coupled plasma-optical emission spectrometry (ICP-OES) and
compared to the initial mass of Ni in constant composition experiments. Values are expressed as the
mean ± SD from three measurements.

2.2. Cell Viability

A549 and HepG2 cells were treated with NiO and Ni(OH)2 to elucidate the cell-line specific
and NP-dependent characteristics of viability. A549 cells experienced an increased loss of viability
with time and concentration after exposure to both NiO and Ni(OH)2 (Figure 4A). Exposure for 48 h
resulted in a steeper decrease in viability with increasing concentration. Each concentration tested of
the NPs (0, 10, 25, 50, 75, 100 μg/mL) resulted in significantly decreased viability in A549 cells (N =
3, p < 0.05). NiO exposure of 100 μg/mL resulted in a decrease in viability of 42.2% and 73.0% after
24 and 48 h, respectively. Exposure to Ni(OH)2 at 100 μg/mL resulted in a 60.8% decrease in viability
after 24 h and an 88.9% decrease after 48 h. The HepG2 cell line only experienced a notable decrease
in viability after 48-h Ni(OH)2 exposure at 75 and 100 μg/mL (N = 3, p < 0.05), with a 27.9% drop in
viability at 100 μg/mL (Figure 4B, Table S2). Ni(OH)2 resulted in a drop of 3.1% at 100 μg/mL after 24 h.
NiO caused a drop of 0.8% and 6.3% after 24 and 48 h at 100 μg/mL in HepG2, respectively. A549 cells
were more susceptible to the toxicity of NiO and Ni(OH)2 than HepG2. Ni(OH)2 was more toxic in
both cell lines. Overall, NiO and Ni(OH)2 affected cell viability in a concentration-, time-, particle-,
and cell line-dependent manner. Due to the significant differences in toxicity upon NiO or Ni(OH)2

exposure, A549 cells were subject to subsequent mechanistic studies of cytotoxicity.
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Figure 4. Viability of (A) A549 cells and (B) HepG2 cells upon exposure to various concentrations of
NiO or Ni(OH)2 for 24 and 48 h. Untreated cells were normalized to 100% viable and treated cells were
the percentage of viable cells compared to the control, * p < 0.05, ** p < 0.01, *** p < 0.001 vs. control
using a one-tailed, unpaired t-test. Values are expressed as the mean ± SD from three independent
experiments each with three trials.

2.3. Oxidative Stress

2.3.1. Elevation of Oxidative Stress (OS)

Oxidative stress was measured after NiO or Ni(OH)2 exposure for 24 and 48 h in A549 cells to
determine its role in the decrease of cell viability (Figure 5). Five concentrations of each NP were
tested, being 0, 10, 25, 50, 75, and 100 μg/mL. Longer exposure times resulted in a steeper increase in
OS with increasing concentration of NPs. All concentrations produced OS significantly higher than the
OS observed in untreated cells (N = 4, p < 0.05). A549 cells exposed to 100 μg/mL of NiO had a 2.5-
and a 12.7-fold increase of OS after 24 and 48 h, respectively. Ni(OH)2 at 100 μg/mL caused a 4.9-fold
increase in OS after 24 h and a 27.8-fold increase after 48 h. Ni(OH)2 induced higher levels of OS at
both 24 and 48 h.
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Figure 5. Reactive oxygen species (ROS) produced in A549 cells upon exposure to various concentrations
of NiO or Ni(OH)2 for 24 and 48 h. Untreated cells were considered 1-fold of activity and treated cells
were the relative fold increase in ROS. Tert-butyl hydroperoxide (tBHP) served as a positive control,
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. control using a one-tailed, unpaired t-test. Values are expressed
as the mean ± SD from four independent experiments.

2.3.2. Perturbation of Mitochondrial Membrane Potential (MMP)

The dissipation of mitochondrial membrane potential was observed to determine its role in loss of
viability in A549 cells upon exposure to NiO or Ni(OH)2 at 10 and 100 μg/mL. In the untreated control
cells, an abundance of red color is indicative of healthy mitochondria (Figure 6). Cells treated with
Ni(OH)2 or NiO experience OS and have a noticeable decrease in dysfunctional mitochondria, seen as a
decrease in red color. Exposure to Ni(OH)2 appears to decrease the abundance of healthy mitochondria
more than exposure to NiO. This is likely a result of a higher OS production upon exposure to Ni(OH)2,
inducing a greater dissipation in MMP.
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 Control 10 μg/mL 100 μg/mL 
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Figure 6. Fluorescence microscopy images of mitochondria membrane potential (MMP) after exposure
to NiO or Ni(OH)2 for 12 or 24 h. Scale bars are 10 μm.

2.4. Apoptosis

2.4.1. Elevation of Caspase-3 Enzymatic Activity

Caspase-3 enzymatic activity was measured to determine if programmed cell death was activated
in A549 cells upon exposure to NiO or Ni(OH)2 (Figure 7). The same concentrations of NPs, 0, 10, 25,
50, 75, and 100 μg/mL, were used. Exposure to NiO significantly increased caspase-3 activity in all
groups except for 10 μg/mL at 24 and 48 h (N = 3, p < 0.05). NiO exposure of 100 μg/mL caused a
1.4- and a 1.9-fold increase in caspase-3 activity at 24 and 48 h, respectively. Caspase-3 activity was
significantly increased at all tested concentrations of Ni(OH)2 (N = 3, p < 0.05). This increase in activity
was higher than NiO, with 100 μg/mL of Ni(OH)2 producing 1.7- and 2.2-fold increases for 24 and 48 h,
respectively. Increased caspase-3 enzymatic activity for Ni(OH)2 compared to NiO is consistent with
the increased loss of viability.
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Figure 7. Measurement of caspase-3 activity after A549 cell exposure to various concentrations of NiO
or Ni(OH)2 for 24 and 48 h. Untreated cells were considered 1-fold of activity and treated cells are the
relative fold increase in caspase-3 activity, * p < 0.05, ** p < 0.01 vs. control using a one-tailed, unpaired
t-test. Values are expressed as the mean ± SD from three independent experiments.

2.4.2. Induction of Apoptosis

The levels of induced apoptosis were quantified using flow cytometry to elucidate programmed cell
death in A549 cells when exposed to the two NPs (Figure 8 and Figure S3A,B). For our purpose, the total
apoptotic percentage of each population was the summation of the subpopulations of cells undergoing
early apoptosis and late apoptosis. Measurement of apoptosis in cells using a flow cytometer reflects
the number of cells currently undergoing apoptosis and not total viability. NiO exposure for 24 h
resulted in a statistically significant decrease in apoptosis for 25, 50, and 75 μg/mL; however, this
decrease was considered negligible as the numbers were relatively low and there was no significant
change in apoptosis at 100 μg/mL compared to the control. Apoptosis was increased significantly at
75 and 100 μg/mL for 48 h NiO, 24 h Ni(OH)2, and 48 h Ni(OH)2 exposure (N = 3, p < 0.01). Exposure to
100 μg/mL of NiO resulted in a 6.3% increase in apoptosis after 48 h. There was a 3.8% and a 69.9%
increase in apoptosis after exposure to 100 μg/mL of Ni(OH)2 at 24 and 48 h, respectively.
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Figure 8. Flow cytometer analysis of total apoptosis in A549 cells after exposure to various concentrations
of NiO or Ni(OH)2 for 24 and 48 h, ** p < 0.01, *** p < 0.001 compared to each respective control using
a one-way ANOVA with a Dunnett comparison. Values are expressed as the mean ± SD from three
independent experiments.
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2.5. Cell Cycle and Proliferation

2.5.1. Suppression of Cell Proliferation

Proliferation was analyzed to determine proliferation’s role in A549 cell viability (Figure 9).
Exposure to NiO or Ni(OH)2 significantly reduced the rate of proliferation at all tested concentrations
at both time points (N = 4, p < 0.05). A steady decrease in proliferation was seen as concentration
increased and the decrease was steeper for longer exposure. Consistent with other results, Ni(OH)2

produced stronger suppression of proliferation. NiO exposure of 100 μg/mL caused a decrease in cell
proliferation of 53.9% and 78.4% after 24 and 48 h, respectively. Exposure to 100 μg/mL of Ni(OH)2

resulted in a decrease of 72.9% and 95.7% for 24- and 48-h cell proliferation, respectively.
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Figure 9. Inhibition of proliferation of A549 cells upon exposure to various concentrations of NiO
or Ni(OH)2 for 24 and 48 h. Unexposed cells were normalized to 100% proliferative and exposed
cells were the percentage of proliferating cells compared to the control, * p < 0.05, ** p < 0.01,
*** p < 0.0001 vs. control using a one-tailed, unpaired t-test. Values are expressed as the mean ± SD
from four independent experiments.

2.5.2. Alteration of Cell Cycle

The alteration of cell cycle was measured in A549 cells to determine whether cells became arrested
in various phases of the cell cycle upon exposure to NiO or Ni(OH)2 (Figure 10). The changes induced
by NiO were not significant at any concentration or at either time point, except for the decrease in
G0/G1 observed at 48-h 100 μg/mL exposure (Figure 10A,B). NiO exposure of 100 μg/mL after 24 h
resulted in a 3.4% decrease in G0/G1, a 3.5% increase in S, and a 1.2% increase in G2/M. Exposure to
100 μg/mL of NiO for 48 h resulted in a decrease of 5.8% in G0/G1, an increase of 3.4% in S, and an
increase of 2.4% in G2/M (N = 3, p < 0.05 for G2/M). Exposure to Ni(OH)2 led to cell cycle dysregulation,
with decreasing cells in G0/G1, increasing cells in S, and increasing cells in G2/M with increasing
Ni(OH)2 concentration (Figure 10C,D and Figure S3C,D). Ni(OH)2 produced a more dramatic shift in
cell cycle, with significant changes in G0/G1 at 100 μg/mL and in G2/M at 75 and 100 μg/mL after 24 h
(N = 3, p < 0.05). G0/G1 was decreased by 23.1%, S was increased by 10.2%, and G2/M was increased
by 12.9% for 24-h Ni(OH)2 100 μg/mL exposure. After 48 h, 75 and 100 μg/mL of Ni(OH)2 exposure
induced significant changes in G0/G1, S, and G2/M, with G2/M also experiencing a significant change
at 50 μg/mL (N = 3, p < 0.05). Exposure of 100 μg/mL of Ni(OH)2 after 48 h produced a G0/G1 decrease
of 34.1%, an S increase of 15.5%, and a G2/M increase of 18.6%. The increase in the proportion of cells
in S and G2/M indicates cells are arresting in these phases. Collectively, arrest is much more prevalent
and prominent when cells are treated with Ni(OH)2.
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Figure 10. Flow cytometer analysis of cell cycle phase distribution of A549 cells. Analysis was measured
after exposure to various concentrations of nanoparticle at (A) 24 h NiO, (B) 24 h Ni(OH)2, (C) 48h NiO,
and (D) 48h Ni(OH)2, * p < 0.05 compared to each respective control using a one-way ANOVA with a
Dunnett comparison. Values are expressed as the mean ± SD from three independent experiments.

3. Discussion

In this study, we investigated and compared the cytotoxicity of two nickel NPs. Several cellular
responses were explored as components of this cytotoxicity. We hypothesized that (1) the differential
cytotoxicity of NiO and Ni(OH)2 NPs is cell line-, particle-, time-, and dose-dependent, (2) cytotoxicity
is mediated by oxidative stress and subsequent cellular events including modulation of mitochondrial
membrane potential and caspase-3 enzyme activity, and (3) exposure to NiO and Ni(OH)2 NPs alters
cell cycle and suppresses cell proliferation.

Cell viability is cell line-dependent. A549 cells (a lung cell line) are much more sensitive to
NPs than HepG2 cells (a liver cell line). As A549 cells are epithelial cells in a respiratory organ, it is
reasonable that they would be more sensitive to particle exposure than hepatic cells, which are suited to
interact with toxic compounds. Other studies are in agreement with this notion. For instance, A549 cells
experienced greater induction of OS, lactate dehydrogenase leakage, reduction in glutathione levels,
dissipation of MMP, elevation of apoptotic gene expression, and decline in cellular viability compared
to HepG2 cells upon exposure to CuFe2O4 and ZnFe2O4 NPs [30,31]. Upon exposure to a variety of
sizes and concentrations of silica NPs, HepG2 cells were less susceptible than A549 cells and exhibited
a lower degree of toxic responses, including decreased ROS induction, lower decline in glutathione
(GSH), and less reduction of cell viability [32]. A549 cells also experienced a greater reduction in
MMP and reduction of viability than HepG2 cells upon treatment with silver NPs [33]. One possible
explanation regarding the discrepancy between the in vitro toxic responses of the two cell types may be
due to the fact that the liver is primarily responsible for removing toxic compounds from the body and
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has a higher capacity for detoxification (i.e., phase I & II enzymes) than the lung. On a different note,
previously we conducted a study on comparative cytotoxicity between two lung cell lines using seven
transition metal oxide nanoparticles [20]. BEAS-2B is an immortalized, but not cancerous, human
bronchial epithelial cell line, whereas A549 is a human bronchoalveolar carcinoma-derived cell line.
Both cell types showed similar trends of toxicity. The issue of organ-specific and cell type-specific
cytotoxicity is still unsettled and deserves further attention.

We found that NiO- and Ni(OH)2-induced cytotoxicity is concentration-, time-, and particle-specific
in A549 cells. A549 cells experienced concentration-dependent viability at all tested dosages. Ni(OH)2

consistently produced more severe outcomes compared to NiO and increased treatment time led to
increased cytotoxic effects for both particles. Previously, the toxicity of Ni(OH)2 had not been examined
in human cells. However, our viability results have a similar trend to a study conducted in AS52 cells,
where viability was found to be concentration-dependent and the median lethal concentration (LC50)
of Ni(OH)2 was found to be six times greater than that of NiO [29].

OS was elevated upon exposure to NiO and Ni(OH)2 and had a strong correlation with cell
viability at both 24 and 48 h (Figure 11). This indicates that the generation of free radicals and oxidants
is a hallmark of NP toxicity and stress from these oxidative species triggers consequential molecular
events leading to cell death. OS-mediated dissipation of MMP due to the presence of both NPs
was supported by the apparent reduction in influx of cationic JC-1 into mitochondria. Reduction in
the number of healthy mitochondria, or their general functionality, in a cell plays a substantial role
in perturbing the homeostasis of bioenergetics and multiple signaling pathways pertaining to cell
survival. One such signaling alteration is the increase of caspase-3 enzymatic activity and subsequent
apoptosis. Our data demonstrate that both NiO and Ni(OH)2 elevate caspase-3 enzymatic activity
and apoptosis in a time- and concentration-dependent manner. NP-induced cell death is complex.
In the present study, Ni(OH)2 NPs imposed a much more significant elevation of apoptosis than NiO
NPs, particularly towards 48-h exposure. Besides apoptosis, necrosis is also involved in NP-induced
cell death. Capasso et al. found a concentration-dependent increase of necrosis mediated by NiO
NPs [21]. Another study found that CuO, ZnO, and Mn2O3 induced apoptosis in A549 cells but
apoptotic cell populations increased in various increments, with the apoptotic rate staying relatively
the same between two concentrations before drastically increasing in subsequent concentrations [20].
Additionally, poly vinyl pyrrolidone-coated Ag and Ag+ NPs induced both apoptosis and necrosis in
time- and particle-dependent manners in THP-1 monocyte cells [34]. Collectively, the roles of apoptosis
and necrosis seem to be dynamic in the context of acute response and prolonged exposure.

Although cell death induced by NPs has been demonstrated by a wealth of literature, suppression
of cell proliferation is relatively under-studied. We hypothesized that the degree of cell viability imposed
by exposure to NPs would be a function of cell death and cell proliferation. Our tritiated thymidine
incorporation assays provided proliferation data which possessed a very strong linear correlation
with cell viability for NiO and Ni(OH)2 over a period of 24 and 48 h (Figure 12). These correlations
indicate that suppression of proliferation is a key factor in determining the reduction of cell viability.
Modulation of cell proliferation has multiple causations, alteration of cell cycle being one. Our results
showed that Ni(OH)2 arrests cells in the S and G2/M phases while NiO did not influence the cycle
significantly. This also indicated that more factors play into proliferation rate. Although studies have
found NP-mediated, phase-specific alterations of cell cycle, the effects are not all the same. For instance,
exposure to TiO2 caused HaCat cells to arrest in the S phase while ZnO and CuO exposure caused the
same cell type to arrest in G2/M [35–37]. NPs may be composed of the same elements but have different
properties based on their structure, which can also influence phase-specific arrest. Spherical TiO2 NPs
arrested A549 cells in the G0/G1 phase while needle-like TiO2 NPs arrested A549 cells in G2/M [38,39].
The mechanism of how cell cycle deregulation eventually influences cell proliferation remains to
be elucidated.
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Figure 11. Linear correlation between viability and oxidative stress (OS) rankings for (A) 24 h NiO,
(B) 24 h Ni(OH)2, (C) 48 h NiO, and (D) 48 h Ni(OH)2.

Among the measured physical and chemical properties, specific surface area, metal dissolution,
and surface charge are different between NiO and Ni(OH)2 NPs. Ni(OH)2 NPs have a higher specific
surface area, indicative of more available binding sites (Table 2) to interact with biomolecules such
as protein, lipids, and nucleic acids. Consequentially, more interactions can lead to a higher degree
of observed cellular injuries. One remaining issue is identification of chemical mechanism(s) (e.g.,
oxidation-reduction potential between NPs and biomolecules) that may damage biomolecules. In our
previous study [20], ions dissolved from transition metal oxides correlated with the differential toxicity
of seven NPs. Therefore, we suspect that dissolution and the effects of ions may play a role in the
observed differential toxicity between NiO and Ni(OH)2. Compared with NiO, a higher degree of metal
dissolution from Ni(OH)2 might lead to Ni2+-mediated toxicity. It is likely that once these particles
are internalized and reside in the acidic lysosomal environment, the generation and intracellular
action of Ni2+ would be more exacerbated for Ni(OH)2 than NiO as Ni(OH)2 has been shown to
have a much higher dissolution at lysosomal pH as compared to NiO (Figure 3). Both NPs possess
positive surface charge, which allows for electrostatic interactions with negative molecules, such as
glycosaminoglycans, leading to endocytosis [40]. The slight surface charge difference between these
two NPs is not likely a key factor of cellular availability.
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Figure 12. Linear correlation between viability and proliferation rankings for (A) 24 h NiO, (B) 24 h
Ni(OH)2, (C) 48 h NiO, and (D) 48 h Ni(OH)2.

4. Materials and Methods

4.1. Material Sources

NiO NPs were purchased from Nanostructured and Amorphous Materials (Los Alamos, Houston,
TX, USA) and Ni(OH)2 NPs were purchased from US Research Nanomaterials (Houston, TX, USA).
A549 cells and HepG2 cells were acquired from the American Tissue Culture Collection (Manassas, VA,
USA). 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) and propidium iodide (PI) were obtained
from Fisher Scientific (St. Peters, MO, USA). The JC-1 Mitochondrial Membrane Potential Detection
Kit and sulforhodamine B were purchased from Biotium (Freemont, CA, USA). Ac-DEVD-pNA was
obtained from Anaspec (Fremont, CA, USA). Annexin V-FITC and 7-aminoactinomycin D (7-AAD)
were acquired from BD Biosciences (Franklin Lakes, NJ, USA). Tritiated thymidine was purchased
from Perkin-Elmer (Waltham, MA, USA). Other chemicals used for experiments were of the highest
purity that could be obtained.

4.2. Storage and Characterization of Nanoparticles

NPs were stored in an amber desiccator under a pure nitrogen atmosphere to protect them from
moisture, oxidation, and UV damage. The instrumentation and protocols used to characterize NPs
followed our previous publication [20]. SSA and APS of NPs in non-aqueous conditions were measured
by Brunauer–Emmett–Teller (BET) and TEM, respectively. Morphology and crystal structure, surface
charge, metal dissolution, and relative available surface binding sites of NPs in aqueous conditions
were measured by high resolution transition electron microscopy (HRTEM), PZC, inductively coupled
plasma-optical emission spectrometry (ICP-OES), and XPS.
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4.3. TEM and HRTEM

NiO and Ni(OH)2 NPs were suspended in ethanol and dropped onto copper grids with amorphous
carbon film. Grids were allowed to dry overnight before insertion into a Tecnai F20 TEM (Thermo
Fisher Scientific, Hillsboro, OR, USA) equipped with an energy-dispersive detector (EDS) detector.
TEM and HRTEM images were captured, as well as the SAED patterns for both samples.

4.4. Quantification of Available Binding Sites

XPS integrated peak areas of the O 1s binding energy core level were used to quantify the relative
number of available binding sites for material in the extracellular matrix to interact with on the NiO
and Ni(OH)2 nanoparticle surfaces. Quantification was achieved by noting the physisorbed versus
chemisorbed oxygen on the NP surfaces as described in our previous study [20]. In the case of NiO
NPs, the deconvoluted O 1s peak denoting the metal oxide represents the underlying substrate while
those peak areas of those oxidation states not from the metal oxide denote physisorbed O. The number
of available binding sites were quantified by dividing the XPS peak area of the physisorbed O by that
of chemisorbed O.

The O 1s core levels of the NiO NPs were observed at 529.0 eV and 531.0 eV, denoting the metal
oxide [41–43] and physisorbed O on the NP surfaces, respectively. For the Ni(OH)2 NP surfaces,
the binding energy centers of the O 1s orbitals appear at 531.2 and 532.9 eV, denoting chemisorbed OH
groups and physisorbed OH/H2O [41,44] on the NP surfaces, respectively. While binding energies for
adsorbed OH/H2O are well established, they are not for chemisorbed OH on Ni(OH)2; this information
was obtained via XPS scans on the dried Ni(OH)2 NPs performed in our laboratory as a reference
standard. The binding energy peak center for this oxidation state was found to be 531.2 eV, having a
full width at half maximum (FWHM) of 3.4 km/sec, the parameters of which were used in peak area
deconvolution of the O 1s envelopes.

4.5. Cell Culture and Nanoparticle Treatment

A549 cells were maintained in Ham’s F-12 modified medium supplemented with 10%
HyClone FetalClone serum (GE Healthcare Life Sciences, Marlborough, MA, USA) and 1%
penicillin/streptomycin. HepG2 cells were maintained in Eagle’s minimum essential medium
supplemented with 10% FetalClone serum and 1% penicillin/streptomycin. Both cell lines were
grown in 10-cm tissue culture dishes at 37 ◦C in a 5% CO2 humidified incubator. Upon reaching a
confluence of ca. 70–80%, cells were trypsinized, and appropriate numbers of cells were seeded into
tissue culture dishes or plates for various experiments. NPs were suspended in cell culture media
to create a working concentration of 1 mg NP per 1 mL media. The working suspension of NPs was
sealed with parafilm and sonicated for 3 min to break up aggregates. The suspension was vortexed
to achieve a homogenous mixture before being added to cells and was diluted in cellular media to
achieve a series of desired concentrations. Each treatment group was completed in at least triplicate
and appropriate controls were included, with the most common controls being untreated cells.

4.6. Cell Viability

Cell viability was measured using the sulforhodamine B (SRB) assay. A549 cells and HepG2 cells
were seeded into 24-well tissue culture plates and allowed to grow for 24 h before compound exposure.
For A549 cells, 45,000 and 22,000 cells were seeded per well for 24- and 48-h exposure, respectively.
For HepG2 cells, 120,000 cells were seeded per well for both 24 and 48 h. Cells were treated with nickel
NPs (0, 10, 25, 50, 75, or 100 μg/mL) for 24 or 48 h. Upon termination of experiments, cell medium was
discarded from the cells. The cells were fixed with cold 10% trichloroacetic acid (TCA) for 1 h at 4 ◦C.
The fixed cells were then washed three times with distilled water and then allowed to dry completely.
Cells were incubated with 0.5 mL of SRB staining solution (0.2% SRB in 1% acetic acid) for 30 min at
room temperature. The cells were then washed three times with 1 mL of 1% acetic acid for 20 min on a
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rocker to eliminate excess dye. A Q-tip was used to remove excess solution stuck to the sides of the
wells. Acetic acid removal was followed by addition of 400 μL of cold 10 mM Tris-HCl solution to each
well for 20 min. Aliquots of 250 μL each were transferred onto a 96-well plate and absorbance was
measured at 510 nm using a microplate reader (FLUOstar Omega, BMG Labtechnologies, Cary, NC,
USA). Cell viability of treatment groups was calculated based on the percent absorbance relative to the
control group with appropriate blanks subtracted.

4.7. Oxidative Stress (OS)

Reactive oxidative species were measured with H2DCFDA. Upon entry of cells, H2DCFDA was
deacetylated by esterases to a non-fluorescent compound. When H2DCFDA is oxidized by reactive
oxidative species, it is converted to the highly fluorescent compound 2′,7′-dichlorofluorescein (DCF)
and can be detected by fluorescence spectroscopy. A549 cells were exposed to a series of concentrations
of NPs (0, 10, 25, 50, 75, or 100 μg/mL) for 24 or 48 h. Cells were seeded into 96-well plates at 1500 or
750 cells per well for 24- and 48-h treatments, respectively, and grown for 24 h before exposure.
As a positive control, cells were incubated with 400 μM tert-butyl hydroperoxide (tBHP) at 37 ◦C
for 1 h before termination of the experiment. Upon termination, the media was removed from the
cells followed by a wash with phosphate-buffered saline (PBS). Eighty μL of 0.87 mM H2DCFDA
in ethanol was added to each well and the plate was incubated for 1 h. Cells were then washed
with PBS three times followed by addition of 100 μL of PBS. Fluorescence was measured at 510 nm
using a microplate reader. The florescence intensity of cells in experimental plates was divided by the
fluorescence intensity of the control group to determine the percent increase in ROS with appropriate
blank intensities considered.

4.8. Mitochondrial Membrane Potential

Mitochondrial membrane potential was determined with fluorescence microscopy using
the JC-1 MMP Detection Kit (Cayman Chemical Company, Ann Arbor, MI, USA). JC-1
(5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide, CAS#: 3520-43-2)
monomers fluoresce green when in the cytosol of cells. Accumulation of JC-1 in mitochondria
allows the compound to form aggregates that exhibit red fluorescence in a concentration-dependent
manner. Normal mitochondrial membrane potential, in healthy cells, allows JC-1 to influx and form
aggregates in the mitochondria. In unhealthy cells, mitochondrial membrane potential is decreased,
JC-1 concentration cannot increase high enough to form aggregates, and thus the compound remains
green [45]. The comparison of red and lack of red fluorescence allows the loss of mitochondrial
membrane potential to be observed.

A549 cells were grown for 24 h in 35-mm glass-bottom culture dishes at 15,000 cells per dish.
Cells were exposed to several concentrations of nickel NPs (0, 10, or 100 μg/mL) for 12 or 24 h.
Following NP treatment, the plates were incubated with 100 μL of JC-1 staining solution per mL of
medium at 37 ◦C for 15 min. Each plate was then washed with 1 mL of PBS followed by addition of
1 mL of PBS before fluorescence detection under an epifluorescence microscope (Olympus Corporation,
Tokyo, Japan). Red fluorescence was observed with a Texas Red filter (excitation/emission: 590/610 nm)
while green fluorescence was with a FITC filter (excitation/emission: 490/520 nm).

4.9. Caspase-3 Activity

Caspase-3 enzymatic activity was measured using Ac-DEVD-pNA as a substrate. A549 cells
were grown for 24 h in 24-well plates at seeding densities of 45,000 or 22,000 cells per well for 24- or
48-h exposure, respectively. Cells were treated with a series of concentrations of NPs (0, 10, 25, 50,
75, or 100 μg/mL) for 24 or 48 h. After incubation with NPs, cells were washed once with 0.5 mL of
PBS. Two hundred μL of cold lysis buffer (50 mM Tris-HCl, 1.5 mL of 5 M NaCl, 0.25 g of sodium
deoxycholate, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.5 mL of Triton-100, and 50 mL of
distilled water) was added to each well, cells were scrapped off the well bottoms, resuspended in the
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lysis buffer, and incubated at 4 ◦C for 10 min. Samples were centrifuged at 15,000× g for 20 min at
4 ◦C. Total protein in each sample was measured using a Pierce BCA protein assay (Thermo Scientific,
Rockford, IL, USA). Cell lysate and reaction buffer (20% glycerol, 0.5 mM EDTA, 5 mM dithiothreitol,
and 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.5) were combined in a
96-well plate to have 20 μg of cellular protein and a total volume of 198 μL in each well. Following, 2 μL
of 0.5 mg/mL Ac-DEVD-pNA substrate was added to each well. Samples were incubated at 37 ◦C
for 6 h. Absorbance of enzyme-catalyzed release of p-nitroanilide was measured at 405 nm with a
microplate reader.

4.10. Apoptosis

Apoptosis was measured with flow cytometry using annexin V-FITC and 7-AAD. A549 cells were
seeded into 6-cm tissue culture dishes at densities of 250,000 and 120,000 for 24- and 48-h exposure,
respectively, and allowed to grow for 24 h before treatment. Cells were treated with a series of NP
concentrations (0, 10, 25, 50, 75, or 100 μg/mL) for 24 or 48 h. Upon termination of the NP exposure
period, cells were washed with PBS and harvested with trypsinization. NP treatment medium, PBS
washes, and trypsinized cells were all collected in the same centrifuge tube for each concentration of
NP in order to avoid loss of floating cells undergoing apoptosis. The samples were centrifuged and
the supernatant was discarded. The pellet was washed with 1 mL of ice-cold PBS, centrifuged again,
and the supernatant was removed. The cells were resuspended in 100 μL of 1x annexin V binding
buffer, 2 μL of annexin V-FITC, and 2 μL of 7-AAD. The cells were then incubated for 20 min in the
dark. The stained cell solutions were transferred to the wells of a 96-well plate for flow cytometry
analysis on a CytoFLEX flow cytometer (Beckman-Coulter, Brea, CA, USA). Cells in different stages of
apoptosis were quantified using FCS Express 6 (DeNovo software, Pasadena, CA, USA). Early and late
apoptotic cells were added to represent the total percentage of apoptotic cells.

4.11. Cell Proliferation

Proliferation was determined with a tritiated thymidine ([5′-3H]-thymidine) incorporation assay.
A549 cells were seeded in 24-well plates with 45,000 and 22,000 cells per well for 24- and 48-h exposure,
respectively. Cells were grown for 24 h before being dosed with nickel compounds. Cells were exposed
to a series of concentrations of NPs (0, 10, 25, 50, 75, or 100 μg/mL) and treated with [5′-3H]-thymidine
(Perkin-Elmer) simultaneously for 24 or 48 h. A working solution of [5′-3H]-thymidine was prepared
with 20 μL of [5′-3H]-thymidine (1 μCi/μL) in 500 μL of PBS. Each well of the 24-well plate was treated
with 20 μL of the [5′-3H]-thymidine working solution. Upon termination of each experiment, cells
were washed twice with ice-cold PBS. The cells were then fixed in 0.5 mL of ice-cold 10% TCA for 5 min
on ice. TCA fixation was repeated once. Cells were brought to room temperature and lysed using
0.5 mL of room temperature 1 N NaOH for 5 min. The solution was neutralized by adding an equal
amount of 1 N HCl. The lysed cell solution was thoroughly mixed by pipetting up and down and
then transferred to liquid scintillation counting vials with 4 mL of Econo-Safe scintillation counting
fluid (Research Products International, Mt. Prospect, IL, USA). Sample vials were then subjected
to scintillation counting using a Beckman liquid scintillation counter LS6500 (Beckman-Coulter).
The total count of radioactivity was divided by the radioactivity from the 0 μg/mL control cells to
determine the percentage of proliferating cells compared to cells not exposed to nickel compounds.
All radioactive waste was disposed of following Missouri S&T’s Department of Environmental Health
and Safety procedures.

4.12. Cell Cycle

Alteration of cell cycle due to nickel NP exposure was measured with flow cytometry and PI
staining. A549 cells were grown in 6-cm tissue culture dishes for 24 h before treatment. The seeding
density of cells per dish was 250,000 cells for 24-h treatment and 120,000 cells for 48-h treatment.
Cells were exposed to a series of concentrations of NPs (0, 10, 25, 50, 75, or 100 μg/mL) for 24 or 48 h.
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Following incubation with NP treatments, cells were washed with PBS, harvested using trypsinization,
and centrifuged. The cell pellet was then resuspended in 1 mL of PBS and 3 mL of ice-cold absolute
methanol was added drop-wise to the solution while vortexing. The cells were stored at 4 ◦C for at
least 24 h to fix. After fixation, the cells were centrifuged and washed once with PBS. The cells were
then suspended in PI staining solution (50 μg/mL PI, 0.1% RNase A, and 0.05% Triton X-100 in PBS) for
20 min in the dark. One mL of PBS was added to each sample before centrifuging, the supernatant
was removed, and cells were resuspended in 250 μL of PBS. The stained samples were then pipetted
into a 96-well plate and analyzed with a flow cytometer. FCS Express 6 was used to determine the
distribution of cells in different cell cycle phases. The number of cells in each phase of the cell cycle
(G0/G1, S, and G2/M) was totaled and the percentage in each phase was calculated.

4.13. Statistical Analysis

Each experiment was repeated at least three times independently with each treatment group
having at least triplicate samples. Data are presented as mean ± standard deviation. Statistical analysis
was performed in Minitab 19. One-tailed unpaired t-tests were used to compare experimental groups
to the control group in normalized data sets, with μ > control or μ < control depending on the
experimental hypothesis. Analysis of variance (ANOVA) with Dunnett comparison was used to
determine significant differences against the control group. Significance was set at p < 0.05. P-values
less than 0.05, 0.01, and 0.001 are noted in figure legends. Linear regression to analyze correlations
between data was completed using GraphPad Prism 4. All figures were produced using GraphPad
Prism 4 except for the cell cycle distribution graphs, which were produced by Microsoft Excel 2016.

5. Conclusions

Figure 13 depicts the interwoven pathways of toxic events for NPs. Toxicity exerted by NiO and
Ni(OH)2 NPs is cell line-, concentration-, time-, and particle-dependent in the range of 10 to 100 μg/mL.
Ni(OH)2 is more cytotoxic than NiO. NP-induced oxidative stress triggered subsequent dissipation
of mitochondrial membrane potential and induction of caspase-3 enzyme activity. The subsequent
apoptotic events led to the reduction of cell number. In addition to cell death, cell cycle deregulation
and suppression of cell proliferation also regulated cell number. Thus, the observed cell viability is a
function of cell death and suppression of proliferation. Differences in physical and chemical properties
of the NPs, such as metal dissolution and total surface area, are in agreement with the observed
differential toxicity of these two NPs.

Figure 13. Cell viability is a function of cell death and suppression of proliferation.
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SAED Selected area electron diffraction
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Abstract: The application of nanoparticles (NPs) in industry is on the rise, along with the potential for
human exposure. While the toxicity of microscale equivalents has been studied, nanoscale materials
exhibit different properties and bodily uptake, which limits the prediction ability of microscale
models. Here, we examine the cytotoxicity of seven transition metal oxide NPs in the fourth period
of the periodic table of the chemical elements. We hypothesized that NP-mediated cytotoxicity is
a function of cell killing and suppression of cell proliferation. To test our hypothesis, transition metal
oxide NPs were tested in a human lung cancer cell model (A549). Cells were exposed to a series of
concentrations of TiO2, Cr2O3, Mn2O3, Fe2O3, NiO, CuO, or ZnO for either 24 or 48 h. All NPs aside
from Cr2O3 and Fe2O3 showed a time- and dose-dependent decrease in viability. All NPs significantly
inhibited cellular proliferation. The trend of cytotoxicity was in parallel with that of proliferative
inhibition. Toxicity was ranked according to severity of cellular responses, revealing a strong
correlation between viability, proliferation, and apoptosis. Cell cycle alteration was observed in the
most toxic NPs, which may have contributed to promoting apoptosis and suppressing cell division
rate. Collectively, our data support the hypothesis that cell killing and cell proliferative inhibition are
essential independent variables in NP-mediated cytotoxicity.

Keywords: nanoparticle; cell proliferation; transition metal oxide; cell cycle; apoptosis

1. Introduction

Nanotoxicology is the study of nanomaterial toxicity. Nanomaterials are defined as any
particulate or agglomerate that has at least one dimension in the size range from 1 to 100 nm [1].
Nanomaterials are being used with an increasing frequency in a variety of industries. Their use is
common in semiconductors [2], electronics [3], pharmaceuticals [4], cosmetics [5], consumables [6],
and drug delivery platforms being studied for cancer therapy [7]. It is estimated that by the year
2020 the global market for nanomaterial-based applications will reach approximately $3 trillion,
and there will be six million workers in the nanotechnology sector worldwide [8,9]. With the use
of nanomaterials increasing in frequency and application, exposure amongst the general public and
occupational workers has become a concern. While toxicological data exists for some of the microscale
equivalents of nanoparticles (NPs), the information cannot predict nanotoxicity, as nanoscale materials
have different physical and chemical properties than their microscale equivalents [10]. Particles of
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smaller size, specifically NPs, can be inhaled deeper into the lungs than larger particles and may
enter the circulatory system, resulting in inflammation, systemic distribution, cardiovascular disease,
and potential neurological effects [11]. To date, there have not been any epidemiological studies or
clinical evidence of NPs causing adverse health effects in humans [12]. However, studies have shown
toxicity of select NPs in animal models or in vitro studies [13]. The National Institute for Occupational
Safety and Health has designated workplace and occupation exposure limit recommendations for
some particles based on their size. For example, TiO2 exposure is suggested to be limited to 2.4 mg/m3

for particles less than 2.5 μm and 0.3 mg/m3 for particles less than 0.1 μm during work days lasting up
to 10 h during a 40-h work week [12]. Certain regulations on consumer exposure through food have
also been established [6,14].

Our previous studies have demonstrated relationships between NPs, production of reactive
oxygen species (ROS), and perturbation of intracellular Ca2+ concentrations ([Ca2+]in) [15–17].
NPs increase [Ca2+]in. The moderation of this increase is attributed to the influx of extracellular calcium,
membrane integrity disruption, and perturbation of store-operated calcium entry. The increases
in intracellular ROS levels may also have multiple sources. There exist synergistic relationships
between [Ca2+]in and oxidative stress (OS) as the increases in both can be reduced by antioxidants.
Finally, while [Ca2+]in and OS affect the activity of each other, they both induce cell death by distinct
pathways [17]. By systematically studying seven oxides of transition metals in the fourth-period of the
periodic table of elements (Ti, Cr, Mn, Fe, Ni, Cu, Zn), we delineated that cytotoxicity is a function of
particle surface charge, relative number of particle surface binding sites, and metal ion dissolution
rate [18].

NP-mediated toxicity is a rather complicated process and more factors, other than the ones we
have determined, are at work. There have been numerous reports on titanium oxide [19], nanogold [20],
carbon nanotubes [21], silica oxide [22], aluminum oxide [15], and cerium oxide [23] relating to cell
killing. The final cell number that researchers observed was more than just the effect of cell death.
Indeed, the outcome of reduced cell number could be the consequence of cell proliferation rate
alteration. Herein, we hypothesize that cell viability is a function of cell killing and suppression of cell
proliferation. To test our hypothesis, we conducted time- and dose-dependent cytotoxicity studies
using human bronchoalveolar carcinoma (A549) cells as a model. Particle properties such as shape,
size, and specific surface area were characterized by transmission electron microscopy (TEM) and the
Brunauer–Emmett–Teller (BET) method. Apoptosis measurement was performed with flow cytometry
and verified with cellular imaging. Tritiated thymidine incorporation was used to determine the rate
of cell proliferation. Toxicity was ranked according to severity of cellular responses and a correlation
analysis between viability, proliferation, and apoptosis was conducted to visualize the strength of
relation between the toxic responses induced by each NP. Alteration of cell cycle was assessed to
ascertain whether it contributed to changes in cell proliferation in the two most toxic NPs.

2. Results

2.1. Characterization of Nanoparticles

Physical properties of the seven transition metal oxide NPs were previously characterized
(Table S1) [18]. The approximate physical sizes (APS) of the NPs ranged from 16 ± 5 nm (NiO) to
82 ± 31 nm (Mn2O3). The APS measured in the report were similar to those in the data sheet provided
by the manufacture. TEM revealed needle-like (TiO2), nearly spherical (Cr2O3, NiO, CuO, ZnO),
or spherical (Mn2O3, Fe2O3) morphology for each of the NPs. The lowest specific surface area (SSA) of
the NPs was 8.7 m2/g (Mn2O3) and SSA ranged to a high of 179 m2/g (TiO2). It was noted that while
TiO2, Fe2O3, and CuO had similar APS, they possessed distinctly different SSA. This could be due to
differences in surface porosity, morphology, or particle aggregation.
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2.2. Reduction of Cytotoxicity

Concentration- and time-dependent cytotoxicity of the seven transition metal oxides is summarized
in Figure 1. These NPs can be arranged in three cytotoxicity “tiers” with Fe2O3, Cr2O3 and TiO2 being
nontoxic to mildly toxic, NiO and Mn2O3 being moderately toxic, and ZnO and CuO being highly toxic.
The two highly toxic particles were so devastating that the concentration ranges for these particles had
to be lowered to 0–20 μg/mL from 0–100 μg/mL that was used for all other particles. Specific viability
percentages can be found in Supplementary Table S2 (24-h) and Supplementary Table S3 (48-h). In the
low toxicity group, Fe2O3 and Cr2O3 did not produce notable changes in viability (n = 3, p’s > 0.05).
The 24- and 48-h viabilities of 100 μg/mL of TiO2 were similar, being 76.2 ± 5.1% at 24 h and 72.8 ± 4.7%
at 48 h. A significant decrease in viability upon TiO2 exposure was observed at both time points and
all concentrations except for 24-h 10 μg/mL (n = 3, p’s < 0.05). Both moderately toxic particles (NiO
and Mn2O3) demonstrated greater viability decline in the 48-h group compared to the 24-h group and
had significant decrease in viability at all times and concentrations (n = 3, p’s < 0.05). The 100 μg/mL
of NiO dose resulted in 36.8 ± 4.6% at 24 h and 9.7 ± 1.8% at 48 h, with the 100 μg/mL of Mn2O3

producing similar changes of 40.4 ± 5.5% at 24 h and 15.7 ± 5.1% at 48 h. In the high toxicity group,
greater toxicity was also observed with ZnO at 48 h. ZnO produced significant changes at 16 and
20 μg/mL after 24 h and all concentrations except 4 μg/mL after 48 h (n = 3, p’s < 0.05). The responses
varied between concentrations for ZnO with the values at 8 μg/mL being 94.0 ± 3.4% for 24 h but
48.4 ± 3.4% for 48 h. By doubling the concentration, the viability at 16 μg/mL dropped to 48.6 ± 2.1%
for 24 h and 1.6 ± 0.1% for 48 h. At 20 μg/mL, almost no living cells were detected. CuO viabilities
were similar at both 24 and 48 h across all concentrations but were all significantly different from the
controls (n = 3, p’s < 0.05). CuO exposure of 20 μg/mL resulted in a viability of 3.5 ± 1.0% at 24 h and
6.6 ± 2.9% at 48 h. The toxicity trend is similar to that of our previous findings [18]. This indicates that
1) the NPs have been stable in the storage condition specified in the Materials and Methods and 2)
variabilities between multiple experimenters are negligible.
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Figure 1. Viability of A549 cells after (A) 24- or (B) 48-h exposure to various concentrations of one of
seven nanoparticles.

2.3. Induction of Apoptosis

We combined early apoptotic cells with late apoptotic cells to determine the total proportion of
cells undergoing apoptosis at each time point. The total apoptotic percentage in the treatment groups
was compared to the corresponding control groups. The total apoptotic percentages for all seven NPs at
24 and 48 h are summarized in Figure 2 (Supplementary Tables S4 and S5). For the low to mildly toxic
tier, both time points and all concentrations of Cr2O3 and Fe2O3 showed no difference in apoptosis
when compared to the control group (n = 3, p’s > 0.05). TiO2 at 24 h exhibited elevated apoptosis at
100 μg/mL (12.5 ± 2.9%) and at all concentrations at 48 h (n = 3, p’s > 0.05). For the moderate tier,
NiO had significant apoptosis at 100 μg/mL (13.8 ± 2.5%) at 24 h and Mn2O3 induced significant
apoptosis at 50 μg/mL (17.3 ± 4.6%) as well as at 100 μg/mL (21.6 ± 5.4%) (n = 3, p’s < 0.05). NiO at
48 h exhibited significant apoptosis induction at all concentrations tested while Mn2O3 only displayed
significant increase in apoptosis at 100 μg/mL (23.8 ± 7.2%) compared to the control (n = 3, p’s < 0.05).
In the high toxicity tier, ZnO had significant induction at only 20 μg/mL at both 24-h (77.5 ± 7.8%)
and 48-h (68.4 ± 6.3%) time points (n = 3, p’s < 0.05). All tested doses of CuO produced significant
apoptosis in both time groups, with 100 μg/mL causing apoptosis in extremely high numbers at 24
(88.2 ± 5.3%) and 48 h (86.6 ± 4.6%) (n = 3, p’s< 0.05).
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Figure 2. Flow cytometry gating of cells treated with (A) 0 and (B) 20 μg/mL of ZnO after 24 h.
Total apoptosis of A549 cells after (C) 24- or (D) 48-h exposure to various concentrations of one of
seven nanoparticles.

2.4. Alteration of Cell Morphology

Alterations in cell morphology due to NP exposure were observed both by epifluorescence
microscopy (Figure 3A) and scanning electron microscopy (SEM) (Figure 3B). Apoptotic morphologies
such as membrane blebbing, nuclear fragmentation, and apoptotic bodies were clearly observed.
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Membrane blebbing was particularly noticeable under the SEM close-up image. The severity of
apoptosis observed was similar to the trend set by viability results, with Cr2O3 and Fe2O3 treatment
resulting in none to minimal toxicity and small numbers of apoptotic cells, Mn2O3 and NiO having
moderate numbers, and ZnO and CuO having high numbers, with almost no healthy cells remaining.

Figure 3. (A) Fluorescence apoptotic stains with Annexin V-FITC and 7-aminoactinomycin D (7-AAD)
after cells were exposed to nanoparticles at 50 or 10 μg/mL. Green color alone indicates cells undergoing
early apoptosis. Red and green in combination indicate cells undergoing late apoptosis. Examples of (I)
blebbing, (II) nuclear fragmentation, and (III) apoptotic bodies are marked. Scale bar is 10 μm. (B) SEM
images of A549 cells after exposure to 50 μg/mL MnO. Membrane blebbing is quite noticeable in the
close-up image.
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2.5. Suppression of Cell Proliferation

Tritiated thymidine incorporation is indicative of cell proliferation rate. The percentage of cells
proliferating was calculated by taking the average of all radioactive counts in a dosage group and
dividing it by the average of the radioactive counts of the untreated group. Figure 4 shows time-
and concentration-dependent suppression of cell proliferation. Significant inhibition of proliferation
was observed at high doses in all seven NPs for both time points (Supplementary Tables S6 and S7).
Cr2O3 and Fe2O3 treated cells were the least affected with 24-h 100 μg/mL doses having cells actively
proliferating at 74.5 ± 10.4% and 79.6 ± 0.2%, respectively. These values were similar to the 48-h
values, with 73.9 ± 5.6% for Cr2O3 and 75.3 ± 0.3% for Fe2O3. Although, the decreases for Cr2O3 and
Fe2O3 were significant at 50, 75, and 100 μg/mL at both time points, as well as at 10 and 25 μg/mL of
Fe2O3 after 24 h (n = 4, p’s < 0.05). TiO2 differed from the rest of the low toxicity group by having
greater decreased proliferative percentages at 100 μg/mL (69.6 ± 8.9% for 24 h and 61.6 ± 2.9% for 48 h),
with significant decreases observed at all concentrations and times (n = 4, p’s < 0.05). The moderately
toxic group also produced a significant decrease at all times and concentrations (n = 4, p’s < 0.05).
While NiO had high time-dependent proliferative reduction at 100 μg/mL (43.8 ± 4.6% for 24 h and
21.6 ± 4.9% for 48 h), Mn2O3 inhibition of proliferation at 24 (15.2 ± 5.5%) and 48 h (5.8% ± 2.2%) was
much less prominent. ZnO had complete inhibition of proliferation at both 24 (1.7 ± 0.3%) and 48 h
(1.0 ± 0.7%) at 20 μg/mL, which should be considered background level radiation. ZnO doses of 12, 16,
and 20 μg/mL exhibited significantly decreased proliferation at both time points (n = 4, p’s < 0.05).
Cells exposed to 20 μg/mL of CuO experienced a similar degree of inhibition at both 24 (1.7 ± 0.6%) and
48 h (0.6 ± 0.3%), though all times and concentrations were significantly decreased (n = 4, p’s < 0.05).
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Figure 4. Proliferation of A549 cells after (A) 24-h or (B) 48-h exposure to various concentrations of one
of seven nanoparticles.

2.6. Alteration of Cell Cycle

We selected ZnO and CuO to study the alteration of the cell cycle (Figure 5,
Supplementary Figure S1, and Table S8). An increase in the S phase and a decrease in the G2/M
phase at 20 μg/mL of ZnO were observed in both 24 and 48 h (n = 3, p’s < 0.05). Compared to
24 h (+9.3%), the increase in the S phase was more prominent at 48 h (+17.1%), which might have
contributed to the more significant decrease in G0/G1 (−11.0%, n = 3, p’s < 0.05). Similar patterns
occurred upon exposure to CuO (n = 3, p’s < 0.05). However, CuO exhibited significant differences
from the control at lower concentrations, with almost no cells observed in G2/M at any concentration.
At 24 h, S phase increased significantly at 20 μg/mL (+11.6%) and G2/M decreased at all concentrations
of CuO, with 20 μg/mL having a change of −7.7% (n = 3, p’s < 0.05). All phases exhibited significant
differences compared to the controls after 48-h CuO exposure, with 20 μg/mL producing changes in
G0/G1, S, and G2/M of −15.2%, +21.7%, and −6.6%, respectively (n = 3, p’s < 0.05).
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Figure 5. Alteration of cell cycle of A549 cells after exposure to various concentrations of ZnO NPs for
(A) 24 h and (B) 48 h or CuO NPs for (C) 24 h or (D) 48 h. Values significantly different from the control
(p’s < 0.05) are indicated with *.

2.7. Correlation

The results of linear regression analyses between 24- and 48-h viability, apoptosis, and proliferation
rankings are illustrated in Figure 6.
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Figure 6. Linear regression analysis of (A) 24 h viability vs. proliferation (B) 48 h viability vs.
proliferation (C) 24 h viability vs. apoptosis (D) 48 h viability vs. apoptosis (E) 24 h proliferation vs.
apoptosis (F) 48 h proliferation vs. apoptosis.

3. Discussion

In this study, we investigated the cytotoxicity of seven fourth-period transition metal oxide
NPs and explored several cellular responses as components of cytotoxicity. We hypothesized that
cytotoxicity is a function of cell killing and suppression of cell proliferation and, as such, we assayed
for cell viability, apoptosis, cellular proliferation, and cell cycle progression. Data from cell viability
indicated the response to NPs is concentration- and time-dependent. Importantly, data revealed that
NPs exert a higher degree of toxicity towards 48-h and longer exposure. To our knowledge, the temporal
stability of NPs in storage has not been addressed. We took the opportunity to compare our current 24-h
viability data to the data from our previous study, which was conducted by a different experimenter [18].
Concentration-dependent patterns from both studies resembled each other, with some slight variations.
This is indicative of particle stability in storage conditions. However, we did notice that TiO2 seemed to
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be more toxic in these sets of experiments (approximately 96% in previous vs. 76% in current). Due to
this discrepancy, multiple researchers were asked to perform the same experiment to ensure our results
were reliable, which yielded almost the same outcome. We are unsure of what caused the difference,
but particle-specific aging is speculated.

Induction of apoptosis is a hallmark of NP toxicity [24]. For our purposes, early and late apoptotic
events were combined into a total apoptotic value. Concentration- and time-dependent apoptotic
effects were observed in TiO2, NiO, Mn2O3, CuO, and ZnO, with the last two showing a much more
severe degree of programmed cell death. Epifluorescent microscopy and SEM images confirmed
apoptotic morphologies, such as membrane blebbing and nuclear fragmentation, after exposure to
NPs. Cell viability reduction correlated with apoptotic events, indicating a close pathway-dependent
relationship (Figure 6A,B).

Plenty of nanotoxicological studies have focused on NP-imposed cell killing [25–27]. We believe
that cell killing may not be the only reason that results in cell number reduction. The suppression of cell
proliferation can have the same effect as cell killing in driving down cell numbers. Whether transition
metal oxides have influences over cell proliferative inhibition has not been systematically investigated.
In this study, all seven oxides of transition metal NPs in the fourth period of the periodic table showed
time- and concentration-dependent proliferative inhibition in A549 cells. In general, proliferative
inhibition followed the same tier trend as cell viability. NiO and Mn2O3 exhibited more prominent
time-dependent inhibition than TiO2, Cr2O3, and Fe2O3. Strikingly, the degrees of time-dependent
suppression of proliferation by CuO and ZnO were much steeper at 12 and 16 μg/mL as time
progressed towards 48 h. A significant correlation between cell viability reduction and suppression of
cell proliferation suggests a proliferative inhibition is an independent variable influencing cell number,
in addition to cell killing (Figure 6C,D). Previously we developed a model to estimate the number of
cells in the second generation [28]:

Cell # in Generation 2 = 2 (Proliferating cells) + Non-proliferating cells - Dead cells (via killing) (1)

This model assumes the doubling time of a cell line is 24 h and the rate of doubling time is
not altered by the NPs. Future studies should investigate the differential contribution of these two
components to the change in cell number.

The cause of the observed cell proliferation suppression may be multiple. Alteration of cell cycle
induced by the NPs could have a major influence. We selected CuO and ZnO to further investigate
this issue. Time- and concentration-dependent effects on cell cycle in response to NP exposure were
observed. In general, there was an increase in the proportion of cells in S phase and a decrease in the
G0/G1 and G2/M phases. Cells arresting in certain phases of cell cycle either attempt to fix damage
or accumulate too much damage and undergo apoptosis. The increase in S phase indicates that cells
exposed to CuO and ZnO are being stalled in S phase; the NPs may directly damage DNA or be
influencing DNA replication machinery. In this study, significant correlation between suppression
of proliferation and apoptosis may suggest cell cycle alteration-mediated cell death plays a role in
proliferative inhibition (Figure 6E,F). Other studies also have observed cell cycle alteration induced by
NPs and the phenomenon is quite dynamic. Arrest can occur in any phase, or in multiple phases of the
cell cycle. Phase-specific arrest depends on cell line, particle, and particle concentration of [28–33].
For instance, in one study [34] exposure to NiO NPs resulted in a significant decrease in G0/G1 and an
increase in G2/M in A549 cells. In contrast, exposure to NiO NPs led to a significant increase in G0/G1

and a decrease in G2/M in BEAS-2B cells [34]. Exposure to NiO NPs caused BEAS-2B cells arrest in
the G2/M phase, while ZnO and Fe2O3 did not affect the cell cycle [34,35]. It is important to be aware
of the fact that NPs composed of the same elements may have quite different physical and chemical
properties, such as surface charge, surface area, dissolution of ions, morphology, and crystalline
structure, in different studies. Consequentially, interpretations of the dynamic outcome in cell cycle
alteration becomes a complicated issue if NPs are not well characterized.
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4. Materials and Methods

4.1. Material Sources

A549 cells were obtained from the American Type Culture Collection (ATCC CCL-185, Manassas,
VA, USA). The seven transition metal oxide NPs (TiO2, Cr2O3, Mn2O3, Fe2O3, NiO, CuO, and ZnO) were
purchased from Nanostructured and Amorphous Materials (Houston, TX, USA). Sulforhodamine B (SRB)
dye was procured from Biotium (Freemont, CA, USA). Annexin V-FITC and 7-AAD were obtained from
BD Biosciences (Franklin Lakes, NJ, USA). Tritiated thymidine came from Perkin-Elmer (Waltham, MA,
USA) and propidium iodide (PI) was purchased from Fisher Scientific (Pittsburgh, PA, USA).

4.2. Storage and Characterization of Nanoparticles

NPs were stored in an amber desiccator under a pure nitrogen atmosphere to protect them from
moisture, oxidation, and UV damage. Before being used, the NPs were further dried in an oven.
Characterization of the NPs followed our previous publication [18]. The shape and APS of NPs were
determined by TEM. The BET method was used to measure the SSA of the NPs.

4.3. Cell Culture

A549 are a common in vitro cell line model for nanotoxicity testing. Cells were maintained
in 10 cm tissue culture dishes at 37 ◦C in a 5% CO2 humidified incubator. The growth media was
Ham’s F-12 modified medium (Corning Inc., Corning, NY, USA) supplemented with 10% HyClone
FetalClone serum (GE Healthcare Life Sciences, Marlborough, MA, USA) and 1% of a combination of
penicillin/streptomycin antibiotics (MP Biomedicals, Irvine, CA, USA). Cells were allowed to grow to
a confluence of approximately 70–80% before being passaged or seeded for experiments. Cells were
only grown for approximately 20 passages before a new vial of cells was brought up from liquid
nitrogen storage.

4.4. Nanoparticle Treatment

NPs were prepared as a one mg per mL working solution by weighing out particles on an analytical
balance and suspending them in a corresponding amount of cell culture medium. The suspensions
were sonicated in sealed polyethylene vials for three minutes to break up aggregates and ensure an
even mixture of NPs. NP suspensions were immediately used for experiments following preparation
and were diluted to the desired concentrations in experimental dishes. For mildly and moderately toxic
NPs (TiO2, Cr2O3, Mn2O3, Fe2O3, and NiO), 0, 10, 25, 50, 75, and 100 μg/mL were used while cells were
only exposed to 0, 4, 8, 12, 16 and 20 μg/mL of highly toxic particles (CuO and ZnO). Apoptosis and
cell cycle experiments were limited to 4 doses of NPs, being 0, 25, 50, and 100 μg/mL for mildly and
moderately toxic and 0, 5, 10, and 20 μg/mL for highly toxic particles. Untreated cells were used as
a negative control in all experiments.

4.5. Cell Viability Assay

A549 cells were seeded into 24-well plates at a density of 45,000 cells per well for 24-h exposure
and 22,000 cells per well for 48-h exposure. Cells were treated with 0, 10, 25, 50, 75 and 100 μg/mL or 0,
4, 8, 12, 16 and 20 μg/mL for mildly and moderately or highly toxic NPs, respectively. At the end of
cell exposure (24 or 48 h) to NP suspensions, the medium was discarded and the SRB assay was used
to determine cell viability relative to the control group, with untreated cells being considered 100%
viable [36]. Briefly, the cells were fixed with cold 10% trichloroacetic acid (TCA) for 1 h at 4 ◦C. The TCA
solution was then discarded, and the fixed cells were washed three times with distilled water, followed
by complete drying. SRB solution (0.2% in 1% acetic acid) was added to stain the cells for 30 min at
room temperature. The solution containing stain was pipetted off and excess dye was eliminated
from the cells by rinsing three times with 1% acetic acid. Sample wells were allowed to dry before
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dissociating the dye in cold 10-mM Tris buffer (pH 10.5). Stained sample solutions were transferred
onto a 96-well plate in aliquots of 100 μL and absorbance was read at 510 nm using a microplate reader
(FLUORstar Omega, BMG Labtechnologies, Cary, NC, USA).

4.6. Apoptosis Analysis

The quantification of apoptosis due to NP exposure was measured using the fluorescent dyes
Annexin V-FITC and 7-AAD on a Cell Lab Quanta SC MPL flow cytometer (Beckman-Coulter, Brea,
CA, USA). Annexin V-FITC binds to and labels phosphatidylserine (PS), a cell membrane phospholipid
that flips to the extracellular surface during apoptosis. 7-AAD is a DNA stain that is only able to
penetrate the permeable membranes of dying cells. A549 cells were allowed to grow for 24 h in 6 cm
tissue culture dishes and then treated with varying concentrations of transition metal oxide NPs for
24 and 48 h. The seeding densities were 250,000 cells per dish and 120,000 cells per dish for 24- and
48-h treatments, respectively. The range of NP concentrations tested included 0, 25, 50, and 100 μg/mL
for TiO2, Cr2O3, Fe2O3, NiO, and Mn2O3 and 0, 5, 10, and 20 μg/mL for ZnO and CuO. At the end of
the exposure period, the media was removed, and the dishes were washed with phosphate buffered
saline (PBS). The cells were harvested using 0.25% trypsin-EDTA (Gibco, Life Technologies, Carlsbad,
CA, USA) and transferred to a centrifuge tube. The tubes were centrifuged, the supernatant was
discarded, and 1 mL of ice-cold PBS was used to wash the pellet. The tubes were then centrifuged
again, and PBS wash was removed. Each sample was resuspended in 5 μL of Annexin V-FITC, 5 μL
of 7-AAD, and 100 μL of 1x Annexin V binding buffer (BD Biosciences, Franklin Lakes, NJ, USA).
These tubes were incubated in the dark for 15 min. After incubation, another 400 μL of Annexin V
binding buffer was added to each sample and 250 μL of this cell suspension was transferred to a 96-well
plate (Corning Inc., Corning, NY, USA) for analysis via flow cytometry. Operating conditions for the
flow cytometer were the stock apoptosis protocol included with the software. The data was exported to
Microsoft Excel 2016 using the Quanta SC Analysis software and calculations of averages and standard
deviations were performed in Excel. The total fraction of apoptotic cells was determined by summing
the populations in early and late apoptosis.

4.7. Scanning Electron Microscopy Imaging

Microscopic examination of apoptotic and control cells was performed using a Hitachi S-4700
SEM (Hitachi, Tokyo, Japan). Cells were grown for 24 h at an initial density of 15,000 cells per dish
in 35 mm glass bottom tissue culture dishes (MatTek, Ashland, MA, USA) before treatment with
50 μg/mL of mildly or moderately toxic NPs or 10 μg/mL of highly toxic NPs for 24 h. At the end
of the exposure period, the cell culture media was removed. The dish was washed with PBS and
the cells were fixed in a solution of 3% glutaraldehyde in PBS overnight. After fixation, the cells
were dehydrated with an increasing series of ethanol concentrations from 50% to 100% for 15 min at
a time, with the final concentration (100%) repeated once. The cells were then dried using a mixture of
ethanol and hexamethyldisilazane (HMDS, Acros Organics, Fisher Scientific, Pittsburgh, PA, USA) for
15 min at a time using a ratio of 1:2 HMDS to ethanol, then 2:1, and finally ending with pure HMDS.
Like the ethanol, the final HMDS step was repeated once. The dishes were then mounted on pin stubs
with carbon dot adhesives or carbon paint. Then the dishes were coated with a mixture of gold and
palladium for 1 min in a Hummer VI sputter coater (Anatech, Sparks, NV, USA) to provide contrast and
prevent charging of the sample once in the SEM. The plastic sides of the culture dish were then pried off,
leaving only the cell-containing glass cover slip on the pin stub. A piece of copper tape was run from
the pin stub to the Au/Pd coated slip to provide a path to ground for the electron beam. The mounted
sample was then placed into the scanning electron microscope for imaging. Operating conditions for
the SEM followed the protocol of the Missouri S&T Advanced Materials Characterization Laboratory.
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4.8. Epifluorescence Microscopy

Qualitative imaging of apoptosis induced by exposure to NPs was observed using the fluorescent
dyes Annexin V-FITC and 7-AAD on an Olympus IX51 inverted epifluorescence microscope (Olympus
Corporation, Tokyo, Japan). Cells were seeded on 35 mm glass bottom microscopy tissue culture
dishes at 15,000 cells per dish and allowed to grow to approximately 70% confluence, around 24 h.
Cells were then treated with 50 μg/mL of mildly or moderately toxic NPs or 10 μg/mL of highly toxic
NPs for 24 h. Following incubation with NPs, the cell culture medium was removed, and the dishes
were washed with PBS. Annexin V binding buffer mixed with 5 μL of Annexin V-FITC and 5 μL of
7-AAD was added and the dishes were incubated in the dark for 15 min. After incubation, the plates
were washed with Annexin V binding buffer twice and enough buffer to cover the bottom of the dish
was left on the cells to prevent drying. The plates were placed into an opaque container to keep them
out of the light before imaging. The cells were imaged using the Olympus microscope, using green
and red filters for Annexin V-FITC and 7-AAD, respectively.

4.9. Tritiated Thymidine Incorporation Assay

The tritiated thymidine ([5′-3H]-thymidine) incorporation assay has been widely used to study
cell proliferation [37] and was used to determine the proliferation of NP-treated cells. A549 cells were
plated into 24-well tissue culture plates with seeding densities of 45,000 and 22,000 cells per well for
24- and 48-h treatment periods, respectively. Cells were exposed to 0, 10, 25, 50, 75, and 100 μg/mL
or 0, 4, 8, 12, 16, and 20 μg/mL for mildly and moderately or highly toxic transition metal oxide
NPs, respectively. At the same time as the cells were dosed with NPs, they were also treated with
20 μL tritiated thymidine. Thymidine working solution was prepared in 500 μL of PBS with 20 μL
of [5′-3H]-thymidine (1 μCi/μL). After 24 or 48 h of exposure, the cell culture medium was removed,
and the wells were washed with ice-cold PBS twice. Following the PBS wash, the cells were quickly
fixed in ice-cold 10% TCA for 5 min on ice. The TCA fixation was repeated once. After fixation, the cells
were lysed using 0.5 mL of room-temperature 1 N NaOH. The same volume of 1 N HCl was used to
neutralize the cell solution. The lysed cell solution was thoroughly mixed by pipetting up and down
and transferred to liquid scintillation counting vials with 4 mL of Econo-Safe scintillation counting
fluid (Research Products International, Mt Prospect, IL, USA). Sample vials were capped, labeled and
racked for analysis in a Beckman liquid scintillation counter LS6500 (Beckman-Coulter, Brea, CA, USA).
Untreated cells were considered to have 100% possible proliferative potential and treatment groups
were presented as relative to the control. All radioactive waste was disposed of following Missouri
S&T’s Department of Environmental Health and Safety procedures.

4.10. Cell Cycle Analysis

The alteration of the cell cycle due to NP exposure was measured using PI staining and subsequent
analysis via flow cytometry. A549 cells were seeded into 6 cm tissue culture dishes with initial
densities of 250,000 cells per dish for 24-h treatment and 120,000 cells per dish for 48-h treatment.
Cells were exposed to varying concentrations of transition metal oxide NPs (0, 25, 50, and 100 μg/mL
for mildly and moderately toxic and 0, 5, 10, and 20 μg/mL for highly toxic NPs) for 24- or 48-h periods.
After incubation with NPs, the cells were washed, harvested using trypsin, and centrifuged down into
a pellet. The cell pellet was then resuspended in 1 mL of PBS and 3 mL of ice-cold absolute methanol
was added dropwise to samples being stirred with a vortex. The cells suspensions were left at least
overnight in 75% methanol to ensure complete fixation. After fixation, the cells were washed once
with PBS and centrifuged. The cells were then suspended in PI staining solution (50 μg/mL PI, 0.1%
RNase A, and 0.05% Triton X-100 in PBS) and incubated in the dark for 20 min. RNase A was included
to destroy any RNA present, as PI can also bind to RNA, and to ensure PI staining was limited to
DNA. Triton X-100 ensured cell membranes were permeable to PI. After incubation, 1 mL of PBS
was added to each sample. Samples were centrifuged, supernatant was removed, and pellet was
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resuspended in 250 mL of PBS. The stained samples were transferred into a 96-well plate and analyzed
with a CytoFLEX flow cytometer (Beckman-Coulter, Brea, CA, USA). Alterations of cell cycle due to NP
exposure were determined through PI fluorescent intensity, as different phases of the cell cycle have
differing amounts of DNA content. The percentage distribution of cells in each phase of the cell cycle
(G0/G1, S, and G2/M) was determined using FCS Express 6 (DeNovo software, Pasadena, CA, USA).

4.11. Statistical Analysis

Each experiment was repeated at least three times independently with treatment groups having
multiple samples. Data are presented as mean ± standard deviation. Statistical analysis was completed
in Minitab 19. One-tailed unpaired t-tests were used to compare experimental groups to the control
group in normalized data sets, with μ > control or μ < control depending on the experimental
hypothesis. Analysis of variance (ANOVA) with Dunnett comparison was used to determine values
statistically significant from control groups. Significance was set at p < 0.05. The majority of figures
were produced using GraphPad Prism 4 except for cell cycle distribution graphs, which were produced
by Microsoft Excel 2016. For correlation analysis, each NP in each assay was assigned a rank from 1 to
7, with 1 having the least effect and 7 having the most severe effect. Once the particles were ranked for
every assay, ranks were compared against one another using linear regression analysis in GraphPad
Prism 4. The R2-value was calculated and displayed on each plot. A high R2 value indicates strong
correlation while a low R2 value is indicative of little-to-no correlation.

5. Conclusions

Our data support the hypothesis that NP-imposed cytotoxicity is a function of cell killing and
cell proliferative inhibition. The adverse effects are time and concentration dependent. Compared to
our study in 2013, cytotoxicity pattern is comparable indicating NPs have been stable in our storage
conditions over the years. Apoptosis and signature morphological changes were confirmed via flow
cytometry, fluorescent microscopy, and SEM observation. Cell arrest in the cell cycle leading to
apoptosis may play a role in suppressing cell division rate.
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or by contacting the corresponding author.
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Abstract: Aluminum (Al) is extensively used for the production of different consumer products,
agents, as well as pharmaceuticals. Studies that demonstrate neurotoxicity and a possible link to
Alzheimer’s disease trigger concern about potential health risks due to high Al intake. Al in cosmetic
products raises the question whether a possible interaction between Al and retinol (vitamin A) and
cholecalciferol (vitamin D3) metabolism might exist. Understanding the uptake mechanisms of
ionic or elemental Al and Al nanomaterials (Al NMs) in combination with bioactive substances are
important for the assessment of possible health risk associated. Therefore, we studied the uptake and
distribution of Al oxide (Al2O3) and metallic Al0 NMs in the human keratinocyte cell line HaCaT.
Possible alterations of the metabolic pattern upon application of the two Al species together with
vitamin A or D3 were investigated. Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
imaging and inductively coupled plasma mass spectrometry (ICP-MS) were applied to quantify the
cellular uptake of Al NMs.

Keywords: nanoparticle uptake; ICP-MS; ToF-SIMS; aluminum; vitamin; metabolomics

1. Introduction

Aluminum is one of the most abundant metals that is used in a wide range of industrial
manufacturing processes. It is also present in numerous consumer products such as cosmetics or food
contact materials. Studies on Al toxicity revealed a potential risk for neuronal toxicity in humans
following chronic Al exposure [1,2] and a possible relation of enhanced Al intake to the development
of Alzheimer’s disease [3].

The uptake of Al may occur via different routes of exposure. Al NMs (nanomaterials) may cross
the barriers of the body because of their small size and thus can significantly increase the overall Al
burden [4]. Humans are most likely exposed to Al through cosmetic products due to skin contacts or
via food additives [3]. To lower the intake of Al, the first legal actions were taken by the EU regulation
No. 380/2012 amending Annex II to Regulation (EC) No. 1333/2008, which became applicable at
1st of August 2014 [5]. Further to this, the use of Al-containing food additives is restricted by the
recommendation of the European Food Safety Authority (EFSA) to lower the tolerable weekly intake
(TWI) of Al to ≤1 mg/kg body weight. However, it was suggested that this TWI might be significantly
exceeded, especially in children [6].
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To avoid such a high intake, the conditions simulating use and tolerable quantities for food
additives containing Al were adapted in the EFSA regulation. The body’s uptake of Al is influenced
by several processes. For example, vitamin D3 not only enhances the uptake of essential inorganic
elements but also of non-essential and toxic elements such as lead or Al [7]. Vitamin D3 also interferes
with retinol metabolism and its uptake in human epidermal keratinocytes [8]. The studies related
to the interaction between vitamin D3/A and Al may comprise, among other biological endpoints,
Al-mediated toxicity, its distribution pattern at the cellular level, as well as its capability to modulate
metabolic patterns of skin cells. The complexation behavior of Al is highly sophisticated and certainly
adds to the challenges and elucidation of uptake mechanisms. Furthermore, the ubiquitous occurrence
of Al resulting in a high background level hampers the application of sensitive analytical methods.
The relatively low density of the light metal, its low mass and the complexity of biological matrices
complicate the use of widespread analytical techniques like Raman spectroscopy or transmission
electron microscopy (TEM). ToF-SIMS analysis [9] has been previously applied for the detection of
cerium dioxide particle clusters in rat lung tissue [10] and for the characterization of Al particles
in artificial saliva [11]. In this study, we tried to overcome the mentioned analytical limitations by
using ToF-SIMS to explore uptake and distribution patterns of Al and Al2O3 NMs in the human
keratinocyte cell line HaCaT. Furthermore, metabolic profile changes of the cell membrane constituents
were investigated. Aluminum chloride (AlCl3·6H2O) was used as soluble ionic control. All three Al
species were tested with regard to uptake, cellular distribution patterns, and possible cell membrane
alterations upon uptake. In addition to single applications, combinations with vitamin A and D3 were
tested as well. ICP-MS measurements were utilized to determine the uptake efficacy of each Al species
in the different scenarios.

2. Results and Discussion

2.1. Characterization of Al and Al2O3 NMs

Both, Al0 and Al2O3 NMs have been extensivly characterized by our group [12] (see Table 1).
The core particle diameter was determined by means of TEM to be between 2–50 nm for the rather
spherical Al0 NMs. Single particle (SP) ICP-MS showed a primary particle size range of 50–80 nm
for both Al NMs. The results of the small angle x-ray scattering (SAXS) measurments confirmed the
findings of TEM and SP-ICP-MS.

Table 1. Characterization data for Al0 and Al2O3 nanomaterials (NM). Modified from [12].

Methods Al0 NM Al2O3 NM

TEM Primary particle size and shape:
2–50 nm, nearly spherical

Primary particle size and shape:
10 × 20–50 nm, grain-like shape

EELS-TEM Core-shell structure, thin (2–5 nm) oxide layer Fully oxidized particle
XRD Aluminum surface; partially oxidized Fully oxidized surface

SAXS Particle size: >20 nm Primary particle size: 14.2 nm
Aggregates’ size: >20 nm

SP-ICP-MS Primary particle size: 54–80 nm Primary particle size: 50–80 nm
ICP-MS Ion release: 0.2–0.5% (in 0.05% BSA) Ion release: 0.2–0.4% (in 0.05% BSA)

The more rod shaped Al2O3 NMs display a width of 10 nm and a length between 20–50 nm
as determined by TEM. Dynamic light scattering (DLS) determined the hydrodynamic diameter
in dispersion of 250 nm for Al0 NMs, while Al2O3 NMs showed a smaller diameter of 180 nm.
Zeta Potential measurements of Al0 and Al2O3 NM showed comparable results with −17.2 mV and
−17.3 mV in DMEM. X-ray diffraction (XRD) as well as TEM in electron energy loss spectroscopy
mode (EELS-TEM) demonstrated the difference of the Al0 and Al2O3 NMs composition and especially
their surface. While Al0 NMs had a core-shell structure with Al core and a 2–5 nm oxygen shell (see
Figure 1), the Al2O3 NMs were homogeneously oxidized.
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Figure 1. Transmission electron microscopy (TEM) results: (A) TEM pictures of Al0 NMs; (B) oxygen
mapping of left TEM picture; (C) TEM picture of Al0 NMs; (D) aluminum mapping of image in (C).

2.2. Cellular Uptake

To investigate the possible uptake of Al NMs and Al2O3 NMs, we exposed HaCaT cells to
100 μg/mL Al NMs for 24 h in the presence or absence of 1 μmol/L retinol, 5.12 μmol/L of vitamin D3
(high vitamin D3), or a lower vitamin D3 concentration of 80 nmol/L (low vitamin D3). Subsequently
we analyzed the exposed cells using ICP-MS to quantify the NM uptake. Quantitative results are
shown in Figure 2. Untreated cells had Al levels comparable to ICP-MS blank samples.

Figure 2. Inductively coupled plasma mass spectrometry (ICP-MS) measurements of Al content of
HaCaT cells exposed to either Al2O3 or Al0 NMs as well as retinol and/vitamin D3. The cellular uptake
is normalized to the Al uptake of cells exposed to Al0 NMs or Al2O3 NMs only. * p < 0.05.

For the interpretation of the results, it has to be considered that the data shown are normalized to
the Al0 uptake by HaCaT cells exposed to Al0 only (without co-exposure to vitamins). The ICP-MS
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results show that retinol and vitamin D3 appear to have no detectable effect on the uptake of the Al0

NM. In contrast, treatment of HaCaT cells with retinol or vitamin D3 significantly lowered the uptake
of the Al2O3 NM (Figure 2).

The different uptake behavior of the two kinds of Al NMs after treatment of the HaCaT cells
with vitamins is likely due to differences in their physicochemical properties. It is known that the
complexation behavior and thus the agglomeration rate of the used Al NMs differ strongly [12]. Al2O3

is characterized as a rather insoluble and rod shaped oxidized NM, whereas Al0 NMs are partially
soluble and quasi-spherical. Differences in the particle physicochemical properties (e.g., surface area,
solubility, etc.) may lead to differences in the uptake mechanism preferred by the cells.

These findings presented in this study are in good accordance with the results of an uptake study
of polystyrene NMs on Caco-2 cells [13]. Furthermore, the composition of the NMs might also influence
their uptake and distribution [14]. The core-shell structure of the Al0 NM (see Table 1) contains
approximately 85% Al. In contrast, Al2O3 is fully oxidized and shows a homogenous distribution of
Al as well as oxygen on its surface. Our group was able to demonstrate that the protein corona that is
formed during the contact of NMs with cell culture media is less complex for Al0 NM compared to
the protein corona of Al2O3 NM [15]. The surface properties of NMs facilitate interactions with the
surrounding environment, which also affects the bioavailability and the interactions of the NM with
the cell.

For the assessment of changes of the metabolite patterns of the HaCaT cell membranes and the
overall particle distribution, ToF-SIMS analytics was employed. The acquired ToF-SIMS mass spectra
for HaCaT cells showed a strong Al peak indicating the presence of Al NMs (Figure 3). Cellular uptake
can also be observed in HaCaT cell cultures co-incubated with retinol, vitamin D3, and its combinations.
The Al NM uptake could also be observed after treatment with Al2O3 as well as in cultures cultivated
with retinol plus vitamin D3 low or high for both NM species.

3D reconstruction of ToF-SIMS images from single HaCaT cells reveals the intracellular presence
of Al0 and Al2O3 NMs at all exposure scenarios: NM alone, NM in combination with retinol and/or
vitamin D3.

HaCaT cells treated with Al NMs only store the particles in large agglomerates (Figure 4a,e),
whereas cells treated with Al NMs in combination with retinol or vitamin D3 show a different uptake
and distribution behavior (compare Figure 4b,f vs. Figure 4c,g). Treatment with retinol leads to the
accumulation of Al close to the cell membrane with large agglomerates (Figure 4b,f). This process
might be due to the increased collagen synthesis and reduced matrix metalloproteinase expression
which is known to occur because of vitamin A treatment [16]. The resulting collagen increase facilitates
NM collagen interactions [17] which might hinder the NM allocation. Upon co-application of vitamin
D3 the ToF-SIMS analyses revealed a different cellular deposition pattern of Al0 NMs when compared
to that after co-exposure to retinol. Co-exposure with vitamin D3 led to an even distribution of particles
throughout the entire cell and to the formation of much smaller aggregates (Figure 4c,d,g,h). In
addition of being responsible for an enhanced uptake of metals (Figure 2), vitamin D3 also seems to
affect particulate distribution patterns within the cell. The ToF-SIMS results are in accordance with the
ICP-MS findings, where high vitamin D3 is responsible for an enhanced intracellular uptake (Figure 2).
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Figure 3. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) mass spectrum (positive mode),
showing the Al peak in red color (at m/e 26.98 u) and a peak in green color (at 27.02 u = C2H3

+),
resulting from organic matter in HaCaT cells. The upper line shows the spectra for control HaCaT cells,
the lower line for HaCaT cells which were exposed to Al NMs (about 20 nm) for 24 h in addition to
high or low vitamin D3, and retinol or their combinations. The x-axis shows the mass to charge ratio
(m/z); y-axis the ion intensities.

The ToF-SIMS results for the exposure of HaCaT cells with Al2O3 NMs show that either treatment
with retinol or vitamin D3 leads to a strong decrease in the NM uptake and to smaller agglomerate
sizes when compared to cells treated with Al2O3 NMs only (Figure 2). Comparison of Al0 and
Al2O3 NM treatments of HaCaT cells reveals a generally smaller size of NM agglomerates in the
latter ones (Figure 5). Based on this it can be assumed that the number of particle agglomerates per
cell is much higher for Al2O3 than for Al0 NMs. Therefore Al2O3 NM aggregation is being largely
compromised resulting in a more even intracellular distribution of Al2O3 NMs when compared with
Al0 NM (compare Figure 4b,f vs. Figure 5b,f).

When HaCaT cells were exposed to retinol in combination with either low or high levels of vitamin
D3 and Al, the localization of the particles was restricted to the cell membrane region (Figure 6a,c),
which corroborates above findings in Figures 4 and 5. ICP-MS results show, however, a similar mass
balance for all exposure experiments with Al NMs (Figure 2), indicating again a much larger number
of smaller agglomerates in the case of exposure to vitamin D3.
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Figure 4. Ion reconstruction of a 3D depth profile (depth layer numbers: 50–250) of one single HaCaT
cell, which was exposed to Al0 NMs for 24 h. The images show the top-down view of the outline of a
cell of a depth profile. The translucent blue outline was reconstructed based on the C3H8N+ signal that
originates from intracellular amino acids. (a) Control cells treated with Al0 NM only (red color); and
corresponding intracellular localization of Al0 NM agglomerates (e). (b) Cells treated with retinol and
Al0 NM (red color); and corresponding intracellular localization of Al NM agglomerates (f). (c) Cells
treated with low vitamin D3 and Al0 NM (red color); and corresponding intracellular localization
of Al0 NM agglomerates (g). (d) Cells treated with high vitamin D3 and Al0 NM (red color); and
corresponding intracellular localization of Al0 NM agglomerates (h).

Uptake of Al2O3 NMs alone and in combination with retinol, vitamin D3, or both vitamins
revealed wide distribution and agglomeration of Al nanomaterials throughout the cytoplasm. In
contrast to all co-exposure experiments, formation of larger NM clusters was observed after exposure
to Al2O3 NMs alone (Figure 5a,e). ICP-MS data show a significant increase of Al2O3 NMs being
present in HaCaT cells following their straight application in contrast to the co-exposure experiments
(Figure 2). In addition, ToF-SIMS results show a significant reduction in the sizes of NM agglomerates
after the co-exposure experiments (Figure 5 vs. Figure 6).

2.3. Metabolic Changes after Nanomaterial Uptake

In addition to NM uptake and distribution, we assessed the alterations of the cell membrane
constituents of HaCaT cells caused by Al and Al2O3 NM exposures. Treatments with ionic AlCl3*6H2O
and unexposed HaCaT cells were used for comparison (Figure 7).
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Figure 5. Ion reconstruction of a 3D depth profile (depth layer numbers: 50–250) of one single HaCaT
cell exposed to Al2O3 NMs for 24 h. The images show the top-down view of the outline of a cell
of a depth profile. The translucent blue outline was reconstructed based on the C3H8N+ signal that
originates from intracellular amino acids. (a) Control cells exposed to Al2O3 NMs only (red color); and
corresponding intracellular localization of Al2O3 NM agglomerates (e). (b) Cells treated with retinol
and Al2O3 NMs (red); and corresponding intracellular localization of Al2O3 NM agglomerates (f).
(c) Cells treated with low vitamin D3 and Al2O3 NMs (red); and corresponding intracellular localization
of Al2O3 NM agglomerates (g). (d) Cells treated with high vitamin D3 and Al2O3 NMs (red); and
corresponding intracellular localization of Al2O3 NM agglomerates (h).

The results obtained for cells exposed to retinol, low vitamin D3, and high vitamin D3 reveal
significant differences in the composition of the respective cell membranes (Figure 7). Significant
differences in the cell membrane composition could also be observed in HaCaT cells co-exposed to
retinol and low vitamin D3 or high vitamin D3. In order to determine the differences of lipid membrane
constituents we further investigated the significant changed metabolites upon co-epxosure of Al0 or
Al2O3 NMs with retinol or high or low vitamin D3 (see Table 2 for Al0 and Table 3 for Al2O3). For
further details please see also the Supplementary Material (Figures S1–S6).

The further investigation of changes in the membrane composition was carried out via ToF-SIMS
analysis of the major altered cell membrane lipids. Diacylglycerols (DAGs) and phosphatidic acids
(PAs) were found to be increased following treatment with either Al0 or Al2O3 NMs in combination
with vitamins similarly (see Tables 2 and 3). DAGs were significantly increased after administration
of retinol or vitamin D3 together with both Al NMs. DAGs are the product of hydrolysis of the
phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) that serve as activators of the protein kinase
C (PKC) pathway [18]. Alterations in the PKC signaling in HaCaT cells lead to strong morphological
changes including shape of this cell type [19]. Different PKC isoforms have also different effects on the
proliferation and differentiation behavior of HaCaT cells [20]. The PAs and its precursor substances
lyso-phosphatidic acid were significantly increased over all treatment regimes. The PAs can be degraded
to DAGs and serve as precursors of other membrane lipids [21]. Therefore, we conclude a comparable
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metabolic alteration of DAGs and PAs in response to Al NM uptake. Phosphatidylethanolamines
(PEs) are another important group of membrane constituents. The PEs serve as substrates for
phosphatidylcholine (PC) biosynthesis and are crucial for cell surface signaling [22]. Investigations on
the ratio of PC to PE in mice showed decreased membrane integrity and the development of a leaky
membrane when the ratio decreases [23]. In D3-treatments an increase of the level of PEs was detected
because of a shift of the PCs toward PEs thereby causing a leaky membrane of the cells affected. High
vitamin D3 addition revealed significantly increased levels of lyso-PC, which is a degradation product
of PC and therefore indicates reduced PC levels. This process lowers the PC to PE ratio even more
drastically and an enhanced uptake of Al may occur. These findings fit well with the ICP-MS results
(see Figure 2).

Figure 6. Ion reconstruction of a 3D depth profile (depth layer numbers: 50–250) of one single HaCaT
cell exposed to Al NMs (upper panel a–d) or Al2O3 NMs (lower panel e–h). The 3D depth profile of the
cell is depicted as translucent blue. The images show the top-down view into the outline of a cell of a
depth profile. In addition to NM treatment low vitamin D3 (a,b,e,f) and high vitamin D3 (c,d,g,h) were
administered together with retinol. NM agglomerates are shown in detail next to their respective cell.

The significantly increased metabolites after treatment with Al2O3 and retinol or vitamin D3 are
more diverse when compared to Al0-treated cells (see Table 3).

In addition to the above mentioned findings, another metabolite, dihydroceramides (DCs), was
found to be enhanced after the treatment of HaCaT cells with Al2O3 and vitamin D3 (see Table 3). The
increased levels of this compound in HaCaT cells exposed to Al2O3 NM and vitamin D3 provides
another explanation for the decreased nanoparticle uptake in cells exposed to Al2O3 NM as DCs
enhance the rigidity of the plasma membrane [24]. This could lead to changes in the active transport,
vesicle formation, diffusion, and activation of the cell-signaling pathway, all of which are representing
processes that depend on plasma membrane dynamics [25].
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Figure 7. ToF-SIMS analysis of changes in the composition of the cell membranes of HaCaT cells after
treatment with Al or Al2O3 NMs and ionic AlCl3·6H2O without or in combination with vitamins
((a) retinol; (b) high vitamin D3; (c) low vitamin D3; (d) retinol plus low vitamin D3; (e) retinol
plus high vitamin D3). The diagram shows the values of the discriminant scores obtained from
Fisher’s discriminant analysis of 24 single HaCaT cells for each experiment. The performance
of the discriminant model was verified by applying the cross-validation procedure based on the
“leave-one-out” cross-validation formalism (100%).
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Table 2. Significantly increased cell membrane constituents upon treatment of HaCaT cells with Al0

NMs divided by the additional treatment of either retinol low or high vitamin D3.

Retinol Low Vitamin D3 High Vitamin D3

diacylglycerols phosphatidylethanolamines lyso-phosphatidylcholines
lyso-phosphatidic acids -/- -/-

Table 3. Significantly increased cell membrane constituents upon treatment of HaCaT cells with Al2O3

NMs divided by the additional treatment of either retinol low or high vitamin D3.

Retinol Low Vitamin D3 High Vitamin D3

diacylglycerols diacylglycerols Diacylglycerols
lyso-phosphatidic acids lyso-phosphatidylcholines phosphatidic acids

-/- dihydroceramides diacylglycerol phosphates

The changes in the membrane lipid composition described above serve as an explanation for
the decreased uptake of Al2O3 NMs after vitamin A/D3 treatment. The increased levels of DCs
after treatment with vitamin D3 could also derive from a protective mechanism of the cell to secure
the physiological integrity of mitochondria. It has been previously shown that DCs block the
permeabilization of the mitochondrial outer membrane [26].

The comparison of the changes in the constituents of the cell membrane that were introduced
upon treatment with either Al0 or Al2O3 NMs clearly shows the necessity to distinguish between the
different types of aluminum NMs.

3. Materials and Methods

3.1. Cell Culture and NM Exposure

Al NMs (18 nm, 99.9%) and Al2O3 NMs (20 nm, 99+%) were purchased from IoLiTec Ionic
Liquids Technologies GmbH, Heilbronn, Germany. The following chemicals were purchased from
Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, MO, USA): AlCl3·6H2O (hexahydrate, ≥97%), retinol
(≥97.5%), cholecalciferol (certified reference material), and calcipotriol (European Pharmacopoeia
Reference Standard). The chemicals were diluted to the respective concentrations (high vitamin D3
high concentration: 5.12 μmol/L; low vitamin D3 concentration: 80 nmol/L; retinol: 1 μmol/L) in DMSO
(≥99.7%), obtained from Sigma-Aldrich (Sigma-Aldrich Corp., St. Louis, MO, USA).

The human immortalized keratinocyte cell line HaCaT was cultured in Dulbecco’s modified
Eagle’s medium (DMEM), 10% fetal bovine serum, and 1% antibiotics (10,000 μg/mL streptomycin and
10,000 units/mL penicillin) at 37 ◦C with 5% CO2. Cells were passaged at 70–80% confluence two times
a week.

For ToF-SIMS measurements 0.05 × 106 cells were seeded on 1 cm2 silica wafers and left in the
incubator for 24 h. Afterwards cells were treated with the respective NM with or without vitamin
derivates for 24 h. The wafers were then washed using 150 mM ammonium bicarbonate solution.
Samples were fast frozen and lyophilized prior to ToF-SIMS measurements.

NM dispersions were prepared following the NanoGenoTox dispersion protocol: “Final protocol
for producing suitable manufactured NMs exposure media” (October, 2011). In brief, a 2.56-mg/mL
stock dispersion of each NM was prepared by pre-wetting the powder with 0.5% (vol/vol) ethanol (96%)
followed by addition of Millipore water containing 0.05% BSA. Dispersion occurred for 5 min and 9 s
at an amplitude of 10% with a probe sonifier, either 200 W Bandelin Sonopuls HD 2200, (BANDELIN
Electronic GmbH & Co. KG, Berlin, Germany) (at BfR); or 400 W Branson Sonifier S-450 CE Digital,
(Branson Ultrasonics, St. Louis, Missouri, USA) (IMPB). The sample was cooled in an ice-water bath
during sonication [27].
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3.2. ICP-MS Analysis

Measurements were performed with a quadrupole ICP mass spectrometer (iCAP Q, Thermo
Fisher Scientific GmbH, Dreieich, Germany) equipped with a PrepFast system (ESI Elemental Service
& Instruments GmbH, Mainz, Germany), PFA ST Nebulizer, a quartz cyclonic spray chamber, and a
2.5 mm quartz injector (all from Thermo Fisher Scientific, Waltham, MA, USA) using the following
isotopes: 27Al and, as an internal standard, 103Rh. Calibrations were performed using ionic standards
of Al in a 3.5% HNO3 solution ranging from 2 to 500 μg/L. The internal standard was added using the
ICP-MS PrepFast system. The gas flows for the cooling gas and the auxiliary gas were set to 14 L/min
and 0.65 L/min, respectively. The sample flow rate was 0.4 mL/min. All isotopes were analyzed using
the collision cell technique at 5 mL/min collision gas flow (93% He and 7% H2). Analysis of NM uptake
was studied with five replicates per dose. Results were presented as mean values ± standard error of
the mean (SEM).

3.3. ToF-SIMS Analysis

A dedicated cryogenic sample preparation technique with a high cooling rate was used for sample
analysis [28,29]. Liquid propane was cooled using liquid nitrogen, thus preventing evaporation of
propane at the contact surface of the immersed specimen. Specimens were in contact with liquid
propane for 10 s and were afterwards kept in a frozen state using dry ice. The condenser of the Christ
Beta 2-8 lyophilizer (Martin Christ GmbH, Osterode am Harz, Germany) was cooled to −80 ◦C. The
frozen samples were placed on the frozen heating plate, which was inserted in the freeze-drying
chamber and heated to −20 ◦C. Afterwards, vacuum was applied to achieve a pressure of 1.65 mbar.
The main drying process started, in which the water is sublimated within 2 h by vacuum and heated
to 23 ◦C. The temperature of 23 ◦C is maintained for 30 min. The instrument was ventilated and the
freeze-dried samples were stored at −80 ◦C prior to the ToF-SIMS analysis. A ToF-SIMS instrument
(ION-TOF V; Ion-TOF GmbH, Münster, Germany) was used for mass spectrometry analyses with
a pulsed 30 keV Bi3+ liquid metal ion gun (LMIG, direct current (dc), 16 nA). Measurement of cell
samples was performed at room temperature. Each spectrum was acquired by scanning the ion beam
over a sample area of 400 × 400 μm. Positive secondary ions were collected in the mass range up to m/z
1200 using 106 Bi3+ pulses. Instrument and analysis conditions were used as described elsewhere for
the ToF-SIMS analysis of cell membrane lipids [30].

All depth profiles were performed in dual beam mode on a TOF.SIMS V instrument (ION-TOF
GmbH, Münster, Germany) of the reflectron-type, equipped with a 30 keV Bi3+ LMIG as primary
ion source, a 20 keV argon gas cluster ion source both mounted at 45◦ with respect to the sample
surface and an electron flood gun. Bi3+ was selected as primary ion by appropriate mass filter settings.
Primary and sputter ion currents were directly determined at 200 μs cycle time (i.e., a repetition rate of
5.0 kHz) using a Faraday cup located on a grounded sample holder. Scanning area for analysis was
200 × 200 μm2 with 512 × 512 pixels. The sputter area for each measurement was 1000 μm × 1000 μm.
Surface charging was compensated by flooding with low energy electrons.

ToF-SIMS depth profiles were acquired in positive ion mode. The mass scale was internally
calibrated using a number of well-defined and easily assignable secondary ions (C2H5

+, C3H7
+, and

C4H9
+) keeping the error of calibration for all spectra below 5 ppm. The data were evaluated using the

Surface Lab software (ION-TOF GmbH, Münster, Germany).
Statistical analyses of the ToF-SIMS data were performed as described in detail elsewhere [30–34].

In brief, the acquired data were binned to 1 u. Data processing was carried out with the statistical
package SPSS + (version 21) using the mass range between 200 and 1200 mass units to detect significant
differences between treated and untreated cells. Ions lower than mass 200 were excluded from the study
to avoid contamination of the ions from salts, system contaminants, and other medium components.
Each acquired spectrum was then normalized, setting the peak sum to 100%. A principal component
analysis (PCA) was performed using all ions. To show that data sets could be separated with a
supervised model from each other a Fisher’s discriminant analysis was performed. The performance
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of the discriminant model was verified by applying the cross-validation procedure based on the
“leave-one-out” cross-validation formalism.

4. Conclusions

The ToF-SIMS measurements have shown that aggregation and incorporation of Al NMs in HaCaT
cells are influenced by treatment with vitamins. Experiments with retinol led to the formation of large
Al aggregates, which are intercalated in the membrane regions of the cells, while vitamin D3 treatments
resulted in the formation of small agglomerates within the entire cell. These findings suggest that,
depending on the vitamin treatment, different pathways are used for the uptake of Al NMs.

Furthermore, the results show a decreased uptake rate of Al2O3 NMs after treatment with vitamins
(retinol and vitamin D3) in comparison with the control as well as with the exposure to Al0 NMs
in combination with both vitamins. A likely explanation for this behavior is the change in the lipid
membrane composition, which might lead to an enhanced rigidity of the membrane. Treatment with
either retinol or vitamin D3 leads to a drastic decrease in the uptake of Al2O3 NMs.

In contrast to the protective effect observed for Al2O3 NMs, ToF-SIMS measurements revealed a
changed lipid metabolite profile for cells in response to co-exposure to vitamin D3 and Al0 NMs. The
metabolic changes led to a shift in the PC-to-PE ratio, which contributes to an increased uptake of Al
NMs due to a leaky cell membrane.

We conclude a protective effect of the vitamins A and D3 for cells, which are in contact with
nanoparticulate oxides such as Al2O3. On the other hand, the presence of these substances may slightly
promote the uptake of metallic NMs. Our findings also reflect the high importance of a thorough
physicochemical particle characterization, as parameters like agglomeration, solubility, and biokinetics
may affect the uptake of NMs with the same elemental constituent.
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Abbreviations

Al aluminum
DAG
DLS
EELS

diacylglycerol
dynamic light scattering
electron energy loss spectroscopy

EFSA European Food Safety Authority
HaCaT human keratinocyte cell line
ICP-MS inductively coupled plasma mass spectrometry
NMs nanomaterials
PA phosphatidic acids
PC phosphatidylcholine
PCA principal component analysis
PE phosphatidylethanolamine
PIP2 phosphatidylinositol 4,5-bisphosphate
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PKC
SAXS
SEM
SP
TEM

protein kinase C
small angle X-ray scattering
standard error of the mean
single particle
transmission electron microscopy

ToF-SIMS time-of-flight secondary ion mass spectrometry
TWI
XRD

tolerable weekly intake
X-ray diffraction
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Abstract: Outbred female rats were exposed to inhalation of lead oxide nanoparticle aerosol produced
right then and there at a concentration of 1.30 ± 0.10 mg/m3 during 5 days for 4 h a day in a nose-only
setup. A control group of rats were sham-exposed in parallel under similar conditions. Even this
short-time exposure of a relatively low level was associated with nanoparticles retention demonstrable
by transmission electron microscopy in the lungs and the olfactory brain. Some impairments were
found in the organism’s status in the exposed group, some of which might be considered lead-specific
toxicological outcomes (in particular, increase in reticulocytes proportion, in δ-aminolevulinic acid
(δ-ALA) urine excretion, and the arterial hypertension’s development).
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1. Introduction

Lead oxide nanoparticles (PbO-NP) are engineered for some essential technical applications (e.g.,
magnetic data storage and magnetic resonance imaging). However, from the standpoint of human
health risk assessment, it is much more important that PbO particles pollute workplace and ambient
air in aerosol form in such long-established and major industries as copper and lead smelters and
refineries. These polluting aerosols, resulting from the evaporation of molten metal in pyrometallurgy
and its condensation in the air due to cooling and oxidation, contain a substantial proportion of
particles falling within the nano-range [1].

Thus, PbO-NPs pose a real inhalation exposure threat, which makes it essential to assess the latter
in toxicological experiments. However, we are aware of only one study of this kind published in
2017 by a group of Czech researchers [2].

The study involved an experiment on ICR white mice continuously exposed in a whole-body
inhalation setup for 6 weeks to PbO-NP aerosol generated in situ with a mean particle diameter of
25.9 nm (in the size range of 8–230 nm) with an average concentration of 121.7 μ/m3. The researchers
measured the lead contents of organs and tissues with the visualization of retained nanoparticles
and described pathological changes in them, concluding that “subchronic exposure to lead oxide
nanoparticles has profound negative effects at both cellular and tissue levels”. Particularly noteworthy
are changes in the hippocampus associated with the penetration of nanoparticles into the brain from
the nose as a primary site for their deposition. Such penetration is characteristic of inhaled NPs of any
chemical composition, as has been discovered in a number of studies [3–5], including ours [6–8].

Int. J. Mol. Sci. 2020, 21, 690; doi:10.3390/ijms21030690 www.mdpi.com/journal/ijms159



Int. J. Mol. Sci. 2020, 21, 690

However, it is well known that (in contrast to changes in the brain) in a whole-body inhalation
chamber, animals’ fur is inevitably soiled with particles, which are then licked off by them; thus, not all
toxic effects can be attributed precisely and only to inhalation exposure. It is also regrettable that this
study did not consider any of the functional or biochemical indicators of organ and systemic toxicity.

There is no doubt that this toxicity is an inherent feature of PbO-NP at all biological levels—from
cellular to systemic. It has been shown, in particular, under subchronic intoxication caused in vivo by
repeated intraperitoneal injections of PbO nanosuspension to rats [9] and in vitro by its addition to the
incubation medium for human fibroblasts [10]. It would be difficult to think of any a priori causes why
the inhalation of PbO-NP should not cause lead poisoning. However, this question is so important for
occupational medicine and health risk assessment in the above-mentioned industrial conditions that it
must be resolved through experimental studies rather than speculatively.

As the first step in this direction, we are presenting the results of an inhalation experiment in
which rats were exposed to PbO-NP aerosol at a concentration around 10 times higher than in the
above-mentioned experiment [2]. However, in contrast to the latter, it lasted only five days with daily
exposures, which were relatively short because of the restrained positioning of the animals in the “nose
only” inhalation setup (see Figure 5). We are convinced, though, that this disadvantage is offset by a
very important advantage of such setups—they exclude the possibility of nanoparticles penetrating
into the organism by routes other than inhalation and the related uncertainty of the causal relationships
between just inhalation exposure at a given level and toxic effects.

Overall, the inhalation period in our experiment was 50 times shorter compared with the
experiment [2], and the total exposure to nanoparticles may be estimated as about five times lower,
even though the concentration of nanoparticles was 10 times higher.

The purpose of this paper is to demonstrate that signs of intoxication were detectable even under
an exposure as low and short as in our experiment.

2. Results and Discussion

Previously, we demonstrated that the deposition of nanoparticles in the lungs as a result of
intratracheal administration [11–14] or inhalation exposure [6–8] caused a response in the lower
airways that was essentially similar to but a lot more intensive than the one provoked by similar
exposures to low-soluble highly cytotoxic micrometer particles, such as, for instance, quartz dust [15,16].
This response manifests itself as an increase in the cellularity of the bronchoalveolar lavage fluid
(BALF), mainly at the expense of neutrophil leukocytes. The increase in proteins, in some enzymes
(particularly of lysosomal or partly lysosomal origin) and in a number of other biochemical components
of the BALF extracellular fraction also testifies for inhaled PbO-NP’s pulmonary toxicity.

As follows from the results presented in Tables 1 and 2, we observed the same in our experiment.
Although the differences from the corresponding indices of the control group’s BALF appear to be
rarely statistically significant, the mutual correspondence of the resulting changes allows us to consider
them to be an actual effect of inhalation exposure to nanoparticles.

Table 1. Cell counts in the bronchoalveolar lavage fluid (BALF) in rats after repeated inhalation of lead
oxide nanoparticles (x ± s.e.). PbO-NP: lead oxide nanoparticles.

Group and Number of Animals
Number of Cells ×106

Total Neutrophil Leukocytes Alveolar Macrophages

Control (sham-exposed), 7 rats 3.29 ± 0.67 0.35 ± 0.13 2.94 ± 0.64

Exposed to PbO-NP
Aerosol, 7 rats 5.29 ± 1.33 0.62 ± 0.12 4.66 ± 1.24
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Table 2. Some biochemical indices in bronchoalveolar lavage fluid (BALF) supernatant in rats after
repeated inhalation of lead oxide nanoparticles (x ± s.e.).

Indices

Group and Number of Animals

Control (Sham-Exposure), 7 Rats
Exposed to PbO-NP

Aerosol, 7 Rats

Total protein, mg/L 81.68 ± 6.19 133.38 ± 31.52

Alanine aminoransferase (ALT) U/L 5.52 ± 0.80 7.64 ± 0.58

Aspartate aminotransferase
(AST), U/L 1.96 ± 0.16 1.42 ± 0.21

De-Ritis coefficient (AST/ALT ratio) 2.77 ± 0.31 5.92 ± 1.00 *

Alkaline phosphatase, U/L 13.62 ± 2.85 45.16 ± 5.17 *

Gamma-glutamyl transpeptidase, U/L 0.46 ± 0.16 7.26 ± 1.07 *

Lactate dehydrogenase, U/L 29.50 ± 5.72 38.20 ± 5.64

Urea, mmol/L 0.22 ± 0.04 0.24 ± 0.07

Glucose, mmol/L 0.00 ± 0.00 0.02 ± 0.02

*—values statistically significantly different from the corresponding values of the control group (p ≤ 0.05 by
Student’s t-test).

As was stated in the Introduction, neither the total exposure to lead nor the period for related
adverse changes to develop in the organism might be estimated as considerable, which reduced the
probability of development of lead poisoning. Indeed, many of the indices listed in Table 3 indicate
that it was of low to moderate intensity.

Table 3. Body and inner organs mass and some functional indices in rats after repeated inhalation of
lead oxide nanoparticles (x ± s.e.).

Indices

Group and Number of Animals

Control
(Sham-Exposure), 7 Rats

Exposed to PbO-NP
Aerosol, 7 Rats

Body and organs mass indices

Initial body mass, g 251.43 ± 2.19 251.79 ± 1.54

Final body mass, g 247.50 ± 2.71 250.71 ± 2.82

Body mass gain, % −1.56 ± 0.70 −0.43 ± 0.92

Heart mass, g 0.77 ± 0.03 0.83 ± 0.03

Lung mass, g 1.67 ± 0.09 1.89 ± 0.10

Liver mass, g 9.03 ± 0.46 9.09 ± 0.42

Kidney mass, g 1.67 ± 0.05 1.75 ± 0.06

Spleen mass, g 0.54 ± 0.02 0.56 ± 0.02

Brain mass, g 1.96 ± 0.04 1.90 ± 0.04

Heart mass, g/100 g of body mass 0.31 ± 0.01 0.33 ± 0.01

Lung mass, g/100 g of body mass 0.68 ± 0.04 0.75 ± 0.03

Liver mass, g/100 g of body mass 3.65 ± 0.16 3.61 ± 0.12

Kidney mass, g/100 g of body mass 0.68 ± 0.02 0.70 ± 0.02

Spleen mass, g/100 g of body mass 0.22 ± 0.01 0.22 ± 0.01

Brain mass, g/100 g of body mass 0.79 ± 0.01 0.76 ± 0.03
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Table 3. Cont.

Indices

Group and Number of Animals

Control
(Sham-Exposure), 7 Rats

Exposed to PbO-NP
Aerosol, 7 Rats

Neurobehavioral tests

Number of head-dips into holes during 3 min 13.86 ± 1.46 15.07 ± 1.51

Number of squares crossed during 3 min 31.64 ± 2.17 32.21 ± 2.27

Total number of movements on the “open field” during
3 min 51.21 ± 3.90 56.36 ± 4.54

Temporal summation of sub-threshold impulses, sec 10.24 ± 0.29 13.11 ± 0.20 *

Hematological indices

Hemoglobin, g/L 140.33 ± 2.16 142.57 ± 2.13

Hematocrit, % 21.05 ± 0.27 21.54 ± 0.41

Erythrocytes, 1012 cells/L 6.83 ± 0.17 6.86 ± 0.23

Mean corpuscular volume, μm3 61.77 ± 0.76 62.99 ± 1.34

Mean corpuscular hemoglobin, 10−12 g 20.60 ± 0.24 20.86 ± 0.48

Mean corpuscular hemoglobin concentration, g/L 333.33 ± 2.50 331.14 ± 1.68

Red cell distribution width, % 12.50 ± 0.32 13.40 ± 0.38

Reticulocytes, %� 26.44 ± 4.57 71.80 ± 7.87 *

Number of micronuclei in the polychromatophilic
erythrocytes of bone marrow, %� 0.25 ± 0.25 0.40 ± 0.24

Thrombocytes, 106 cells/mL 705.00 ± 63.71 813.71 ± 42.92

Thrombocrit, % 0.20 ± 0.01 0.22 ± 0.01

Mean platelet volume, μm3 5.27 ± 0.13 5.33 ± 0.10

Leukocytes, 106/mL 6.40 ± 0.34 6.94 ± 0.52

Banded neutrophils, 106/mL 0.07 ± 0.01 0.08 ± 0.01

Segmented neutrophils, 106/mL 1.48 ± 0.12 1.68 ± 0.19

Basophils, 106/mL 0.00 ± 0.00 0.00 ± 0.00

Eosinophils, 106/mL 0.37 ± 0.12 0.28 ± 0.07

Lymphocytes, 106/mL 4.12 ± 0.27 4.45 ± 0.28

Monocytes, 106/mL 0.37 ± 0.03

Serum biomarkers

Total protein content of blood serum, g/L 81.33 ± 1.21 81.50 ± 1.05

Albumin content of blood serum, g/L 49.56 ± 0.75 50.94 ± 0.95

Globulins of blood serum, g/L 31.77 ± 1.05 30.56 ± 0.62

A/G index 1.57 ± 0.05 1.67 ± 0.05

Alanine aminoransferase (ALT) activity in blood serum,
mM/h×L 54.07 ± 2.62 56.91 ± 2.55

Aspartate aminotransferase
(AST) activity in blood serum, mM/h×L 226.70 ± 10.22 265.60 ± 14.03 *
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Table 3. Cont.

Indices

Group and Number of Animals

Control
(Sham-Exposure), 7 Rats

Exposed to PbO-NP
Aerosol, 7 Rats

de Ritis coefficient (AST/ALT ratio) 4.22 ± 0.20 4.72 ± 0.31

Total bilirubin in blood serum, μmol/L 1.46 ± 0.14 1.21 ± 0.11

Glucose in blood serum, mmol/L 0.39 ± 0.22 0.54 ± 0.16

Thiol groups (SH-groups), mmol/L 0.37 ± 0.02 0.37 ± 0.02

Gamma-glutamyl transpeptidase (GGTP) in blood
serum, U/L 4.83 ± 0.25 3.97 ± 0.19 *

Urea in blood serum, mmol/L 7.27 ± 0.49 6.91 ± 0.45

Uric acid in blood serum, μmol/L 92.57 ± 5.97 91.57 ± 6.52

Alkaline phosphatase in blood serum, nmol/(s×L) 198.80 ± 23.43 190.00 ± 20.32

Catalase in blood serum, μmol/L 0.67 ± 0.01 0.65 ± 0.01

Reduced glutathione in the blood hemolysate, μmol/L 35.33 ± 3.11 33.41 ± 3.47

Ceruloplasmin in blood serum, mg/% 123.03 ± 7.22 127.58 ± 6.06

Malonyl dialdehyde (MDA) in blood serum, μmol/L 3.71 ± 0.14 3.98 ± 0.18

Lactate dehydrogenase (LDH), U/L 2590.00 ± 177.21 3171.43 ± 129.31 *

Amilase in blood serum, U/L 3443.71 ± 218.91 4148.83 ± 362.11

Total Ca in blood serum, mmol/L 2.75 ± 0.02 2.75 ± 0.03

Endothelin-1, pg/mL 26.11 ± 2.72 25.62 ± 1.15

Myoglobin, ng/mL 67.35 ± 9.02 35.51 ± 16.39

Troponin, ng/mL 0.059 ± 0.052 0.105 ± 0.103

Natriuretic peptide, pg/mL 1.09 ± 0.08 1.24 ± 0.15

Vascular endothelial growth factor (VEGF), 106 U/mL 3.64 ± 0.69 5.51 ± 2.29

Urinary biomarkers

Diuresis, mL 40.36 ± 2.29 38.17 ± 2.77

Urine specific gravity, g/mL 1.012 ± 0.001 1.010 ± 0.000 *

Urine pH 6.91 ± 0.06 6.63 ± 0.11 *

Protein in urine, g/L 104.43 ± 5.31 123.63 ± 12.36

Total coproporphyrin in urine, μmol 71.28 ± 27.58 120.86 ± 49.59

δ-aminolevulinic acid (ALA) in urine, μg/mL 5.65 ± 0.86 13.97 ± 1.25 *

Urea in urine, mmol/L 115.19 ± 6.63 132.53 ± 7.37

Uric acid in urine, μmol/L 1.55 ± 0.88 9.17 ± 4.93

Creatinine in blood serum, μmol/L 58.60 ± 1.84 56.87 ± 2.98

Creatinine in urine, μmol/L 0.71 ± 0.03 0.93 ± 0.10 *

Endogenous creatinine clearance 0.50 ± 0.04 0.59 ± 0.04

*—values statistically significantly different from the corresponding values of the control group (p ≤ 0.05 by
Student’s t-test).

Note, first of all, that body mass reduction, which was observed in the sham-exposed group as
well, was not enhanced by lead exposure. This reduction was likely to be an immediate consequence
of the subacute stress caused by immobilization at the beginning of the experiment when the rats were
not yet sufficiently well adapted to it. Incidentally, we did not observe this effect during months of
exposure in the same setup in three different experiments involving other NP species [6–8].
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The masses of the internal organs (both absolute and related to body mass) did not differ
statistically significantly from the control values. However, still, these indices were noticeably, even
if not significant statistically, increased for lungs, the first target organ for inhaled nanoparticles; for
kidneys, the main organ eliminating lead from the blood, which is well-known to suffer damage under
lead intoxication (e.g., [17–19]); and for heart, whose electrocardiogram (ECG) signs of impairment
will be described below.

The shift in the balance between the processes of excitation and inhibition in the central nervous
system (CNS) toward inhibition is evidenced by a statistically significant increase in the index of
temporal summation of sub-threshold impulses. Although none of the three behavior indices that
we recorded was statistically significantly different from the control values, still, the unidirectional
increase in these indices (number of head-dips into holes, number of crossed squares, total number of
movements on the “open field”) suggests enhanced exploratory activity.

The impairment of the porphyrin metabolism, which is specific to lead toxicodynamics, manifested
itself in a more than twofold and statistically significant increase in the concentration of δ-aminolevulinic
acid (δ-ALA) in urine, which is one of the early signs of lead poisoning. Typical of it is also an increased
concentration of coproporphyrin in urine, which in this study was noticeable, even if statistically not
significant. As is known, such impairment is a prerequisite to hem synthesis suppression; however,
in this experiment, it did not reach a clearly detectable level, since neither the whole blood nor
erythrocyte hemoglobin content was decreased at all. Lead anemia did not develop contrary to
expectations judging also by no reduction in the erythrocyte count; however, already there was an
appreciable and statistically significant compensatory enhancement of erythropoiesis which manifested
itself as a considerable increase in the proportion of reticulocytes, another one of the most sensitive
effects of lead intoxication.

It should be noted also that the number of micronuclei in the polychromatophilic erythrocytes
of the bone marrow was more than doubled. Although this shift was not statistically significant,
it is noteworthy since we practically always discover a systemic genotoxic effect under exposure
to various metal oxide nanoparticles judging by increased DNA fragmentation coefficient, which is
another informative genotoxicity index. For instance, it was significantly increased under subchronic
intoxication caused by repeated intraperitoneal injections of PbO-NPs [9].

Turning back to the hematological features of lead intoxication, only some of the white blood
indices revealed a noticeable, although statistically insignificant increase. These shifts are also
noteworthy because they are fairly typical of experimental lead intoxications and, in some studies,
were even more substantial than in the present one and statistically significant at that (e.g., [20–24]).

Proceeding now to the blood serum, note that the total protein and protein fractions in it were
not different from the control value. At the same time, some biochemical indices point to damage to
hepatocytes, which, as is well known, may show itself not only as enzyme biosynthesis inhibition
(which manifested itself as a statistically significant decrease in the serum activity of γ-glutamyl
transpeptidase and an insignificant decrease in the activity of alkaline phosphatase) but also as
enhanced enzyme release (which led to an increased serum activity of aminotransferases, lactate
dehydrogenase, and amilase). As can be seen in Table 3, some of these shifts are statistically significant.

The small increase in the kidney mass, although statistically insignificant, may assumingly be
associated with nephrotoxicity, which is lead’s other highly characteristic feature [17–19]. We can
interpret in the same way both the increased protein content of the urine and the statistically
significant, albeit small decrease in urine’s specific density (despite a somewhat lower volume of
diuresis) and significantly increased creatinine content (while the creatinine content of the blood
serum was not changed). The δ-ALA content of the urine was increased statistically significantly
and much higher than in the blood serum. Note that such combination of signs of damage to both
tubular epithelium and Malpighian glomeruli (confirmed morphologically) had been observed under
subchronic intraperitoneal exposure to PbO-NP [9].
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The indices of calcium, myoglobin, troponin, natriuretic peptide, endothelin-1, and vascular
endothelial growth factor (VEGF) content of the blood serum were studied as markers of a
possible vasocardiotoxic effect of lead intoxication discussed below, but none of them revealed
any substantial shift.

The data in Table 4 provide evidence that the lead exposure caused interrelated, although
statistically insignificant, hemodynamic changes in the rat tail measured post exposure. All the three
blood pressure levels (systolic, diastolic, and mean) were elevated compared with the control values.
The natural assumption that this arterial hypertension was caused by increased systemic resistance
to blood flow is in agreement with the decelerated blood flow and decreased blood volume. It is
important to note that we had also discovered that all these shifts under subchronic intoxication were
caused by intraperitoneal injections of lead acetate [24] but, to the best of our knowledge, nobody had
previously estimated hemodynamic parameters under PbO-NP exposure of any kind.

Table 4. Some hemodynamic indices of rats after repeated inhalation of lead oxide nanoparticles
(x ± s.e.).

Groups and Number of Animal Control (Sham-Exposure), 7 Rats
Exposed to PbO-NP

Aerosol, 7 Rats

Systolic blood pressure, mmHg 128.32 ± 3.38 135.26 ± 6.09

Diastolic blood pressure, mmHg 91.20 ± 2.63 98.31 ± 4.86

Mean blood pressure, mmHg 103.19 ± 2.86 110.25 ± 5.22

Heart rate, bpm 335.77 ± 7.15 338.85 ± 7.80

Blood flow in the tail, μL/min 32.70 ± 3.07 29.27 ± 1.84

Tail blood volume, μL 122.90 ± 12.12 108.60 ± 7.97

It should be noted that many of the epidemiological studies have provided evidence of
a cause–response relationship between human exposure to lead and the prevalence of arterial
hypertension [25–29]. Animal experiments have also been performed, seeking mainly to identify the
possible mechanisms of lead-induced hypertension [30–34]. However, the author of a relatively recent
overview [35] concluded that “in an occupational setting, the effect of lead exposure on blood pressure
remains controversial”. In this context, it is to be recalled that the air inhaled by metallurgy workers is
contaminated with lead in aerosol form, containing a considerable fraction of nanoparticles (see the
Introduction). Therefore, the evidence obtained by us for the first time ever that even a very moderate
intoxication caused by exposure to PbO nanoaerosol provokes shifts of a hypertensive type cannot
be ignored.

Table 5 presents ECG analysis results obtained in two standard leads, and it is worthwhile
to compare them with the data of our ECG study under subchronic lead acetate intoxication [24].
Whereas in the latter we observed elongation of the majority of the interwave intervals pointing to
the slowing of the heart rate, in the current experiment, changes in the ECG intervals in the absence
of bradycardia were of different types, with the only shift that was statistically significant being
of opposite sign (QRS shortening). The statistically significant increase of the P and T amplitudes
discovered in both ECG leads in this experiment was not observed in the previous experiment with
lead acetate. At the same time, both studies had a common feature, a lowered isoelectric ECG line
in the second lead, which can point to some impairment of the myocardium or, at least, metabolic
disturbances in it. Such disturbances were indeed revealed in the hearts of rats suffering subchronic
lead intoxication [24].
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Table 5. Electrocardiogram (ECG) readings in rats after repeated inhalation of lead oxide nanoparticles
(x ± s.e.).

Indices

Control (Sham-Exposure), 7 Rats,
Exposed to PbO-NP

Aerosol, 7 Rats

ECG in the 1st
Lead

ECG in the 2nd
Lead

ECG in the 1st
Lead

ECG in the 2nd
Lead

Intervals, msec

RR 161.25 ± 3.75 166.22 ± 3.54 167.27 ± 3.82 162.31 ± 3.71

PQ 45.33 ± 1.56 45.23 ± 1.01 45.20 ± 1.07 46.70 ± 1.10

QRS 33.31 ± 3.02 22.83 ± 0.88 25.58 ± 0.80 * 21.75 ± 0.62

QT 61.12 ± 1.70 70.88 ± 1.70 65.48 ± 2.38 72.56 ± 1.70

QT corrected using
Basett’s formula. 152.49 ± 2.86 174.46 ± 3.72 161.29 ± 6.82 180.63 ± 4.30

QT corrected using
Friderica’s formula 112.41 ± 2.41 129.18 ± 2.79 119.36 ± 4.77 133.26 ± 3.08

P duration 15.55 ± 0.29 15.89 ± 0.76 15.98 ± 0.41 17.19 ± 1.33

Amplitudes, mV

Isoelectric line −0.02 ± 0.00 −0.06 ± 0.00 −0.03 ± 0.00 −0.08 ± 0.00 *

P 0.03 ± 0.00 0.09 ± 0.01 0.05 ± 0.01 * 0.11 ± 0.01 *

Q −0.0005 ± 0.0006 −0.0008 ± 0.0006 −0.0003 ± 0.0004 −0.0035 ± 0.0016

R 0.27 ± 0.06 0.44 ± 0.03 0.28 ± 0.05 0.50 ± 0.06

S −0.05 ± 0.02 −0.05 ± 0.03 −0.03 ± 0.01 −0.09 ± 0.03

QRS 0.22 ± 0.06 0.39 ± 0.05 0.25 ± 0.05 0.41 ± 0.06

T 0.03 ± 0.01 0.14 ± 0.02 0.08 ± 0.01 * 0.21 ± 0.02 *

*—values statistically significantly different from the corresponding values of the control group (p ≤ 0.05 by
Student’s t-test).

Transmission electron microscopy of the lung tissue revealed nanoparticles in the cytoplasm of
type 1 and type 2 alveolocytes (Figures 1 and 2).

Figure 1. Panel (A)—nanoparticles (shown by arrows) in alveolocytes of type 1 (TEM, magnification
×51,640) in rat lungs from the exposed group. Panel (B)—alveolocytes of type 1 (TEM, magnification
×16,480) in rat lungs from the control (sham-exposed) group.
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Figure 2. Panel (A)—nanoparticles (shown by red arrows) in alveolocytes of type 2 (TEM, magnification
×50,580) in rat lungs from the exposed group. Panel (B)—alveolocytes of type 2 (TEM, magnification
×9000) in rat lungs from the control (sham-exposed) group.

Electron microscopy of the olfactory region of the brain showed cytoplasmic vacuolization of
neurons, numerous nanoparticles in the neurons’ bodies (Figure 3), and pronounced demyelinization
of axon membranes (Figure 4).

Figure 3. Panel (A)—a neuron body with numerous nanoparticles (shown by red arrows) and vacuolized
cytoplasm (shown by a red asterisk); TEM, magnification ×41,950; Panel (B)—non-damaged neuron bodies
in the olfactory region of a rat brain from the control (sham-exposed) group; TEM, magnification ×10,410.

Figure 4. Panel (A)—an axon with signs of membrane demyelinization (shown by red arrows)
in the olfactory region of a rat brain from the exposed group; TEM, magnification ×20,050.
Panel (B)—non-damaged axon myelin sheath in the olfactory region of a rat brain from the control
(sham-exposed) group; TEM, magnification ×24,680.
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The mechanism underlying the penetration of inhaled nanoparticles into the brain neurons was
mentioned in the Introduction. We should just emphasize that such penetration is also associated with
some ultra-structural changes in the brain tissue. It can be assumed that the somewhat controversial
shifts in the CNS functional indices that we discussed above are connected not only and even not
so much with systemic lead intoxication as with a direct effect of cytotoxic nanoparticles on the
brain structures. In this connection, we should recall the key role of the sense of smell in animal
behavior control.

3. Materials and Methods

Airborne Pb-NPs were obtained by sparking from 99.9999% pure lead rods with a diameter of
5.6 mm (supplied by “Giredmet Ltd.”—Moscow, Russia) using a Palas DNP-3000 generator set at
“Medium energy” regime with the current strength of 5 A and nitrogen flow of 8 L/min. Then, this
flow was being mixed with air (6 L/min) for cooling and for oxidizing Pb into PbO-NPs, which were
fed into a nose-only exposure tower (CH Technologies, Westwood, NJ, USA) with rats placed into
individual restrainers (Figure 5).

Figure 5. The nose-only inhalation setup (photographed without the door wings of the draught
cupboard) and a similar tower for the sham exposure of the control group.

A setup of the same design obtained from the same supplier was used for a sham exposure of
control rats. Particles collected on filters and inspected under a scanning electron microscope (SEM)
had a spherical shape and either were singlets or formed small aggregates (Figure 6). The latter,
if compact, were measured as one particle. Even so, the particle size distribution (Figure 7) proved
fairly clean-cut and restricted to the nanometric range with a mean (± s.d.) diameter of 36 ± 4 nm.
The chemical composition of particles sampled on the filters was confirmed by Raman spectroscopy to
be PbO (the obtained spectrum had two characteristic peaks at wavelengths 82 cm−1 and 147 cm−1

which, according to [36] correspond to PbO).

168



Int. J. Mol. Sci. 2020, 21, 690

Figure 6. Nanoparticles retained by the Whatman Anodisc membrane filter (mesh diameter 20 nm) of
the inhalation setup. SEM, magnification ×100,000.

Figure 7. Particle or particle aggregate size normal distribution function (red curve) obtained by
statistical processing of 360 measured SEM images of particles accumulated on a polycarbonate filter
from the exposed rats’ breathing zone.

Our experiment was carried out on outbred white female rats from our own breeding colony with
the initial body weight of 252 ± 1.5 g in the NP-exposed 14 rats and 251 ± 2.2 g in the sham-exposed
14 rats. All these rats were housed in conventional conditions, breathed unfiltered air, and were
fed standard balanced food. The experiments were planned and implemented in accordance with
the “International guiding principles for biomedical research involving animals” developed by the
Council for International Organizations of Medical Sciences (1985) and were approved by the Ethics
Committee of the Ekaterinburg Medical Research Center for Prophylaxis and Health Protection in
Industrial Workers.

After a preliminary training, the rats were exposed or sham-exposed for 4 h a day, 5 times during
one working week. Along with each single exposure, a sample of airborne nanoparticles was collected
on an acetyl cellulose fine fiber filter attached to the inhalation setup instead of a rat’s nose while
monitoring the volume velocity of air drawn through the filter. Each daily filter was being sampled
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during 4 hr in parallel with exposure of rats. The mass of Pb retained on it was determined with an
atomic absorption spectrometer, ContrAA 700 (Analytic Jena A, Jena, Germany), and translated into
the mass of PbO and then into its air concentration as mg/m3, which proved to be equal to 1.30 ±
0.10 mg/m3 (The OSHA Permissible Exposure Limit for Pb as well as the respective Russian national
standard is 50 μg/m3 averaged over an 8-h period which corresponds to 54 μg PbO/m3. For the 4 h
exposure, the equivalent level would be 108 μg/m3. We chose a one order of magnitude higher level to
presumably ensure some toxicity outcomes, a short total exposure period notwithstanding).

The mass deposition of inhaled particles in the lower airways can be estimated only very roughly
because this estimation is based on physiological parameters that are rather uncertain:

(1) The rat’s minute respiratory ventilation as assessed experimentally by different authors varies
between 78 mL [37] and 210 mL [38].

The so-called multi-path particle dosimetry (MPPD) model for rats used in [39] assumes the
breathing frequency to be equal to 102 min−1 and tidal volume to be 2.1 mL. It gives minute
ventilation, 214 mL, which almost exactly corresponds to the above given highest experimental
value and thus seems to be an extreme estimate. In our previous inhalation studies with iron
oxide [6], silica [40], and nickel oxide [41] nanoparticles, we calculated particle deposition based
on the minute ventilation value of 100 mL, which is close to the median of the above experimental
range but of course somewhat arbitrary.

(2) The pulmonary deposition fraction of inhaled NPs may be estimated to be equal to 0.52, which is
close to the lowest of the differently substantiated assessments given by [42] but much higher as
compared with 0.124, which value is assumed to be the alveolar region deposition fraction for
20 nm particles according to the same MPPD model.

Thus, the pulmonary PbO-NP deposition per each single exposure may be tentatively estimated
as mean NP concentration in the inhaled air, mg/m3 ×minute respiratory ventilation, mL × exposure
time, min ×mL to m3 ratio ×mcg to mg ratio × deposited fraction = 1.30 × 100 × 240 × 10−6 × 103 ×
0.52 = 16.2 mcg.

After the end of the exposure week, the following procedures were performed for all rats:

(1) weighing of the body;
(2) estimation of the CNS ability to evoke temporal summation of sub-threshold impulses (a variant of

the withdrawal reflex and its facilitation by repeated electrical stimulations in an intact, conscious
rat) [9,19,43–45];

(3) recording of the number of head-dips into the holes of a hole-board (which is a simple but
informative index of exploratory activity frequently used for studying the behavioral effects of
toxicants and drugs) (e.g., [9,19,44–47]);

(4) collection of daily urine (from rats put into metabolic cages) for analysis of protein, urine specific
gravity, pH, urea, uric acid, total coproporphyrin, and δ-aminolevulinic acid (δ-ALA);

(5) bronchoalveolar lavage to obtain fluid (BALF) for cytological and biochemical characterization.

Bronchoalveolar lavage was carried out 24 h after the last inhalation exposure. A cannula
connected to a Luer’s syringe containing 10 mL of normal saline was inserted into the surgically
prepared trachea of a rat under hexenal anaesthesia. The fluid entered the lungs slowly under the
gravity of the piston, with the animal and syringe positioned vertically. Then, the rat and the syringe
were turned 180◦, and the fluid flowed back into the syringe. The extracted BALF was poured into
siliconized refrigerated tubes. An aliquot sample of the BALF was drawn into a white blood cells
(WBC) count pipette together with 3% acetic acid and methylene blue. Cell count was performed in a
standard hemocytometer (the so-called Goryayev’s Chamber). For cytological examination, the BALF
was centrifuged for 4 min at 1000 rpm; then, the fluid was decanted, and the sediment was used for
preparing smears on two microscope slides. After air drying, the smears were fixed with methyl alcohol
and stained with azure eosin. The smears were microscoped with immersion at a magnification of
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×1000. The differential count for determining the percentage of alveolar macrophages (AM), neutrophil
leucocytes (NL), and other cells counted together was conducted up to a total number of 100 cells.
Allowing for the number of cells in the BALF, these percentages were recalculated in terms of absolute
AM and NL counts.

Seven out of 14 not rats not subjected to that lavage in both exposed and sham-exposed groups
were killed by cervical dislocation under ether anesthesia. The liver, spleen, kidneys, heart, lungs,
and brain were weighed. Blood was collected from the tail vein under ether anesthesia at the end
of the experiment. The biochemical indices determined in the blood included total serum protein,
albumin, globulin, alanine and aspartate transaminases (ALT, AST), bilirubin, catalase, glutathione,
ceruloplasmin, malondialdehyde (MDA), lactate dehydrogenase (LDH), alkaline phosphatase, amilase,
glucose, thiol groups (SH-groups), gamma-glutamyl transpeptidase (GGTP), urea, acid, calcium,
myoglobin, troponin, natriuretic peptide, endothelin-1, and vascular endothelial growth factor (VEGF).

For determining the hemoglobin content, hematocrit, thrombocrit, mean erythrocyte
volume, and for counting a red blood cells (RBC), WBC, and thrombocytes, we used a
MYTHIC-18 auto-hematology analyzer (C2 Diagnostic, Montperllier, France). Reticulocyte percentage
was counted on smears under optical microscopy after supravital staining with brilliant cresyl blue.
The number of micronucleus in the polychromatophilic erythrocytes of the bone marrow was counted
in smears under optical microscopy after fixing in methanol and staining by Pappenheim’s stain.

All the clinical laboratory blood and urine tests with the exception of the specially considered
ones were performed using the well-known techniques described in many manuals (e.g., [48]).
Before performing euthanasia, we measured the heart rate, arterial pressure, blood flow rate, and blood
volume in the rat tails using the noninvasive blood pressure system CODA-HT8 (Kent Scientific,
Torrington, CT, USA) and recorded electrocardiograms (ECG) in the first and second leads with
programmed analysis using the ecgTUNNEL system (emka TECHNOLOGIES, Paris, France).

In addition, the pulmonary and brain accumulation of NPs and the ultrastructure of respective
tissues were visualized by means of transmission electron microscopy (TEM). To this end, pieces
of an organ were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in a cacodylate buffer
with 5% sucrose at pH 7.3, post-fixed in 1% osmium tetroxide, contrasted with uranyl acetate en
bloc, and embedded in epoxy resin (Spurr). This sample preparation procedure was carried out in a
microwave tissue processor, HISTOS REM (Milestone, Milan, Italy). Semi-thin (900 nm thick) sections
of epoxy blocks were stained in toluidine blue with the addition of 1% borax and examined under the
optical microscope for choosing a site for TEM. The 60 nm ultrathin sections of this site obtained with
the help an ultramicrotome (Power Tome, RMC, Tucson, AZ, USA) were contrasted with uranyl acetate
and lead citrate. Grid-mounted sections were investigated in an electron microscope, AURIGA (Carl
Zeiss; MT, Oberkochen, Germany) in the STEM mode in the range of magnifications 1200–200,006.

4. Conclusions

The experimental results and their discussion with reference to the literature data enable us
to argue that inhalation exposure to lead oxide nanoparticles associated with their retention in the
organism (olfactory brain included) demonstrated with TEM, led (even though the exposure level was
relatively low and was of short duration) to disturbances in the organism, some of which are specific to
lead intoxication (in particular, increase in reticulocytes proportion, in δ-ALA urine excretion, and signs
of arterial hypertension).
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Abstract: As the worldwide application of nanomaterials in commercial products increases every year,
various nanoparticles from industry might present possible risks to aquatic systems and human health.
Presently, there are many unknowns about the toxic effects of nanomaterials, especially because the
unique physicochemical properties of nanomaterials affect functional and toxic reactions. In our research,
we sought to identify the targets and mechanisms for the deleterious effects of two different sizes (~10 and
~50 nm) of amine-modified silver nanoparticles (AgNPs) in a zebrafish embryo model. Fluorescently
labeled AgNPs were taken up into embryos via the chorion. The larger-sized AgNPs (LAS) were
distributed throughout developing zebrafish tissues to a greater extent than small-sized AgNPs (SAS),
which led to an enlarged chorion pore size. Time-course survivorship revealed dose- and particle
size-responsive effects, and consequently triggered abnormal phenotypes. LAS exposure led to lysosomal
activity changes and higher number of apoptotic cells distributed among the developmental organs
of the zebrafish embryo. Overall, AgNPs of ~50 nm in diameter exhibited different behavior from the
~10-nm-diameter AgNPs. The specific toxic effects caused by these differences in nanoscale particle size
may result from the different mechanisms, which remain to be further investigated in a follow-up study.

Keywords: zebrafish embryos; acute toxicity; silver nanoparticles; chorion pore size; lysosomal
activity; apoptosis
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1. Introduction

The rapid development of nanotechnology has stimulated the use of nanomaterials in various
fields, including medical imaging, new drug delivery technologies and a variety of industrial
products [1]. According to the survey of “The Community Research and Development Information
Service, CORDIS” [2], the global market for nanomaterials is estimated at approximately 11 million
tons/year with a market value of EUR 20 billion and growing. Among them, AgNPs are the most
widely used nanoparticles (NPs) in consumer applications and account for approximately 24% of the
commercial products [3]. Due to their superior antimicrobial activity, AgNPs are used in medical
products such as catheters, implants and other materials to prevent infection [4,5]. In addition, AgNPs
are frequently used in clothing, the food industry, paints, household products and other fields [6–8].
Although AgNPs are widely used, exposure to humans and their release into the environment and
accumulation in aquatic ecosystems has become a concern [9,10]. Nevertheless, the comprehensive
biological and toxicological effects of AgNPs in humans and the environment has still not been studied
in detail compared to their commercialization in various consumer and medical products [11]. Thus,
it is important to analyze the effects of AgNPs on ecological systems as well as human health.

The toxicity of AgNPs has been investigated using a variety of model systems from mammalian
cell lines to aquatic organisms and rodent species [12–14]. Despite the enormous amount of published
research, the understanding of the mechanism of action is still hindered by the variability of
the NP characteristics used in the different studies. These differences include the size, coating,
surface interaction, contact time, bioaccumulation and transformation under realistic environmental
conditions [15,16]. These factors may change the toxicity profile and the interpretation of the results [15].
Specifically, the toxicity of AgNPs in most living organisms is size- and coating-dependent. Particle size
determines and influences the way that AgNPs enter cells and their toxic effects on organisms [17,18].
It has also been reported that AgNPs coated with sodium citrate were more toxic than those coated with
polyvinylpyrrolidone [19,20]. Regarding the size-dependent toxicity, Gliga et al. reported that small
AgNPs have faster rates of Ag dissolution and higher cytotoxic potential than large AgNPs in a human
lung epithelial cell model [21]. Nonetheless, Kim et al. showed greater cytotoxicity of 100-nm-sized
AgNPs compared to smaller-sized particles (10 and 50 nm) in MC3T3-E1 and PC12 cells [22]. Conflicting
observations have also been reported by using zebrafish embryos as the testing model. Kim and
Tanguay indicated that the smaller 20 nm AgNPs were more toxic than the larger 110 nm AgNPs,
regardless of the presence of the embryo chorion and test media [23]. In contrast, when compared
with smaller AgNPs (13.1 ± 2.5 nm), larger AgNPs (97 ± 13 nm) incite more striking size-, stage-,
and dose-dependent toxic effects of AgNPs upon embryonic development [24–26]. Thus, a debate
persists regarding the size-dependent toxic effects and underlying mechanisms triggered by AgNPs.

The zebrafish (Danio rerio) embryo (ZFE) test is an appealing in vivo model to assess the hazards
of both conventional chemicals and NPs in (eco)toxicology [27–31]. The ZFE, as a vertebrate model
species, combines the advantages of rapid development and optical transparency, allowing for easy
observations of phenotypic responses in the internal organs, including the brain, jaw, eye, heart,
yolk sac, trunk, tail, and so on [23]. In addition, it has been considered an alternative testing model to
animals, allowing for the observation of lethal, acute, and sublethal toxicological endpoints [32,33].
In addition, massive amounts of ZFEs can be generated rapidly at a very low cost, permitting them to
serve as a high-throughput in vivo assay for the study of developmental processes upon exposure
to nanomaterials [24,25]. To estimate the toxic potency of AgNPs, the uptake of metals by ZFEs and
the underlying kinetic processes may play a pivotal role [24]. It is expected that the distribution of
metal-based nanoparticles follows a temporal and spatial pattern [32,34], whereas little is known about
the association of NPs and ZFEs with regard to the quantification of the internalized amounts and the
visualization of particle distribution around the embryo. Basically, the chorion is considered to be a
barrier to the entry of NPs into zebrafish embryos [35,36]. Although the pore size of chorion canals
(approximately 0.6–0.7 μm) is larger than the size of the NPs, the effect of the chorion on NP transport
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and subsequent biological toxicity may become complicated when NPs agglomerate or interact with
chorion surface proteins.

Single types of in vitro cell culture assays are widely used to study the cytotoxic effects of
nanomaterials, which can overlook vital and specific cell−cell interactions [37]. We previously
demonstrated that AgNPs can be taken into fibroblast cells through endocytosis. The internalized
AgNPs eventually accumulated in lysosomes or autophagosomes. The mechanisms of AgNP-induced
autophagy dysregulation could be mediated by activation of oxidative stress and endoplasmic reticulum
(ER) stress signaling pathways [37–39]. When compared with cell culture models, the ZFE test can
simultaneously study the effects of NPs on a wide variety of cells and detect all related pathways,
including oxidative and ER stress, involvement of apoptotic pathways and disruption of autophagy
regulatory signaling in developing embryos. Most impressively, toxicological outcomes obtained from
zebrafish and/or their embryos may be extrapolated to human biology because of their 70% of DNA
similarity to humans [40,41].

The objective of the present study was to explore the toxic effects and mechanisms of AgNPs
at the organismal and cellular levels by using the ZFE model system. To perform exposure studies,
we selected AgNPs of two different sizes (10 and 50 nm) with amine surface modifications prepared
using the same synthetic pathway. The specific focuses of our study were designed to assess (1) the effect
of the chorion on AgNP transportation, (2) size-dependent mortality and lethal dose, (3) morphological
defects of the embryos through the early developing stage, and (4) oxidative stress, apoptosis and
autophagy-related lysosomal activity through in vivo monitoring of specific biomarkers in embryonic
tissues. Our results showed that larger-sized (50 nm) AgNPs can transport and distribute into embryos
more efficiently than smaller (10 nm) AgNPs, leading to severe developmental toxicity by inducing
ROS-mediated stress responses. These findings are essential for a better understanding of AgNPs in
aquatic ecosystems and provide important underlying mechanisms for ecological risk assessments of
AgNPs and other nanoparticles.

2. Results

2.1. AgNP Properties

Two different sizes of amine-modified AgNPs were used to investigate the toxic effects on zebrafish
embryos. The physicochemical characteristics of the small and large AgNPs were fully characterized
with respedt to their size, morphology, surface charge and composition, as summarized in Figure 1.
Transmission electron microscopy (TEM) images indicated that the AgNPs appeared mostly spherical
with a mean pristine particle diameter of 13.04 ± 1.3 nm (SAS) or 52.3 ± 6.3 nm (LAS) (Figure 1A,B).
Dynamic light scattering (DLS) analysis of SAS (average 30.0 nm, Figure 1C) and LAS (average 55.6 nm,
Figure 1D) showed narrow peaks, indicating that the SAS and LAS both possessed a homogeneous
dispersion. The scanning TEM and electron dispersive X-ray (EDX) analyses revealed that except for
TEM-coated grid materials (carbon and copper), the SAS and LAS were composed of silver, which
indicates the high purity of the nanomaterials (Figure 1E,F). According to DLS, the hydrodynamic sizes
of the SAS and LAS were larger than in the dry state, which might be attributable to the aggregation
of some nanoparticles in solution, and the zeta potentials for both types of particles were positive in
water. We also measured the dispersity value; in general, the smaller the value of dispersity, the more
stable the nanosuspensions. In our results, the dispersities of SAS and LAS were 0.263 and 0.185,
indicating that the particles were stable following dispersion. In addition, the synthesized SAS and
LAS were analyzed using UV-vis absorbance spectrophotometry to confirm their properties. As shown
in Figure 1G, the maximum absorbance of the SAS was lower (399 nm) compared to the LAS at 430 nm.
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Figure 1. The physical-chemical properties of the SAS and LAS. (A,B) Transmission electron microscopy
(TEM) images of SAS and LAS. (C,D) The diameter and number distribution of SAS/LAS were
measured by dynamic light scattering. (E,F) The composition of SAS and LAS were analyzed via
energy-dispersive X-ray spectroscopy. (G) Measurement of physical-chemical properties, including
primary size, hydrodynamic diameter, dispersity, surface charges, chemical composition and maximum
absorption wavelength.

2.2. Distribution of the AgNPs in Developing Zebrafish Embryos

To investigate the distribution of AgNPs in zebrafish embryos, we used rhodamine B isothiocyanate
(R6G)-conjugated SAS and LAS to provide dynamic imaging of zebrafish embryos. Figure 2A indicates
that R6G-SAS accumulated in the outer layer of the chorion of the zebrafish embryos at 24 hpf
and 48 hpf. Conversely, the LAS-exposed group tended to penetrate into the zebrafish embryo
at 48 hpf (Figure 2B). To demonstrate whether AgNPs can penetrate into the zebrafish embryo,
zebrafish embryos were exposed to SAS and LAS at different concentrations at 24, 72, and 96 hpf.
Atomic absorption spectroscopy (AAS) was employed to quantify SAS and LAS (Figure 2C–E) in the
zebrafish. The embryos exposed to SAS and LAS significantly increased AgNPs accumulative levels.
Interestingly, accumulation of LAS was significantly higher than SAS. At 72 hpf, the accumulative
AgNPs dramatically dropped to 0.018 (SAS 1 μg/mL), 0.03 (SAS 1 μg/mL), 0.15 (SAS10 μg/mL) and
1.69 (LAS 10 μg/mL) due to dechorionation upon embryos hatching. The zebrafish embryos exposed
to SAS and LAS showed a concentration-dependent increase, but there was more silver ion content in
the zebrafish body after exposure to LAS.
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Figure 2. The metal accumulation of SAS and LAS. Zebrafish embryo were exposed to 1, 10 μg/mL
R6G conjugated (A) SAS (B) LAS at 24–48 hpf. Red fluorescence signals represent deposition of
AgNPs. The retention of silver in embryos at (C) 24, (D) 72, (E) 96 hpf. The level of silver ion was
detected by atomic absorption spectrophotometer analyses. The experiment was performed thrice
using 30 embryos each. The values are presented as the mean ± SEM. Values significantly different
from the control are indicated by asterisks (one-way ANOVA, followed by a t-test: * p < 0.05, ** p < 0.01,
*** p < 0.001 and **** p < 0.0001). The significantly difference between SAS and LAS are indicated by
pound sign (one-way ANOVA, followed by a t-test ### p < 0.001). The significantly difference between
LAS 1 μg/mL and LAS 10 μg/mL groups are indicated by the at sign (one-way ANOVA, followed by a
t-test @@@@ p < 0.0001).

2.3. Evaluation of Zebrafish Chorion Pore Size after Exposure to Different Sizes of AgNPs

The chorion protects the embryo and is the first barrier to come into contact with the SAS and
LAS upon exposure. Using scanning electron microscopy (SEM), we observed that the inner layer
of the chorion appeared to have evenly sized pores and a smoother surface in the control group.
Both the SAS and LAS groups showed agglomerates around the inner membrane. By amplifying the
LAS group, we could more clearly observe the granular agglomerates around the inner membrane
pores (Figure 3A). In addition, we used backscattered electrons (BSE) to analyze the differences in the
sample surface composition and to observe the accumulation of LAS in the outer or inner layers of the
zebrafish embryo. As shown in Figure 3B,C, there was significant LAS accumulation in the inner or
outer layer of the chorion. Interestingly, only exposure of LAS revealed an enlarged pore size in the
chorion inner layer (Figure 3D). In the results of the pore size measurement, SAS exposure did not
increase the pore size of the chorion compared to the control group, and its pore size was 0.78 μm.
Instead, LAS exposure enlarged the pore size of the chorion (0.94 μm). The pores of the chorion are
necessary for oxygen and nutrient transportation from the outer aquatic environment to the embryo
and for the elimination of waste. However, AgNPs may interfere with the material exchange between
the inner and outer layers of the chorion, resulting in toxic effects to zebrafish embryos.
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Figure 3. The chorion inner/outer membrane of SAS/LAS-treated zebrafish embryos. Zebrafish embryos
were observed via SEM after exposure to (A) 10 μg/mL SAS and LAS at 48 hpf. The backscattered
electrons of the (B) outer layer and (C) inner layer membrane. The white dots indicate the accumulation
of LAS. (D) The diameter of the chorion inner membrane pores was approximately 0.77 μm for the
control, 0.78 μm for SAS and 0.94 μm for LAS.

2.4. Identifying the Effects of Different Sizes of AgNPs on Embryo Mortality and Morphological Abnormalities

According to previous studies, the particle size and surface area correlated with NP-induced toxic
effects and interactions with living organisms. Therefore, we determined the effects of particle size
on mortality and developmental toxicity. The mortality of the AgNP-treated zebrafish embryos is
demonstrated in Figure 4A,B. The embryos were exposed to 0, 0.05, 0.1, 0.5, 0.75, 1, 10, and 100 μg/mL
SAS or LAS and the cumulative mortality was recorded at 24, 48, 72, 96, and 120 hpf. SAS and LAS
dose-dependently decreased the survival rate. The lethal concentration 50 (LC50) of the SAS and LAS
showed similar results (Figure 4C). Compared with the SAS groups, the mortality of LAS was higher
than that of SAS. To investigate developmental toxicity, we observed body length, head-trunk angle
and malformation. The body length and head-trunk angle are important indices of developmental
toxicity. We exposed the embryos with AgNPs both in deionized water (Figure 5A,B) and E3 medium
(Figure 5C,D), a medium usually applied to developmental study, and the results demonstrated that
LAS suspended in deionized water significantly decreased the body length (Figure 5A) and head-trunk
angle (Figure 5B), whereas SAS and LAS suspended in E3 medium elicit mild or none toxic effects on
body length and head trunk angle when compared with deionized water. Furthermore, SAS and LAS
increased the phenomena of malformations, such as pericardial edema (PE), yolk sac edema (YSE),
opaque yolk (OY), axial curvature (AC), and jaw (J) malformation (Figure 6A,B). The most commonly
observed malformations include notochord malformation, yolk edema, axis malformation, and heart
malformation. Quantification of the total specific malformation rate of LAS was higher than that
of SAS (Figure 6B). Taken together, both SAS and LAS resulted in zebrafish embryo developmental
toxicity, increased severe malformation phenotypes and stronger toxic effects were observed when
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embryos were exposed to concentrations of 10 and 100 μg/mL LAS and SAS. Moreover, LAS induced
more severe malformations than SAS.

 

Figure 4. The toxic effects of SAS/LAS. The mortality of embryos treated with 0, 0.05, 0.1, 0.5, 0.75, 1,
10, or 100 μg/mL (A) SAS or (B) LAS at 24, 48, 72, 96, 120 hpf. (C) LC50 of SAS/LAS-treated embryos.
The lower LC50 of LAS indicates that the toxicity of LAS is higher than that of SAS at 24, 48, 72, 96,
and 120 hpf. The LC50 of SAS/LAS was calculated by IBM SPSS 22 statistics. The mortality was
performed from 3 replicate trials using 30 embryos at each dose. Error bars present the SEM of the mean.

 

Figure 5. The developmental toxicity of zebrafish embryos. The developmental toxicity of SAS/LAS
suspension in deionized water (A,B) and suspension in E3 embryo medium (C,D) were evaluated via
body length and head-trunk angle. Zebrafish embryos were treated with SAS and LAS suspension in
deionized water (0, 0.05, 0.1, 0.5, 0.75, 1 μg/mL) and E3 medium (0, 0.75, 1, 3, 5, 10 μg/mL) for 72 hpf to
measure the body length and head-trunk angle. The values are presented as the mean ± SEM. Values
that are significantly different from the control are indicated by asterisks. (one-way ANOVA, followed
by a t-test: * p < 0.05, ** p < 0.01 and *** p < 0.001). LAS control versus exposed LAS groups). Values
that are significantly different between SAS and LAS is indicated by the pound sign (one-way ANOVA,
followed by a t-test: # p < 0.05, ## p < 0.01 and ### p < 0.001).
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2.5. Quantification of ROS Expression and Damage to the Intestines

Overproduction of ROS induces multiple adverse effects and activates various cellular toxic
pathways, including lipid and protein peroxidation, DNA damage, activation of autophagy and cell
death [42]. Evidence abounds that excessive ROS generation is an important mechanism induced
by metallic NPs [3]. Metallic NP-induced ROS are correlated with physicochemical properties, such
as particle size and shape [3]. However, the role of AgNP size on ROS production remains elusive.
Therefore, we next determined whether SAS and LAS caused different levels of ROS in zebrafish
embryos. As demonstrated in Figure 7A,B, the signals from ROS were mainly located in the intestines.
In addition, both SAS- and LAS-treated Tg(IFABP:dsRed) fish embryos induced excessive ROS, and LAS
induced higher ROS levels than SAS (Figure 7C,D). These results suggested that SAS and LAS increased
ROS levels in the intestines and that LAS triggered greater ROS generation than SAS.

 

Figure 6. Malformation of zebrafish embryos exposed to LAS and SAS. (A) The SAS/LAS-treated
embryos (0, 0.1, 1, 10 μg/mL) revealed different malformed phenotypes at 96 hpf. J, jaw malformation;
PE, pericardial edema; OY, opaque yolk; AC, axial curvature; Y, yolk sac edema; E, eye malformation.
(B) Quantification of the survival rate and specific malformation rate, including notochord malformation,
yolk edema, axis malformation, and heart malformation. The total malformation indicates the sum of
the specific malformation rate. The values are presented as the mean ± SEM.
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Figure 7. SAS/LAS induced excessive ROS in zebrafish embryos and damaged the intestinal region.
Transgenic zebrafish (Tg(IFABP;dsRed)) embryos were treated with 1 μg/mL of (A) SAS and (B) LAS
for observing the intestinal region and ROS production at 120 hpf. The ROS levels were analyzed
via DCFH-DA assay. GFP fluorescence signals indicate ROS. RFP fluorescence signals represent the
intestinal region. The white arrow indicates the excessive ROS in LAS group. ROS production of
(C) SAS- (D) LAS-treated groups (0, 0.1, 1, and 10 μg/mL) were quantified at 48, 72 and 120 hpf.
Quantification of ROS levels was performed with TissueQuest software. The values are presented as
the means ± SEM. Values that are significantly different from the control are indicated by asterisks
(one-way ANOVA, followed by a t-test: *, p< 0.05, control versus exposed groups. #, p< 0.05).

2.6. AgNP-Induced Zebrafish Embryo Lysosomal Activity and Apoptosis

The lysosome is a critical catabolic and anabolic mediator that can coordinate signals for the
degradation of cellular components and cellular stressors [3,43]. Among the multiple functions of the
lysosome, lysosomes are involved in the terminal degradation of organelles for autophagy. Therefore,
lysosomal activity alterations are tightly related to normal autophagy functions. Recently, several
studies have indicated that damaged lysosomes can be an emerging mechanism of nanotoxicity [44].
Therefore, we determined the effects of particle size on lysosomal activity and further conducted a
TUNEL assay to detect apoptosis and the main AgNP-induced development defects. To investigate
lysosomal activity, zebrafish embryos were treated with SAS and LAS until 48 hpf and were stained
with Lysosensor. The results indicated that both SAS and LAS increased lysosomal activity, especially
after the treatment with LAS at higher concentrations (Figure 8A,B). In addition, SAS and LAS
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increased TUNEL+ cells (Red) (Figure 8C,D). Most interestingly, the LAS caused a greater number of
TUNEL+-stained cells than the SAS in the notochord of zebrafish. Our results suggest that SAS and
LAS induced lysosomal activity as well as apoptosis in the stages of zebrafish development.

 

Figure 8. Effect of SAS/LAS on lysosomal activity and apoptosis. (A) 4 hpf zebrafish embryos were
treated with SAS, LAS (0, 1, 10 μg/mL) and stained by Lysosensor, at 48 hpf. The green color and arrows
represent upregulation of lysosomal activity. (B) The quantification of lysosensor fluorescence intensity
(C) The zebrafish embryos treated SAS/LAS (0, 1, 10 μg/mL) were conducted at 72 hpf. Dnase I is the
positive control of TUNEL assay. Red color represents apoptotic cell. Apoptotic cell mainly distributed
to axis, yolk sac and head region. The scale bars in top and bottom panel (TUNEL and Merge) and
middle panel (Enlarge) represents 100 μm and 200 μm respectively. (D) The quantification of TUNEL
fluorescence intensity. The values are presented as the mean ± SEM. Values that are significantly
different from the control are indicated by asterisks (one-way ANOVA, followed by a t-test: * p < 0.05
and ** p < 0.01).

3. Discussion

Nanotoxicology is an interdisciplinary field that must bridge both the complex physical and
chemical properties of nanoparticles and their interaction with biological systems. The extraordinary
properties of nanomaterials are primarily attributed to their nanoscale structure, size, and shape [43].
However, these good benefits may become a serious issue in the application of nanomaterials and
bring unknown safety considerations. In the present study, we explored and answered some questions
regarding different sizes of nanoparticle-induced nanotoxicity. To evaluate the size-dependent toxic
effects of AgNPs, many studies have recently observed the survival rate, malformation, hatching rate,
and heart rate of zebrafish embryos after exposure to AgNPs [11,45]. First, we analyzed the survival
rate of zebrafish embryos after exposure to SAS and LAS. The results of the LC50 calculated by the
statistical software indicated that the LAS have the potential to cause higher toxicity (Figure 4C). Most
studies have suggested that a smaller particle size creates a higher specific surface area, resulting in
increased bioavailability or surface activity of the particles, which in turn leads to increased toxicity [46].
However, some studies have indicated that a larger particle size is highly toxic to zebrafish embryos.
Tracking the distribution of AgNPs in zebrafish embryos, the larger-sized AgNPs (41.6 ± 9.1 nm) caused
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more chorion penetration through passive diffusion and Brownian motion than the smaller particle size
(11.6 ± 3.5 nm) [25,46]. Like the human gastric/intestinal mucosal barrier, the chorion offers effective
protection and acts as the first barrier against microorganisms, toxins, and other environmental stresses
during zebrafish embryo development. Previous studies have shown that nanoparticles may adhere
to mucins, causing an enlargement of the pore size with increased susceptibility to penetration from
microorganisms [47,48]. However, smaller, charged nanoparticles may be repelled by the hydrophilic
domains and will not be able to penetrate the mucosal layer [47,49,50]. Scanning electron microscopy
revealed that both the SAS and LAS passed through the pores into the zebrafish embryo and adhered
to the inner chorion (Figure 3A). Interestingly, the groups exposed to the LAS had more aggregation
in the inner membrane. The results of the BSE experiment also clearly indicated LAS accumulation
on the inner and outer layers of the chorion, and microorganisms were observed on both the inside
and outside of the chorion (Figure 3B,C). It is possible that we observed more adverse effects from the
LAS-exposed zebrafish embryos due to the enlarged pore size of the chorion, which resulted in the
penetration of microorganisms and caused infection or toxicity to zebrafish embryos by interfering with
the chorion protection. More interestingly, we found the increasing ROS level and lysosomal activity
in zebrafish embryo exposed to AgNPs (Figures 7 and 8A). Lysosome is the definitive antimicrobial
organelle [51]. It stands in a crucial position in host–pathogen interactions, by being both targeted by
pathogens and serving as a major mechanism for killing intracellular invaders [52]. Previous study
indicated that the change of lysosomal enzyme activity may control microbial invaders in infected
prawns [53]. The induction of ROS and lysosomal activity in zebrafish embryo could be attributed,
on one hand, by the increasing pore size caused by AgNPs, leading to decrease of the protection
against infection and consequent immune response. On the other hand, AgNPs may also interfere
with lysosomal pH and cause excessive ROS production and impair the antimicrobial capabilities of
zebrafish embryos.

Several studies have suggested that particle size strongly contributes to internalization and cell
responses [3,54]. In the present study, it is possible that the AgNPs of ~50 nm in diameter exhibit
both higher Ag deposition (Figure 2) and toxic effects than the AgNPs ~10 nm in diameter (Figure 4)
because the specific size of the nanoparticles may incite particular cellular responses. For example,
various studies have suggested that the highest cellular uptake occurs for nanoparticles that are
approximately 30-50 nm in size due to the membrane-wrapping process [1,55]. Thermodynamically,
particle sizes ranging between 30-50 nm are suitable for recruiting and binding to receptors, resulting
in the successful activation of membrane wrapping. In contrast, the small-sized nanoparticles exhibit
fewer interactions between the ligand and receptor. However, once the nanoparticle size is above
50 nm, it will possess a high affinity for a specific receptor and limit the binding of the receptor to
other nanoparticles [1,55]. Therefore, the optimal particle size for internalization and the driving of
dramatically adverse effects of nanoparticles could be 30–50 nm in diameter.

Previous studies have shown that AgNPs cause developmental delays and increase the occurrence
of malformation [56,57]. In our results, we found that AgNPs increased developmental toxicity
(Figure 5) and malformation phenotypes (Figure 6). We observed that the AgNP-induced malformation
phenotypes were mainly yolk sac edema and heart failure. Interestingly, the larger size of AgNPs
led to a higher percentage of yolk sac edema than the smaller size. Some studies have shown that
AgNPs promote the occurrence of malformation via the influences of oxidative stress, cathepsin
L, metallothionein, and endoplasmic reticulum calcium ATPase 1, which are malformation-related
factors [57]. Moreover, other studies have found that AgNPs disrupt embryogenesis in medaka
via the dysregulation of teratogenicity-related genes, including ctsL, tpm1, rbp, mt, and atp2a1 [57].
In the Medaka study, AgNPs significantly downregulated ctsL gene expression levels, which are
known as lysosomal cysteine proteinases and are responsible for tumor promotion, bone resorption
and growth regulation. In lower vertebrates, ctsL is expressed in the embryonic stages and participates
in yolk proteolysis [58]. Therefore, AgNP-decreased ctsL expression levels may lead to teratogenicity
and cause zebrafish embryo developmental toxicity.
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In our study, we showed that the zebrafish yolk sac was stained with a higher intensity of
Lysosensor in both the SAS and LAS groups (Figure 8A). Nanoparticles typically accumulate in
lysosomes, and their impact on lysosomal function and autophagy have recently been proposed as
an emerging mechanism of nanotoxicity [43,44,59]. Autophagy plays a critical physiological role in
mitigating stress-mediated protein aggregation and clearance of damaged organelles [37]. However,
growing evidence suggests that various nanoparticles activate autophagy, which may serve as a cellular
protective mechanism against toxicity. In our previous study, we proved that AgNPs can disrupt
lysosomal activity and cause autophagy dysfunction and apoptosis in mouse fibroblast cells [37,38].
Recent studies have also shown that AgNPs block the process of autophagy due to impairment of
autophagosome-lysosome fusion, which results in autophagic defects and consequently triggers the
induction of multiple cytotoxic pathways [39].

AgNPs are widely used in many industrial and daily sections and thus facilitate their release
into the environment via wastewater. It has been estimated by simulative modeling studies that the
concentrations of AgNPs in U.S. surface waters are between 0.09 and 0.43 ng/L, those in European
surface waters are between 0.59 and 2.16 ng/L, and those in the river Rhine are between 40 and
320 ng/L [9]. Moreover, the behaviors of nanoparticles can be changed by environmental conditions.
It has also been reported that organic matrixes such as humic acid in natural water could attenuate
AgNPs induced toxicity [60]. We found both SAS and LAS suspended in E3 embryo medium presented
visible precipitation when it lasted for more than 12 h (data not shown).

An interesting finding on the developmental toxicity in embryos showed that AgNPs suspended
in E3 medium elicited mild or none toxic effects on body length and head trunk angle when compared
with deionized water. One possible explanation is that nanoparticles in the E3 medium could form
aggregates. In a previous study, the authors indicated that the dispersion of zinc oxide nanoparticle
in E3 medium was significantly reduced and formed aggregates, leading to a size of particles that
exceeded the defined nanoscale range (1–100 nm), which may have affected the penetration through
the chorion [61]. E3 medium, a multivalent inorganic salt solution, has been reported to trigger
the instability of nanoparticles [62]; thus, the high ionic strength solution could contribute to the
aggregation of AgNPs as demonstrated previously [63] and in our current study.

Our experimental exposure concentration of AgNPs in this study may be much higher than
actual environmental AgNP concentrations. Nonetheless, from the toxicology/ecotoxicology point
of view, determination of the dose response relationship is a central dogma for the risk assessment
and hazard classification. Our experimental designs are based on “OECD Test No. 236: Fish Embryo
Acute Toxicity”. Determination of LC50 and the toxic mechanisms of AgNPs can provide essential
information further for both environmental and human health risk assessment.

In summary, our results suggest that zebrafish embryos take up a certain amount of AgNPs.
Interestingly, AgNPs ~50 nm in diameter showed a different potency from that of AgNPs ~10 nm in
diameter. The LAS increased the pore size and penetrated the chorion, leading to an abundance of
AgNP deposition. The accumulated AgNPs induced adverse toxic effects and developmental defects
and increased the potential of specific malformations. AgNPs activate multiple cellular toxic pathways,
including excessive ROS, activated lysosomal activity and even increased cell death. Taken together,
we determined that AgNPs triggered size- and dose-dependent adverse effects in a zebrafish embryo
model (Figure 9).
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Figure 9. Illustration of SAS-/LAS-induced toxic effects in zebrafish embryos. AgNPs triggered size- as
well as dose-dependent toxicity and accumulated in the embryos. The deposition of AgNPs increased
the number of developmental defects and the induction of specific malformations. Mechanically,
AgNPs activate various cellular toxic signaling pathways, including increased ROS, lysosomal activity
and apoptosis. Interestingly, LAS showed different behavior from SAS. LAS increased the pore size
and penetrated the chorion, resulting in an abundance of AgNP deposition.

4. Materials and Methods

4.1. SAS/LAS Synthesis and Characterization

SAS and LAS were prepared by surface functional substitution from 20 nm and 50 nm citrate-coated
AgNPs, respectively. The AgNPs were prepared by the NaBH4 reduction of AgNO3. Briefly, aqueous
silver nitrate solution (1.5 mL, 20 mM) and sodium citrate solution (1.2 mL, 80 mM) were mixed
with H2O (26.7 mL). Ice-cold aqueous NaBH4 solution (0.6 mL, 100 mM) was added dropwise under
vigorous stirring. Following this process, the resultant colloidal AgNP suspension was stored at 4 ◦C
and kept from light. The required size of the NPs was separated by centrifugation. Then, 40 mL 40 ppm
prepared large (83 nm) and small (26 nm) silver nanoparticles were mixed with 100 mL of cysteamine,
and added with 1 mL of sodium hydroxide (NaOH) to neutralize the ions released by cysteamine
(the exact volume required depending on the concentration of AgNPs); if the added of cysteamine
causes AgNPs to be reduced, the volume needs to be reduced. Then, the mixture was vigorously stirred
at room temperature. After reacting for 2 h, the silver nanoparticles were purified by centrifugation
and resuspend with deionized water. Characterization of the SAS and LAS was performed using
TEM (JEOL Co., Akishima, Tokyo, Japan). SAS and LAS were examined after suspension in M.Q.
water and deposition onto copper-coated carbon grids. TEM software was calibrated to measure
the sizes of the SAS and LAS. The compositions of SAS and LAS were determined by EDX analysis
(JEOL Co., Akishima, Tokyo, Japan). The hydrodynamic sizes, zeta potential, and polydispersity index
(PDI) of SAS and LAS examined by DLS (Delsa™ Nano C, Beckman Coulter, Inc., Brea, CA, USA).
The zeta potential of the SAS and LAS was analyzed in aqueous dispersion using a phase analysis
light scattering (PALS) (Delsa™ Nano C, Beckman Coulter, Inc., Brea, CA, USA).

4.2. Preparation of Rhodamine 6G Conjugated SAS/LAS

The final product cysteamine AgNPs were further synthesized and mixed with Rhodamine B
isothiocyanate (R6G) (Sigma-Aldrich, St. Louis, MO, USA). To 20 mL, 800 ppm AgNPs was added

187



Int. J. Mol. Sci. 2020, 21, 2864

2 mL of 1 mM R6G. The solution was stirred vigorously at room temperature for 2 h. The AgNPs were
purified by centrifugation (depending on the size of the desired nanoparticle). The supernatant was
removed and deionized water was used to redissolve the precipitate. The centrifugation step was
repeated until the supernatant was clarified. Finally, the precipitate was dissolved back into deionized
water to obtain R6G-conjugated SAS/LAS. R6G-conjugated SAS/LAS exhibited red fluorescence and
we used them to observe the locations of the SAS and LAS in zebrafish embryo.

4.3. Atomic Absorption Spectrometry

To determine the concentration of the synthesized silver nanoparticles, atomic absorption
spectrometry (AAS) was used to examine the amount of silver. A standard solution of AgNO3

was prepared and diluted to a proper concentration to make a standard curve. The sample was diluted
into the range of the standard curve and then digested at 95 ◦C for 10 min. Then, the concentration
was analyzed using a graphite furnace atomic absorption spectrometer (Perkin Elmer AAnalystTM
600, Waltham, MA, USA).

To quantify the distribution concentration of SAS and LAS retention in the embryos, after zebrafish
embryo exposure to AgNPs (1 and 10 μg/mL), embryos were collected at 48, 72, and 96 hpf, and AAS
was used to examine the cumulative amount of silver in the embryos. The collected embryos of the
experimental and untreated groups were treated with 1.5 mL of nitric acid (69%) for 4 h at 50 ◦C,
followed by another 4 h at 100 ◦C. Once fully digested, the samples were diluted with 2% nitric acid to
an acceptable concentration (approximately 200- to 300-fold dilutions depending on the exposure dose)
and then subjected to analysis using a graphite furnace atomic absorption spectrometer. Triplicate
measurements of the absorption for the sample were taken for each exposure dose.

4.4. Scanning Electron Microscopy (SEM)

To analyze the chorion, we used SEM with the principle of BSE. The sample chorions were rinsed
with PBS and then 20–25 μL of sample was siphoned to load onto the center of the glasses. Fifty
microliters of 2.5% glutaraldehyde was added to every sample and followed by sealing. The glasses
were swayed for 20 min at 4 ◦C. The glutaraldehyde was removed and the sample was rinsed with
PBS for 3–5 min three times. To each plate was added 1.0% OsO4 (osmium tetroxide) (Sigma-Aldrich,
St. Louis, MO, USA) to start the reaction for 40 min. Dehydration was operated by the following
concentrations: 50%, 70%, 80%, 90%, 95% and 100% three times (using 0.5 mL of acetone and 3 min for
every glass). Every glass was packed with filtrate paper and the samples were placed on the upper side.
The samples were dried at the temperature critical point and coated with gold. Finally, the sample as
well as the glass were loaded on the field-emission scanning electron microscope instrument (JSM-7001F,
JEOL Co., Tokyo, Japan) at 28–30 kV to scope.

4.5. Zebrafish Maintenance and Egg Spawning

Zebrafish (Danio rerio) (Gendanio, AB line wild-type, New Taipei, R.O.C) in adulthood were
maintained at 28.0 ◦C with a light cycle of 14 h light/10 h dark and fed brine shrimp twice per day
and feed (containing 60% rough protein) once per day. All experiments on zebrafish were performed
according to the guidelines of our institute (Guide for Care and Use of Laboratory Animals, National
Cheng Kung University Medical College) and were approved by the Institutional Animal Care and
Use Committee of National Cheng Kung University, Taiwan (Approval No.: 107133; Date: February
27, 2018). To obtain zebrafish embryos, male and female zebrafish were set up as pairs the night before
mating in breeding tanks with a divider. The next morning, the zebrafish were stimulated with light,
and the dropped eggs were collected, pooled, and rinsed with tap water and then deionized water
several times. For the experiments, fertilized eggs were chosen and collected under a microscope,
and the dead/unfertilized embryos were removed to avoid test solution pollution. All zebrafish
experiments were performed in compliance with guidelines from the OECD Test Guidelines (TG203
and TG236) [64].
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4.6. Zebrafish Embryo Acute Toxicity Test

The fish embryo acute toxicity (FET) test using zebrafish is used to examine toxicity in 96 h [65].
In our research, we modified some testing conditions to meet our endpoint. Fish embryos were
collected and exposed to the test solution at 4 hpf, 28.0 ◦C (n = 30). For the embryo acute toxicity test,
all the development takes place in milli Q water or AgNPs solution. The embryos were maintained
in milli-Q water with AgNPs (LAS/SAS groups) or milli-Q water alone (Control group) during 4 hpf
to the specific endpoint. The exposure solutions were renewed every 24 h to avoid aggregation of
AgNPs. Then, the numbers of alive and dead embryos at 24, 48, 72, 96, and 120 hpf were counted,
and photos were taken using a microscope with a mounted CCD camera (SMZ800, Nikon Instruments
Inc., Melville, NY, USA).

4.7. Developmental Toxicity

We used healthy zebrafish to spawn embryos. We then washed the embryos with E3-media and
egg water after collection. The used criteria came from prior study [2]. For developmental toxicity
assay, the zebrafish embryos were exposed to AgNPs suspended both in deionized water and E3
medium, a culture medium usually applied to developmental study. The development of zebrafish
embryos could be measured by their body length and head-trunk angle. The head-trunk angle is a
mathematical function of zebrafish embryo development at 28.5 ◦C. The main purpose is to measure the
angle between the head and trunk and then determine whether the development is normal, stimulated
or inhibited. We then calculated the malformation rate and the kind of malformation, including some
criteria indicated malformations, such as yolk sac edema, opaque yolk, pericardial edema and axial
curvature. Additionally, we observed the malformations of bent axial, tail damage and jaw bulge.

4.8. ROS Measurement

ROS generation induced by different doses (0, 0.1, 1, 10 μg/mL) of LAS and SAS was measured.
For sample preparation, 0.003% 1-phenyl-2-thiourea (PTU) (Sigma-Aldrich, St. Louis, MO, USA) was
added to decrease the rate of pigment formation. Then, 48, 72, or 120 hpf, the reactive oxygen species
(ROS) in zebrafish embryos was measured. Before measuring, 1 μg/mL DCFH-DA dye (Sigma-Aldrich,
St. Louis, MO, USA) was added to each group (0, 0.1, 1, 10 μg/mL). After cultivating and avoiding light
for 30 min under an ambient environment, the embryos were rinsed with deionized water several times
and fixed on glass with 3% methylcellulose. Then, we observed the ROS generation with a confocal
microscope (excitation/scattering = 488 nm/543 nm) and captured photos. An apical point was to analyze
AgNPs-induced ROS in zebrafish embryos. Finally, the quantitative fluorescence was measured using
the panoramic tissue somatic cell quantitative software TissueQuest (TissueGnostics, Vienna, Austria).

4.9. Lysosomal Activity Assay

LysoSensorTM (Thermo Fisher Scientific Inc., Waltham, MA, USA) induces green florescence
in a pH < 5 environment and distinguishes the activity of the cellular lysosome. Embryos at 4 hpf
were exposed to AgNPs and 0.03% PTU was added to avoid fish pigment precipitation. At 48 hpf,
the AgNP solution was removed and the embryos were rinsed with Milli-Q water 3 times. Finally,
10 μM Lysosensor kit was added, and the samples were incubated for 45 min at 28 ◦C. After cultivation,
the solution was removed and the samples were rinsed with 1 mL of Milli-Q water 3 times. The fish
were fixed with 3% methylcellulose and observed under a vertical fluorescence microscope (BX51,
Olympus Co., Tokyo, Japan). The phenotypes of the lysosomes are red dots.

4.10. TUNEL Assay

To detect apoptotic cells in live embryos, we conducted a whole-mount TUNEL assay (Sigma-Aldrich,
St. Louis, MO, USA). Embryos were exposed to different doses (0, 0.1, 1, 10 μg/mL) of LAS and SAS at
4 hpf, and the exposure method was the same as the zebrafish embryo acute toxicity test. The endpoint

189



Int. J. Mol. Sci. 2020, 21, 2864

of the experiment was at 72 hpf. The exposure solution containing AgNPs was placed in a 12-well plate
and then washed three times with deionized water, and the embryos were collected in an Eppendorf
microcentrifuge tube in the test concentration group. Embryos were fixed with 4% paraformaldehyde at
room temperature for 1 h. After fixation for 1 h, we washed the embryos with PBS on a shaker (40 rpm)
for 5 min, which was repeated twice. Then, we incubated the embryos with blocking buffer on a shaker
for 30 min. After 30 min, the embryos were washed with PBS on a shaker (40 rpm) for 5 min, which was
repeated twice. Then, the embryos were incubated with permeabilization solution (0.1% Triton X-100 in
0.1%) on ice for 30 min. After that, we washed the embryos with PBS on a shaker (40 rpm) for 5 min
twice. Finally, the TUNEL reaction mixture (labeling solution:enzyme solution = 9:1) was incubated at
37 ◦C for 1 h in a water bath and finally observed with a fluorescence microscope.

4.11. Statistics

All experiments were conducted in triplicate. We used statistical software to analyze the data,
such as IBM SPSS statistics 22 and Excel. Statistical analyses were carried out using the two-tailed
Student’s t-test for comparisons between the means or using one-way ANOVA. Differences were
considered to be significant when p < 0.05. All data are presented as the means± SD.
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Abbreviations

AgNPs Silver nanoparticles
LAS larger-sized AgNPs
SAS small-sized AgNPs
NPs Nanoparticles
ZFE Zebrafish embryo
ROS Reactive oxygen species
ER Endoplasmic reticulum
TEM Transmission electron microscopy
R6G Rhodamine B isothiocyanate
AAS Atomic absorption spectroscopy
SEM Scanning electron microscopy
BSE Backscattered electrons
PE Pericardial edema
YSE Yolk sac edema
OY Opaque yolk
AC Axial curvature
J Jaw
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LC50 Lethal concentration 50
FET Fish embryo acute toxicity
PTU 1-phenyl-2-thiourea
PDI Polydispersity index
PALS Phase analysis light scattering
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Abstract: Plastic pollution is a growing global emergency and it could serve as a geological indicator
of the Anthropocene era. Microplastics are potentially more hazardous than macroplastics, as
the former can permeate biological membranes. The toxicity of microplastic exposure on humans
and aquatic organisms has been documented, but the toxicity and behavioral changes of nanoplastics
(NPs) in mammals are scarce. In spite of their small size, nanoplastics have an enormous surface
area, which bears the potential to bind even bigger amounts of toxic compounds in comparison
to microplastics. Here, we used polystyrene nanoplastics (PS-NPs) (diameter size at ~70 nm) to
investigate the neurobehavioral alterations, tissue distribution, accumulation, and specific health risk
of nanoplastics in adult zebrafish. The results demonstrated that PS-NPs accumulated in gonads,
intestine, liver, and brain with a tissue distribution pattern that was greatly dependent on the size
and shape of the NPs particle. Importantly, an analysis of multiple behavior endpoints and different
biochemical biomarkers evidenced that PS-NPs exposure induced disturbance of lipid and energy
metabolism as well as oxidative stress and tissue accumulation. Pronounced behavior alterations in
their locomotion activity, aggressiveness, shoal formation, and predator avoidance behavior were
exhibited by the high concentration of the PS-NPs group, along with the dysregulated circadian
rhythm locomotion activity after its chronic exposure. Moreover, several important neurotransmitter
biomarkers for neurotoxicity investigation were significantly altered after one week of PS-NPs
exposure and these significant changes may indicate the potential toxicity from PS-NPs exposure. In
addition, after ~1-month incubation, the fluorescence spectroscopy results revealed the accumulation
and distribution of PS-NPs across zebrafish tissues, especially in gonads, which would possibly
further affect fish reproductive function. Overall, our results provided new evidence for the adverse
consequences of PS-NPs-induced behavioral dysregulation and changes at the molecular level that
eventually reduce the survival fitness of zebrafish in the ecosystem.
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1. Introduction

Approximately 300 million tons of plastic waste is being produced every year, which is equivalent
to the weight of the entire human population. If the current trend continues, by 2050 the plastic
industry could account for 20% of the world’s total oil consumption. Only 9% of plastic waste ever
produced was recycled and 12% was incinerated, while the remaining 79% accumulated in landfills,
dumps, or the natural environment [1]. However, plastic waste whether in a river, an ocean, or on
land, can persist in the environment for centuries. Plastic debris can come in all shapes and sizes.
Macroplastic is relatively large particles of plastic (typically more than about 5 mm) found, especially
in the marine environment. Those that are less than five millimeters in length are called microplastics.
Macroplastic is clearly visible plastic that can be caught and generally will not have a direct impact on
the food chain. Farm animals or fish that mistake them for food swallow the majority of these tiny
plastic particles and, thus, can find their way into the human body [2].

However, the potential risks that are associated with microplastics exposure are unknown for both
wildlife and humans. Critical information—long/short mode of exposure and effects data needed for
the risk assessments—are still lacking. Human populations could be exposed to microplastics directly
from the food or the environment. Multiple studies have documented that microplastics are globally
dispersed in marine sediments, oceans, and shorelines in the form of debris that is generated from
the degradation/hydrolysis or buoyant Styrofoam of plastics [3,4]. Microplastics can disrupt the food
biota and environmental health due to their poor degradation capability and small size [5,6]. Likewise,
the toxic effects of smaller sized nanoplastics are also very plausible, however, there are limited relevant
data and their research is in its infancy [7,8]. Thus far, it has been demonstrated that microplastics
can be ingested and accumulated by small aquatic organisms, such as zooplankton (Daphnia magna,
Centropages typicus) and shrimp (Crangon cargon), subsequently being transferred to the large organism,
such as sea turtles [9,10]. Another recent study on water flea (Ceriodaphinia dubia) reported that
the acute and chronic exposure of polyester fibers resulted in significant effects on reproduction and
survival [11]. In fish, microplastics have been found to cause major adverse effects, including hepatic
stress, intestinal damages, and oxidative stress, among others [12–14]. Moreover, Karami et al. also
found that the potential presence of microplastics in dried fish tissue: viscera and gills [15]. In embryos
and adult fish, microplastics have been reported translocating from the digestive tract to gills and liver
of zebrafish [12]. Together, these studies suggested that microplastics could exhibit toxicity in living
organisms, the challenge could be extensive due to ubiquity in the environment and the translocation
of potentially moving particles to animal body parts, usually consumed by humans.

The most abundant microplastics that are found in marine waters are low-density polyolefins
and polystyrene [16,17]. Microplastics can be ingested by organisms and accumulated for a long
time because of their tiny size and poor biodegradability. It was reported that microplastics can
induce reactive oxygen species (ROS) formation and oxidative stress in mussels and lugworms [18,19].
In addition, microplastics can also induce the regulation of phagocytic activity of immune cells in
worms [19]. However, the mechanism of the toxicity of microplastics is unclear and it needs further
investigation. Enzymatic analysis and histology are widely used to determine the toxic effects of
microplastics [20]. In all of these studies, the major factor was set on oral ingestion of microplastics, and
only a few pieces of researches included other modalities for microplastic exposure. A study reported
that, upon exposure, clean microspheres were not only found in the intestinal tract but also in the gills
of the shore crab (Carcinus maenas) after 21 days of exposure [21]. Nanoplastics have an enormous
surface area, bearing the potential to bind even bigger amounts of toxic compounds than microplastics.
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Currently, very little data are available regarding the effects of nanoplastics on the development of
aquatic organisms, whereas most of the studies have focused on the chemical aspects of nanoplastics.
Indeed, the toxic effects of leachate from particles have been analyzed in different organisms, such as sea
urchins [22] and mussels [22], whereas the behavioral and physical effects are still poorly explored [23].
To fill this gap, we evaluated the effects of environmentally relevant concentrations of nanoplastics on
adult zebrafish behavior and biochemistry to assess the ecological toxicity of polystyrene nanoplastics.
Polystyrene is a major kind of plastic of high production volume as well as the primary components of
plastic debris contaminating the environment [24]. So far, no evidence exists regarding the potential
effect of polystyrene nanoplastics on adult zebrafish behavior. In the present study, adult zebrafish were
used to investigate the neurobehavioral changes that are induced by polystyrene nanoplastics and their
distribution and accumulation in various tissues. Neurotransmitter amounts and enzyme activities for
wither dopamine (DA), acetylcholine (ACh), serotonin (5-HT), melatonin (MT), γ-aminobutyric acid
(GABA), Cytochrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1), reactive oxygen species
(ROS), or creatinine kinase (CK) contents were quantified to explore the toxicity mechanism.

2. Results

2.1. Overview of Experimental Design

A schematic representation of biological responses in zebrafish in response to polystyrene
nanoplastics (PS-NPs) exposure is presented in Figure 1 based on data from this study. Figure 1
shows the shape and size of PS-NPs, as confirmed by transmission electron microscopy (upper
panel). The diameter of PS-NPs used in this study was estimated to be around 70 nm. In addition,
the Fluorescein isothiocyanate (FITC)-conjugated PS-NPs was used to trace the tissue distribution after
waterborne exposure. The adult zebrafish aged six to seven months old were incubated with PS-NPs at
doses of 0.5 and 1.5 ppm for around seven consecutive days and five behavioral tests (novel tank, mirror
biting, predator avoidance, social interaction, and shoaling) were performed to measure its consequent
behavioral alterations (lower left panel, highlighted in red). In addition, circadian rhythm locomotion
activity test was performed after ~7 weeks incubation of 5 ppm PS-NPs to observe the long-term
effect of high dose PS-NPs on zebrafish sleep/wake behavior. Finally, after all of the behavioral tests,
excluding circadian rhythm locomotion activity test, were done, zebrafish were sacrificed and the brain,
the liver, and the muscle tissues were dissected for biochemical marker measurement (lower right
panel, highlighted in blue). For PS-NPs distribution, the brain, liver, male gonad, and intestine were
collected and subjected to indirect PS-NPs quantification based on green fluorescence signal intensity.
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Figure 1. The experimental design to evaluate the ecotoxicity of polystyrene nanoplastics (PS-NPs).
The chemical structure and particle size of polystyrene used in this study were summarized in the upper
panel. The behavioral toxicity assays for PS-NPs were summarized in the left-right panel (red color).
The biochemical endpoints for PS-NPs toxicity were summarized in the right lower panel (blue color).

2.2. PS-NPs Exposure Reduced Average Speed and Exploration Behavior in Zebrafish

The locomotion activity and exploratory behavior were evaluated while using a novel tank test
in PS-NPs-treated fishes at two different concentrations. Novel tank test is a behavior test to assess
the zebrafish exploratory nature. This test exploits the natural tendency of zebrafish to initially diving
to the bottom part of a novel tank, with a gradual increase in vertical activity over time. Typically,
when zebrafishes are moved to a new environment, they display high anxiety and bottom-dwelling
behavior, but they will start to explore the tank and move towards the upper area of the tank with
anxiety relief once they adapt to the new environment (Figure 2G,J) [25]. In this test, we measured
six important zebrafish behavior endpoints representing their swimming activity and exploratory
behavior. The result showed that adult fish that were exposed to 0.5 ppm of PS-NPs showed no
difference in their swimming activity when compared to the controls while hyperactivity-like behavior
shown by the 1.5 ppm concentration group, supported by the high level of average speed and low level
of freezing time movement ratio (Figure 2A,B). Furthermore, alteration in their exploratory behavior
was observed in the high concentration of the PS-NPs-treated group. This abnormality was indicated
by an increase in the number of entries in the top and total distance traveled in the top (Figure 2C,D,I,L),
even though there was no significant difference shown in the time in top duration and latency to
enter the top endpoints (Figure 2E,F). On another hand, this behavior alteration was not exhibited by
the low concentration group fish (Figure 2C,D,H,K). Figure 2G–L and Supplementary Video S1 display
the locomotion trajectories and behavioral changes for the control, 0.5 and 1.5 ppm PS-NPs exposed
fish in the novel tank test.

198



Int. J. Mol. Sci. 2020, 21, 1410

Figure 2. Novel tank behavior endpoints comparisons between control and polystyrene nanoplastics
(PS-NPs)-exposed zebrafish groups after a ~7-day exposure. (A) Average speed, (B) freezing time
movement ratio, (C) number of entries to the top, (D) total distance traveled in the top, (E) time in
top duration, and (F) latency to enter the top were analyzed. The 1 min. locomotion trajectories for
the control, 0.5 and 1.5 ppm PS-NPs exposed fish in the novel tank test were presented in (G to L),
respectively. The black line represents the control group, the red line represents the low concentration
PS-NPs group (0.5 ppm), and the blue line represents the high concentration PS-NPs group (1.5 ppm).
The data are expressed as the median with interquartile range and were analyzed by a Kruskal–Wallis
test, which continued with Dunn’s multiple comparisons test as a follow-up test (n = 30 for control;
n = 20 for each PS-NPs-exposed group; * p < 0.05, ** p < 0.01, *** p < 0.001).

2.3. PS-NPs Exposure Reduced Aggression and Predator Avoidance in Zebrafish

A mirror biting test was conducted to determine the aggressive nature of zebrafish altered
by the exposure of PS-NPs. The mirror biting assay is a simple and efficient method to test fish
aggressiveness in terms of the frequency of the tested fish to bite their mirror images [26]. This test
might also indicate a more general measure of social motivation or the intent to interact with a social
partner [27]. In this test, chronic exposure of PS-NPs in both concentrations significantly reduced
zebrafish aggressiveness. This phenomenon is shown by a decrease in the mirror biting time percentage
and in the longest duration in the mirror side (Figure 3A,B). Interestingly, both concentrations of
PS-NPs exposure reduced their locomotion behavior, as indicated by a decrease in the average speed,
swimming time movement ratio, and rapid movement ratio, and an increase in the freezing time
movement ratio as compared to the control group (Figure 3C–F). This result suggests that both 0.5 and
1.5 ppm of PS-NPs exposure reduce the aggressiveness in zebrafish. Figure 3G–I and Supplementary
Video S2 display the locomotion trajectories and behavioral changes for the control, 0.5 and 1.5 ppm
PS-NPs-exposed fish in the mirror biting test.
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Figure 3. Mirror biting behavior endpoints comparisons between control and polystyrene nanoplastics
(PS-NPs)-exposed zebrafish groups after a ~7-day exposure. (A) Mirror biting time percentage,
(B) longest duration in the mirror side, (C) average speed, (D) freezing time movement ratio,
(E) swimming time movement ratio, and (F) rapid movement time ratio were analyzed for mirror
biting assay. The 1 min. locomotion trajectories for the control, 0.5 and 1.5 ppm PS-NPs-exposed fish in
mirror biting tests were presented in G to I, respectively, with the yellow-colored zone as the mirror
biting region. The data are expressed as the median with interquartile range and were analyzed by
a Kruskal–Wallis test, which continued with Dunn’s multiple comparisons test as a follow-up test
(n = 32 for control; n = 20 for each PS-NPs-exposed group; * p < 0.05, ** p < 0.01, *** p < 0.001).

Fear is a collection of behavioral responses that are elicited by negative stimuli that are associated
with imminent danger, such as the presence of a predator. Predator avoidance is an innate response for
fish when facing their natural predator by showing high anxiety or even freezing behavior. Zebrafish
have an innate response as freezing or anxiety when exposed to the sight of a natural predator.
Therefore, this response is helpful in examining certain behavior alterations during the course of
revelation to the predator [28]. In the predator avoidance test, we assessed zebrafish fear reactions,
including predator avoidance behavior. We exposed the different groups of zebrafish to the predator
fish convict cichlid (Amatitlania nigrofasciata). From the results, we found that exposure of PS-NPs at
0.5 ppm did not alter zebrafish fear response to the predator, as shown in Figure 4. No significant
difference was detected in all of the endpoints measured during the test between control and 0.5 ppm
PS-NPs-exposed fish group (Figure 4A–H). However, exposure of PS-NPs at a higher concentration
(1.5 ppm) did alter their fear response to the convict cichlid. This difference was indicated by the low
level of the average distance to separator between zebrafish and predator fish exhibited by high
concentration PS-NPs-exposed fish (Figure 4B). In addition, there was also a slight increment in their
predator approaching time, even though it did not reach a statistically significant difference (Figure 4A).
Furthermore, we found a difference in 1.5 ppm PS-NPs-exposed fish movement types with the control
fish, even though there was no significant difference in the average speed (Figure 4C). This difference
was indicated by a high level of swimming time movement ratio, while there were no significant
differences in their freezing and rapid movement time ratios (Figure 4D–F). These results suggest that
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1.5 ppm of PS-NPs exposure reduces the predator avoidance behavior performance in zebrafish. In
addition, Figure 4G–I and Supplementary Video S3 illustrate the locomotion trajectories and behavioral
changes for the control, 0.5 and 1.5 ppm PS-NPs-exposed fish in the predator avoidance test.

Figure 4. Predator avoidance behavior endpoints comparisons between control and polystyrene
nanoplastics (PS-NPs)-exposed zebrafish groups after a ~7-day exposure. (A) Predator approaching
time percentage, (B) average distance to the separator, (C) average speed, (D) freezing time movement
ratio, (E) swimming time movement ratio, and (F) rapid movement time ratio were analyzed. The 1 min.
locomotion trajectories for the control, 0.5 and 1.5 ppm PS-NPs exposed fish in the predator avoidance test
were presented in G to I, respectively, with the yellow-colored zone as the predator approaching region.
The data are expressed as the median with interquartile range and were analyzed by a Kruskal–Wallis
test, which continued with Dunn’s multiple comparisons test as a follow-up test (n = 30 for control;
n = 19 for 0.5 ppm PS-NPs-exposure fish; n = 20 for 1.5 ppm MP-exposure fish; p < 0.05).

2.4. PS-NPs Exposure Did Not Alter Conspecific Social Behavior in Zebrafish

We assessed zebrafish social nature by conspecific interactions by performing social interaction
tests. We tested their social interest to another conspecific after a one-week exposure of PS-NPs.
Here, we did not find any significant change between the experimental and untreated groups in
terms of interaction time percentage (Figure 5A), longest duration in separator side (Figure 5B),
and average distance to the separator (Figure 5D). However, the average speed was increased in
the experimental groups when compared to untreated controls (Figure 5C), which is consistent with
the novel tank test result. This result suggests that both 0.5 and 1.5 ppm of PS-NPs exposure does not
change the conspecific interaction in zebrafish. Figure 5E–G and Supplementary Video S4 illustrate
the locomotion trajectories and behavioral changes for the control, 0.5 and 1.5 ppm PS-NPs-exposed
fish in the social interaction test.

201



Int. J. Mol. Sci. 2020, 21, 1410

Figure 5. Social interaction behavior endpoints comparisons between control and polystyrene
nanoplastics (PS-NPs)-exposed zebrafish groups after a ~7-day exposure. (A) Interaction time
percentage, (B) longest duration in the separator, (C) average speed, and (D) average distance
to separator side were analyzed for social interaction assay. The 1 min. locomotion trajectories for
the control, 0.5 and 1.5 ppm PS-NPs exposed fish in mirror biting tests were presented in E, F, G,
respectively with the yellow-colored zone as the conspecific interaction region. The data are expressed as
the median with interquartile range and were analyzed by a Kruskal-Wallis test, which continued with
Dunn’s multiple comparisons test as a follow-up test (n = 30 for control; n = 20 for each PS-NPs-exposed
group).

2.5. PS-NPs Exposure Tighten the Shoal in Zebrafish

Shoaling is an inherently social behavior of zebrafish. Shoaling is an innate behavior for fish to
swim together to reduce anxiety and the risk of being captured by predators. When zebrafish sense
a certain kind of threat or when challenged in a situation they tend to avoid, they usually swim into very
tight groups together. Thus, the shoaling test can specify certain neurological behaviors of zebrafish
after PS-NPs exposure. Shoaling nature provides the individual fish with multiple benefits, including
efficient foraging, defense against predators, and access to mates [29,30]. From the result, we found
tight shoal were formed by the PS-NPs-treated fish. This phenomenon was supported by a decrease
in average inter fish distance, average nearest neighbor area, and average farthest neighbor distance
showed in both the 0.5 ppm and 1.5 ppm PS-NPs-treated groups (Figure 6C,E,F). In addition, there was
a slight decrement in their average shoal area, even though it did not reach a statistically significant
difference (Figure 6D). Furthermore, 1.5 ppm of PS-NPs exposure reduced fish group exploratory
behavior, which was indicated by a decrease in time spent at the top portion of the tank (Figure 6B).
However, there was no significant difference regarding their locomotion activity observed during this
test (Figure 6A). This result suggests both 0.5 and 1.5 ppm of PS-NPs exposure trigger a tight shoaling
behavior in zebrafish. Figure 5G–I and Supplementary Video S5 illustrate the locomotion trajectories
and behavioral changes for the control, 0.5 and 1.5 ppm PS-NPs-exposed fish in the shoaling test.
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Figure 6. Shoaling behavior endpoint comparisons between the control and polystyrene nanoplastics
(PS-NPs)-exposed zebrafish groups after a ~7-day exposure. (A) Average speed, (B) time in top duration,
(C) average inter-fish distance, (D) average shoal area, (E) average nearest neighbor distance, and
(F) average farthest neighbor distance, were analyzed. Groups of three fish were tested for shoaling
behavior. The 1 min. locomotion trajectories for the control, 0.5 and 1.5 ppm PS-NPs exposed fish
in shoaling tests were presented in G, H, I, respectively. The data are expressed as the median with
interquartile range were analyzed by a Kruskal–Wallis test, which continued with Dunn’s multiple
comparisons test as a follow-up test (n = 30 for control; n = 18 for PS-NP-exposed fish; * p < 0.05,
** p < 0.01, *** p < 0.005).

2.6. High Dose of PS-NPs Exposure Dysregulated the Circadian Rhythm

Circadian rhythm genes and their regulation are well documented, particularly in the zebrafish
brain and in pineal independently in several vertebrates [31,32]. In this test, we assessed zebrafish
circadian rhythm locomotion activity after a high dose of PS-NPs was exposed chronically. The result
showed a chronic exposure of 5 ppm PS-NPs dysregulated their circadian rhythm locomotion activity
(Figure 7A). In the light cycle, the reduction of locomotion activity and abnormal movement orientation
were observed in the treated fish, which was indicated by the significant reduction in average speed
and rapid movement time ratio of PS-NPs-exposed fishes (Figure 7B,G), followed by the increment
in meandering and freezing movement time ratio (Figure 7D,E). However, there were no significant
differences found in the average angular velocity and swimming movement time ratio between
the control and treated groups (Figure 7C,F). Furthermore, a similar phenomenon was also shown
during the dark cycle. In the dark cycle, more robust hypoactivity behavior was exhibited by the treated
fish, supported by the reduction of average speed, average angular velocity, swimming movement ratio,
and rapid movement ratio of the PS-NPs-treated fish as compared to the controls (Figure 7H–I,L–M).
In addition, the high level of freezing movement time ratio might also support this behavior alteration
(Figure 7K). However, there was no statistical difference in their meandering during the dark cycle
(Figure 7J). This result suggests that the chronic exposure of 5 ppm PS-NPs dysregulates circadian
rhythm locomotion activity in zebrafish.
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Figure 7. The circadian rhythm locomotion activity assay for control and 5 ppm polystyrene nanoplastics
(PS-NPs)-exposed zebrafish groups after a seven-week exposure. (A) Comparison of the time chronology
changes of the average speed between the control and the PS-NPs-exposed fish in light and dark cycles.
The white area shows the light period and the black area shows the dark period. Comparison of
the average speed (B,H), average angular velocity (C,I), and meandering (D,J), freezing movement time
ratio (E,K), swimming movement time ratio (F,L), and rapid movement ratio (G,M) during the light
and dark cycles, respectively. The data are expressed as the median with interquartile range and
were analyzed by Mann–Whitney test (n = 18 for control; n = 18 for PS-NPs-exposed fish; * p < 0.05,
** p < 0.01, *** p < 0.001, ****, p < 0.0001).
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2.7. Tissue Distribution of Fluorescent PS-NPs in Zebrafish

We performed fluorescence spectroscopy analysis on the treated tissues, which were collected
from the emission spectra 489 nm to 590 nm, at an excitation wavelength of 485 nm. We found strong
green fluorescence in the PS-NPs-treated tissues as compared to the controls (Figure 8). The green
fluorescence was predominantly seen in gonads (can reach around 15 ug/mg total protein) and intestine,
and other tissues, including liver and brains (around five times less than those in the gonads). This result
demonstrates that the green-labeled PS-NPs can accumulate in various tissues, including the nervous,
digestive, and reproductive organs after long term exposure.

Figure 8. Comparison of the tissue distribution of green fluorescence-labeled nanoplastics among
different tissues in zebrafish after ~30 days of polystyrene nanoplastics (PS-NPs) exposure. The data
are expressed as the mean ± SEM and they were analyzed by One-way ANOVA, which continued with
post hoc analysis (n = 3; *** p < 0.001).

2.8. Measurement of Marker Expression in Muscle and Liver after PS-NPs Exposure

Several biochemical parameters that were related to oxidative stress, energy and lipid metabolisms,
oxygen uptake, DNA damage, inflammatory response, and environmental toxic responses were
examined in muscle and liver tissues of the PS-NPs-exposed fish to better understand the corresponding
toxic mechanism induced by PS-NPs (summarized in Table 1). From the muscle tissues, we examined
oxidative stress, energy metabolism, and oxygen uptake changes after PS-NPs exposure. Regarding
oxidative stress, we found that the relative amount of reactive oxygen species (ROS) level increased
in the fish exposed to the high concentration of PS-NPs while we found that a high concentration
of PS-NPs induced a significant decrease in ATP level for energy metabolism. On another hand,
a significant change was absent in both treated groups regarding their level of creatine kinase, a muscle
energy marker. Furthermore, from this tissue, we also found that Hif-1α, a key marker for hypoxia,
was not changed after the exposure.
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Next, the effects of PS-NPs exposure on DNA damage, inflammation, and lipid peroxidation
were evaluated by measuring several important biomarkers, such as single-stranded DNA (ssDNA),
TNF-α, and malondialdehyde (MDA) from the liver tissue. Regarding the DNA damage, the relative
amount of ssDNA was increased in the high concentration group. Furthermore, in the 0.5 ppm
PS-NPs-treated group, the relative amount of TNF-α, an inflammatory marker, was not significantly
different from those of the control. However, the relative amount of those markers in the liver of 1.5 ppm
PS-NPs-treated group were significantly higher than those of the control. In addition, MDA, which
is a marker for lipid peroxidation, the relative amount from the liver tissue was unchanged in both
groups. Several biomarkers for chemical exposure-response were also measured from the liver tissues,
including cortisol and ethoxyresorufin-O-deethylase (EROD). From the result, we found a significant
increment in the cortisol level exhibited by the high concentration group only. However, there were no
significant differences regarding the EROD level that was observed in all of the groups. In addition,
we also found increments in the vitellogenin (VTG), a biomarker for environmental estrogens, levels in
both treated groups. Later, we analyzed the regulation of three isoforms of cytochrome P450, CYP
enzymes (CYP1A1, CYP11A1, and CYP19A1) in zebrafish liver after the PS-NPs exposure. Interestingly,
all three CYP isoenzyme expressions were significantly elevated in 1.5 ppm PS-NPs-exposed zebrafish
when compared to the control.

2.9. Measurement of Neurotransmitter Expression in Brain after PS-NPs Exposure

Neurotransmitters affect a wide variety of both physical and psychological functions, including
heart rate, sleep, appetite, and behaviors, such as mood and fear. The expression of neurotransmitters
in the brain was measured biochemically while using enzyme-linked immunosorbent assay (ELISA)
to investigate PS-NPs exposure to neurotransmitters. Fixed amount of the total soluble protein
in brain was subjected to ELISA to determine the expression level of neurotransmitters, such as
acetylcholine esterase (AChE), acetylcholine (ACh), dopamine (DA), melatonin, γ-aminobutyric
acid (GABA), serotonin (5-HT), vasopressin, kisspeptin, prolactin (PRL), oxytocin, and vasotocin.
From the result, the activity of AChE was significantly inhibited in the 1.5 ppm PS-NPs group
(Table 1). Interestingly, the relative amount of ACh did not significantly change in both of the treated
groups. Furthermore, the other neurotransmitters, such as DA, melatonin, GABA, 5-HT, vasopressin,
kisspeptin, and oxytocin, were also significantly decreased after exposure to PS-NPs, especially in
the high concentration group. However, the relative amount of PRL and vasotocin did not show any
appreciable change in the treatment groups.

3. Discussion

3.1. Microplastic Pollutions

Over the past few years, very high concentrations of microplastics have been detected in freshwater
bodies (0–1×106 items/m3) [33] and oceans (0–1×104 items/m3) [34]. It was calculated that between
4.8 and 12.7 million metric tons of plastic waste disposed into the ocean in 2010 and this mass could
drastically increase by one order of magnitude by 2025 [1]. Microplastics enter the ecosystem from
many sources, including clothing, industrial processes in the form of microbeads, plastic pellets, and
microfibers that degraded from plastic bags and fishing nets. Plastics take hundreds to thousands of
years for degradation, thus increasing their probability of being ingested and accumulated in bodies
and tissues of water organisms. The evidence of this incorporation of microplastics in the organism
bodies has already been observed in various species of animals, particularly fishes and mussels that
are commonly used for human consumption. It is becoming increasingly evident that microplastics
can be transmitted through the aquatic food web, which leads to biological accumulation. The entire
movement and life cycle of microplastics in the environment is still under research, in a critical
review and assessment of data quality of the occurrence studies of microplastics, Dr. Koelmans
and colleagues at the Wageningen University, the Netherlands assessed the quality of fifty studies
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researching microplastics in drinking water and its major freshwater sources. They concluded that
more high-quality data are needed on the occurrence of microplastics in drinking water, to better
understand potential exposure and inform human health risk assessments [35]. Additionally, in
a study in Mytilus edulis, the accumulation of microplastics in the form of microfibers varied from 0.9 to
4.6 items/g, where more microplastics were detected in the wild groups than in the farmer’s group [36].
In the current study, we evaluated the effects of several different concentrations of PS-NPs on the adult
zebrafish behavior and physiological aspects with an environmentally relevant concentration after
chronic incubation. The obtained results added new important information regarding the neurotoxic
effects of this emerging pollutant on adult zebrafish.

3.2. Inflammatory Protein Expression and Oxidative Stress

We investigated the inflammatory protein expression and measured oxidative stress to understand
the exacerbation of PS-NPs induced toxicity in zebrafish. First, we evaluated the level of TNF-α marker
as a representative protein of inflammations by ELISA. The 1.5 ppm treatment induced the marker level
to rise in liver tissues and triggered a significant immune response, thus suggesting a synergistic effect
on inflammation. Furthermore, the lack of anti-inflammatory function observed from liver tissue when
fish were exposed to a high concentration of PS-NPs with elevated ssDNA, suggesting an oxidative
stress mechanism of toxicity [37]. Reactive oxygen species (ROS) are one of the important features
that result from toxicant-induced cell death and they are implicated in the inflammatory response.
ROS generation by PS-NPs was examined using the ROS ELISA kit showing ROS production was
dramatically increased in the PS-NPs 1.5 ppm treated group, indicating that the presence of PS-NPs
synergistically aggravated ROS production. In a prior study, when 0.05, 0.5, & 6 μm polystyrene beads
were exposed to rotifers, different sizes of microbeads induced ROS in a size-dependent manner [38].
Besides, the size dependency of microbeads side effects was proved as a consequence of oxidative
stress, which is P-JNK, P-p38 activation with increased ROS level [38]. Smaller sized PS-NPs had
been shown to induce the activities of ROS and Hif-1α biomarkers. These studies demonstrated
that smaller sized particles are more toxic than the larger particles due to their specific surface
area [39,40]. Moreover, a high level of ROS might also be due to insufficient nutrition or the inhibition
of fish food digestion that is caused by aggregated PS-NPs in fish to a larger extent, although they
were not aggregated in the water. In addition, even though the ROS levels were investigated after
~7 days of PS-NPs treatment, the aggregation and accumulation of fluorescence-labeled PS-NPs in
fish determined after ~7 weeks of accumulation may also be related to this phenomenon. More future
experiments are considered to be conducted to validate this hypothesis. Additionally, polyethylene
and polystyrene microplastics were shown to adsorb pyrene in time and dose-dependent manner in
Mytilus galloprovincialis, depicting cellular deformities with an alteration in oxidative stress, neurotoxic
effect, and antioxidant system in a previous study [18]. Therefore, this result might be an important
consideration for future research efforts. To conclude, the high concentration and size of nanoplastics
appeared to be one of the key determinants of such toxicity, leading to elevated ROS production and
cell death, as well as pro-inflammatory responses.

3.3. Energy Metabolism

The toxic effects of PS-NPs in the liver of zebrafish were investigated after ~7 days of exposure.
In our study, the altered level of ATP marker in a biochemical assay confirmed the disruption of
energy metabolism. Similar studies have reported that in marine worms and copepods, ingested NPs
depleted energy reserves [24,41] and particularly affected the feeding behavior of fish [42]. A possible
explanation is that the large quantity of ingested PS-NPs without any nutritional value hindered
the normal absorption of food. In addition, the dysregulation of food intake can also lead to severe
changes in energy and lipid metabolism.
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3.4. Reproductive Toxicity of PS-NPs

In a previous study, the 2 and 6 μm diameter and 0.023 mg/L of micro-PS significantly decreased
the oocyte number, diameter, and sperm velocity in oysters when exposed for two months, after assessing
the reproductive cycle on different eco-physiological parameters [43]. Based on the biochemical analysis
of differentially expressed CYP proteins, PS-NPs may directly affect the ovary. Moreover, nanoplastics
may cause oxidative stress to the developing follicles and interfere with the expression of key regulatory
genes, impairing the function and growth of stage 1/11 follicles. The aborted follicular development,
as well as the inhibition of E2 synthesis, could be a consequence of cyp1a1 down-regulation [44–46].
Generally, the accumulation of yolk in oocytes during oocyte development after fertilization is a key
success in zebrafish embryonic development [47]. Therefore, vitellogenin (VTG), a female-specific
protein that is responsible as a precursor of egg yolk proteins in vertebrates, plays an important role in
zebrafish reproduction [48]. This protein is synthesized in the liver, secreted to the bloodstream, and
then transported to the developing oocytes for vitellogenesis process [49]. Thus, VTG has been used as
a biomarker of estrogenic pollution or as a biomarker of an endocrine disruptor in vertebrates [50–52].
In addition, male zebrafish also can synthesize and secrete VTG when exposed to estrogen mimic
pollutants, even though VTG is a female-specific protein [53,54]. In this experiment, the increased
level of VTG in the treated fish suggests that PS-NPs caused endocrine disruption pollution in
the environment.

Later, a fluorescence spectrophotometer was used to quantify fluorescence coated PS-NPs that
accumulated in tissues of zebrafish after one-month incubation. Even though this technique relies
on the fluorescent dye encapsulated in plastic beads, it is very useful to quantify the accumulation of
PS-NPs in different tissues after the exposure. It is noted that, in zebrafish, the gills are considered as
the initial site for uptake and elimination of nanoparticles, while the brain, gonads, and liver connected
with the gills via arterial blood. In addition, blood circulating in veins from the gonads will also reach
the liver [55]. We found that 70 nm PS-NPs in low concentration preferentially accumulated in the gonad
as compared to other tissues/organs, in accordance with previous studies in another nanoparticle [56].
This result indicated that PS-NPs could pass through the gonad blood barriers and accumulate in gonad
tissues. These gonadal alterations would possibly further affect reproductive activity by inducing
germ cells apoptosis in gonad tissues [57]. In another prior study, this issue was shown in the zebrafish
when their parents were exposed to the poly-N-vynil-2-pirrolidone and polyethylenimine (PVP/PEI)
coated silver-nanoparticles. Parental exposure to Ag-NPs increased embryo malformation prevalence,
suggesting that silver is able to reach the gonads and accumulate in the oocytes causing a disturbance
in developing embryos in fish waterborne exposed to the Ag-NPs suspension [58]. Furthermore,
nanoparticles were also found to invade the protective barrier and disrupt the oocytes in the mice
study. In their study, NPs crossed the blood-brain barrier and accumulated in the central nervous
system (CNS) [59]. Later, NPs disrupted hormone secretion, such as gonadotropin-releasing hormone
(GnRH), which is responsible for oogenesis, through the hypothalamic-pituitary-gonadal axis [60–62].
Moreover, NPs could also cross through the placenta into the fetus, causing treated mice to likely
exhibit fetal inflammation, genotoxicity, apoptosis, reproductive deficiency, and immunodeficiency [60].
In addition, another study in Bombyx mori, an invertebrate model organism, also proved that Ag-NPs
could induce reproductive toxicity. In this study, the possible mechanism is Ag-NPs passed through
the gonads and generated ROS in spermatocytes and internal germ cells, inducing the early germ cell
death that led to the cells and DNA damage. The genetic integrity of the gonads is an essential aspect
of reproductive success [63]. Thus, as ROS can harm the DNA and cells, this damaged genetic will be
inherited to the next generation as the defective genetic [64,65]. In summary, even though the direct
evidence that the PS-NPs passed through the bio-barrier and moved to further tissues in fish, such as
gonads and brain, could not be shown; the fact that these organs were affected become an indicator from
the perspective of biological effects. The alterations that were observed in several tissues demonstrate
that PS-NPs do exert potential toxic effects on both the reproductive and nervous systems.
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3.5. Behavioral and Neurotransmitters Alterations Caused by PS-NPs

The novel tank test has emerged as a potentially useful behavioral measure of anxiety in zebrafish.
It exploits the tendency of zebrafish to initially dive to the bottom of a novel experimental tank, which
has been compared to thigmotaxis in rodents, with a gradual increase in vertical activity over time [25].
Similar to the rodent open-field test, the novel tank test endpoints can be applied to zebrafish models
of anxiety [66]. During the novel tank test, similar locomotion activity and exploratory behavior
between control and low concentration of PS-NPs-exposed groups were observed. On another hand,
the high concentration of the PS-NPs-exposed group exhibited hyperactivity and abnormal exploratory
behaviors. Various important neurotransmitters in the brain were measured by performing ELISA
with antigen-specific antibodies to understand the molecular mechanisms involved in this behavioral
impairment of PS-NPs exposed to zebrafish. Abnormal behavior showed by the treated group might
be associated with the deregulation of several important biomarkers, including oxytocin, vasopressin,
and kisspeptin. Oxytocin, which is known to buffer the stress response, in the brain modulates
a broad variety of behaviors, as well as anxiety-related behavior and stress coping. Together with
vasopressin, oxytocin is an essential part of the hypothalamo-neurohypophysial system that appears to
activate bond-relevant behaviors, such as the exploration of a novel environment [67,68]. In humans,
oxytocin projects into the amygdala, hippocampus, and regions of the spinal cord that regulate
the parasymphatic branch of the autonomic nervous system, which attenuates stress responses [69]. In
addition, another study also found the antidepressant-like effects that are caused by kisspeptin-13 in
mice modified forced swimming test via adrenergic and serotonergic receptors [70]. Further, recent
research suggests that anxiety-like behavior is also directly associated with the acetylcholinesterase
(AChE) activity of the hippocampus since AChE knockdown in the hippocampus promotes anxiety-like
behavior in mice [71]. AChE is an enzyme that is responsible for the hydrolysis of the neurotransmitter
acetylcholine, and it has been implicated in several non-cholinergic actions, including acute stress
response and neurite outgrowth [72]. Several studies have shown that nanoplastics exposure could
dysregulate AChE activity in aquatic organisms [18,73,74]. In the current study, the AChE level found
to be deregulated in the treated fish that may contribute to the anxiety-like behavior that was exhibited
by these fish. The previous study in mice has found that anxiety was linked to AChE activity by
demonstrating that pubertal BPA (Bisphenol A) exposure increased anxiety-like behavior and decreases
AChE activity in the hippocampus [75]. Another prior study also reported that exposure to high doses
of thiamethoxam, a neonicotinoid insecticide, in rats produces AChE inhibition that persists some days
after exposure accompanied by deficits in behavioral performance [76]. In reptiles and amphibians,
exposure to AChE-inhibiting pesticides, such as carbaryl compromised their locomotion activity,
which is such a critical process as a predator avoidance and prey capture [77]. Equally important,
abnormal levels of several neurotransmitters, including γ-Aminobutyric acid (GABA), dopamine,
and serotonin, may also play a role in this abnormal behavior. Extensive evidence indicated that
GABA transmission plays a primary role in the modulation of behavioral sequelae resulting from
stress, while serotonin (5-hydroxytryptamine) is implicated in the regulation of several developmental,
behavioral, and physiologic processes, including anxiety and affective states in human and nonhuman
species [78]. Serotonin is a key modulatory neurotransmitter in the central nervous system [79]. In
humans, dysfunction in the neurotransmission of serotonin is implicated in a variety of psychiatric
disorders, including major depression and anxiety [80]. As an addition, cortisol, a steroid hormone,
might also contribute to this abnormal behavior. It is considered as the principal corticosteroid that is
secreted by the teleost fish adrenal system in response to acute and chronic stress, which might explain
the elevated level of cortisol that was observed in this study [81,82].

Aggressiveness, an ancestral behavior that is common to all animal species at least from fishes
onwards, is one of the behavioral traits that is often closely linked to fitness [83]. It can be defined as
the execution of action against animals belonging to the same or different species [84]. In zebrafish,
mirror-image stimulation is traditionally used for studying zebrafish aggressive behavior [26]. Our
findings demonstrated that both concentrations (0.5 and 1.5 ppm) of PS-NPs significantly impaired
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zebrafish aggressiveness in the mirror-biting test. The activity of several important biomarkers was
also evaluated to investigate the mechanism related to this behavior alteration. From the result,
significant reduced oxytocin and vasopressin activities observed in the brain tissue may be related to
the aggressiveness reduction. Supporting the current result, previous studies showed that oxytocin
increased the sexual and aggressive behavior of dominant monkeys and modulated a broad variety of
behaviors, including pair bonding and aggression in rats [68,85]. Furthermore, aggressive behavior
is partially influenced by vasopressin, a neuropeptide hormone implicated in the regulation of
several social behaviors, mostly through its receptors in the brain [69,86,87]. In mice, a lower
binding of vasopressin to its receptor 1a is connected with lower aggression, and knocking out
the vasopressin receptor 1b significantly reduces its aggressive behavior. In addition, the injection of
arginine vasopressin into the ventrolateral hypothalamus was found to stimulate aggressive behavior
in gonadally intact male mice [88]. Generally, in mammals, oxytocin and vasopressin neurons
are both involved in the control of social behaviors, such as aggression and reproduction [89,90].
The dysregulation of several important brain neurotransmitters, including dopamine and serotonin,
might also be related to the less aggressive behavior observed in treated fish since these transmitters
are critically involved in the neural circuits for many types of human and animal aggression [91]. In
preclinical studies, the role of dopamine D1, D2, and D3 receptors in the modulation of aggression has
been documented. Moreover, more persuasive evidence for a significant role of dopamine D2 receptors
was mentioned from studies that focus on defensive-aggressive behavior in cats [92]. Traditionally,
several studies have shown that elevated serotonin and GABA levels lead to decreased aggression in
many different species, including humans [92]. However, the aggression level decreased in the treated
fish along with downregulated serotonin activities in the present study. One possible explanation is that
the majority (95%) of total body serotonin is released into the gut by intestinal enterochromaffin cells,
which might compensate for the downregulated serotonin in the brain that is caused by the microplastic
NP exposure [93].

As one of the important behavioral reactions, fear responses may have a significant fitness
component, since it might allow the animal (and human) to avoid predation or other forms of danger
in nature [94]. Based on the previous method, fear responses were induced in zebrafish by presenting
a convict cichlid (Amatitlania nigrofasciata) during the predator avoidance test [95]. In the present study,
alteration of predator avoidance behavior was shown by the high concentration of the PS-NPs-treated
group, while this phenomenon was absent in the low concentration of the PS-NPs-treated group. Later,
we quantitatively compared the neurotransmitters and other biochemical markers between the control
and PS-NPs-treated fish. From the result, we found a significant decrease in kisspeptin levels after
the PS-NPs treatments to the zebrafish. Kisspeptin is a hypothalamic neuropeptide that is derived
from the Kiss1 and it has proven to play a major role in vertebrate reproduction. However, several
studies demonstrated a unique role for the kisspeptin system in altering the fear response in several
animal models. In mice, the effects of kisspeptin-13 on mice passive avoidance learning were reported.
Kisspeptin-Kiss-R signaling could be involved in the contextualization of fear in mammals since
the expression of the Kiss1 gene and Kiss-R was shown in the hypothalamus and the medial amygdala,
which is a fear-regulating region in rodent brain [96]. In addition, very recent findings showed a unique
role of kisspeptin in inhibiting fear response in zebrafish. Thus, it suggests the interaction between
the vHb-expressing Kiss1 and the serotonin system in the modulation of alarm substance-evoked fear
responses [70]. Furthermore, the decreased activities of vasopressin and oxytocin may also related to
this behavioral impairment, because these hormones are well known as modulators of a variety of
cognitive and emotional processes, most notably learning and memory, trust and selective affiliation,
and fear [90]. A pioneering study also found that oxytocin reduced amygdala activation and its coupling
to brainstem centers responsible for autonomic and behavioral components of fear [69]. The low
level of GABA was also observed in the treated fish brain. GABA is the most abundant inhibitory
neurotransmitter in the mammalian brain and is known to be related to the anxiety/fear response in
human and animal models [97,98]. In the rat study, it has been found that GABA neurotransmission in
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the nucleus accumbens shell played a role in defensive or fear-related behavior, which might contribute
to the diminished predator avoidance behavior exhibited by the treated fish during the assay [99].

Social interactions are an important domain of animal and human behavior since they play
a major role in the acquisition and development of learned behaviors [100]. Social interaction and
shoaling behavior tests are very commonly used behavior assessments in fish models to study their
social behaviors. In zebrafish, these tests assess their sociability by observing the interactions between
several fishes [26]. Even though social behavior deficit was not shown by the PS-NPs-treated fish
during the social interaction test, tighten shoals were formed by both of the treated groups, which
might indicate stress responses in zebrafish [101]. We found that the reduction of oxytocin and
vasopressin levels might play roles in this phenomenon after several major brain neurotransmitters
were measured. As mentioned earlier, oxytocin and vasopressin are both best known for their
contribution to the regulation of social behavior; moreover, a plethora of studies in humans already
found that both of these neuropeptides modulate human social behavior and cognition [68,102]. In
the previous study, the oxytocin effect in the social behavior modulation was studied in the oxytocin
knockout mice. The mutant mice failed to recognize familiar conspecifics after repeated social
encounters while it can be restored with central oxytocin administration into the amygdala [103]. Thus,
the effects of oxytocin on partner preferences strongly suggest a causal connection between oxytocin and
the formation of social bonds [67]. Furthermore, vasopressin was found to modulate social behaviors
and motor activity in both dominant and subordinate monkeys [85]. Finally, comparisons across
fishes, amphibians, and mammals also indicate that oxytocin and vasopressin and their homologs
both regulate many of the same types of social behaviors throughout the vertebrate lineage [90].
In addition, the development of shoaling has also been found to be associated with whole-brain
GABA and dopamine levels [104]. Previously, a study demonstrated that, in response to social
stimuli, dopamine and 3,4-Dihydroxyphenylacetic acid (DOPAC) levels rapidly rise in the brain
of adult zebrafish [105]. Dopamine D1-receptor antagonism was also found to impair shoaling in
adult zebrafish in a dose-dependent manner [106]. In goldfish, the tendency to shoal has been
demonstrated to increase when they were administered with anxiogenic drugs-GABA agonists [107].
Further, the study in medaka (Oryzias latipes) was also shown that an anti-anxiety drug—the positive
allosteric modulator of GABA diazepam—selectively modified their shoaling behavior [98]. Taken
together, the low level of dopamine and GABA that was observed in this research might contribute to
the abnormal shoal that formed by the PS-NPs-treated fish group.

Circadian rhythms play a central role in adapting the physiology and behavior of living
organisms to anticipate daily environmental changes [108]. After seven weeks of PS-NPs exposure,
the dysregulation of circadian rhythm locomotion activity was shown by the treated fish group and
might be related to the melatonin, a key hormone controlling the circadian rhythm. Generally, this
physiological hormone gets involved in sleep timing and currently used as a primary treatment for
sleep disorders in humans [109]. Melatonin has also been reported to promote sleep-like behavior in
diurnal vertebrates, such as zebrafish, and is responsible for other physiological processes, including
immune function, blood pressure, and retinal physiology [110,111]. However, in this experiment,
PS-NPs-treated groups both showed a significantly low level of melatonin, while sleep-like behaviors
were observed during the circadian rhythm locomotion activity test in light and dark cycles. One
possible explanation is that the sleep-like behavior showed by the treated fish was likely caused by
anxiety or depression, not by the melatonin level [112]. The downregulated vasopressin level might
also contribute to this behavior alteration since vasopressin is the product of one such clock-controlled
gene that evokes circadian rhythms. The previous study reported that the circadian rhythmicity
of locomotor activities was significantly reduced in V1a (one of the vasopressin receptor)-deficient
mice [113]. In addition, there is a possibility that serotonin also plays a role in this phenomenon. This
is supported by another prior study in mice lacking the serotonin transporter. The abnormality in REM
sleep was shown by the mutant mice, followed with other abnormalities, including reward-related
and locomotor responses to psychostimulants and analgesic responses [114]. Besides, the hypoactivity
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behavior of fish, in this case, might also be attributed to an increase in oxidative damage [2]. However,
this hypoactivity behavior that was observed during this test was in contrast with the hyperactivity
behavior shown during the novel tank test. A possible explanation is that higher concentration (5 ppm)
and longer exposure of PS-NPs were applied in the circadian rhythm locomotion activity test, while, in
the novel tank test, only lower concentrations (0.5 and 1.5 ppm) and shorter exposures of microplastic
PS-NPs were used.

Taken together, we found that PS-NPs treatments inhibited the activity of several important
neurotransmitters at the highest concentration of PS-NPs, which might lead to cholinergic
neurotransmission insufficiency. These dysregulations raise the potentiality that PS-NPs exposure could
induce adverse effects on neurotransmission in zebrafish. This investigation is a step in the direction
of understanding the adverse effect of PS-NPs on freshwater or marine organisms to understand
the phenomenon at a very basic level.

4. Conclusions

To the best of our knowledge, the behavior impairments that result from the exposure to 70 nm
PS-NPs have not been investigated before in fish. Our study confirmed that acute (~7 days) and chronic
(~7 weeks) exposure of 70 nm PS-NPs could alter the neurobehavior and accumulated in at least four
tissues (brain, liver, gonads, and intestine). Moreover, PS-NPs accumulation induced several effects on
behavioral profiles and biochemical biomarkers predicting the potential health risk to mammals (as
summarized in Figure 9). We provide evidence that PS-NPs exposure causes disruptions to behavior,
induces oxidative stress, and elicits neurotoxic responses based on a comprehensive analysis of multiple
parameters. Further studies are needed to better understand the mechanism underlying the biological
effects of PS-NPs on the aquatic biosystem. Other factors, such as shape, size, and composition of
PS-NPs, exposure period, and physiological characteristics of the exposed organisms may be closely
related to the toxic effects of PS-NPs and interlacing PS-NPs and aquatic biota.

Figure 9. Schematic diagram of the biochemical and behavioral changes after polystyrene nanoplastics
(PS-NPs) exposure in zebrafish. Left panel showing the biomarker expression alteration (↑: up
regulated, ↓: down regulated) in the muscle, liver, and brain after PS-NPs exposure. Right panel
showing the behavioral alteration after PS-NPs exposure at either 0.5 or 1.5 ppm (↑: higher behavior
level, ↓: lower behavior level).
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5. Materials and Methods

5.1. Particle Characterization

Polystyrene (PS) particles (nominal size ~70 nm) were purchased from Tianjin BaseLine ChromTech
Research Centre (Tianjin, China). According to the manufacturer, the particles are spherical, white
opaque, and can be detected by Transmission Electron Microscopy. The PS-NPs solutions were prepared
with purified water (Milli-Q, Darmstadt, Germany) and sonicated before every usage. Lumisphere
uniform green fluorescent polystyrene microspheres (~70 nm) were purchased from Tianjin BaseLine
ChromTech Research Centre (Tianjin, China) to study the tissue distribution after waterborne exposing
to zebrafish. The manufacturer performed transmission electron microscopy to verify the particle size.

5.2. Zebrafish Husbandry

Healthy adult zebrafish (~6 months old and 0.30 ± 0.022 g in wet weight) were maintained at
25 ± 1 ◦C with a 14/10 h light/dark cycles in culture water (UV sterilized and well-aerated water,
pH 7.2 + 0.4, dissolved oxygen, 6.5 ± 0.2 mg/L, electrical conductivity, 0.254 ± 0.004 mS/cm, water
hardness, 183 ± 5 mg of CaCO3/L). The Committee for Animal Experimentation of the Chung Yuan
Christian University approved all of the experimental protocols and procedures involving zebrafish
(Number: CYCU107030, issue date 19 Dec. 2018). All of the experiments were performed in accordance
with the guidelines for laboratory animals.

5.3. Exposure of PS-NPs

Adult zebrafish were randomly placed into three different glass tanks, each tank containing
20 fishes and the 2 L test solutions. During the entire experiment period, the glass tanks were
continuously aerated to maintain the complete dispersion of the particles in the test solution and make
sure that no aggregation was observed. For the toxicity test, fishes were randomly assigned to control
and PS-NPs treated group (n = 20 for each group). For the treatment groups, 70 nm virgin PS-NPs
were used and the exposure concentrations were 0.5 ppm, 1.5 ppm, and 5 ppm, which were chosen in
accordance with the previous study about the toxicity of NPs on aquatic organisms [38]. The exposure
protocol includes acute (~7 days) and chronic (~30 days and ~7 weeks) validation for the PS-NPs
toxicity. For the experiment, the test solution in each tank was refreshed every two days.

5.4. Adult Behavior Test Battery

8 ± 1 days exposed adult zebrafish were tested mostly within the morning until afternoon (10.00
to 16:00) and start with a ~3–5 min. pre-acclimation in the tank, excluding the novel tank test, in
a series of five behavioral assays: novel tank, mirror biting, predator avoidance, social interaction,
and shoaling tests, as referenced from the previous publication [95]. The whole experiment was
conducted in a temperature-controlled room (25 ± 1 ◦C). Novel tank and shoaling tests were performed
on the seven days exposure, while mirror biting and social interaction tests were carried out on
the following day. Lastly, a predator avoidance test was conducted on the nine days of exposure. Every
day, the experiment began after the routine morning brine shrimp feeding. Fish tanks designated
for conducting the experiment were transferred to the behavior testing room and freshly made
system water was used in all of the testing apparatus. In these assays, untreated adult zebrafish and
PS-NPs-exposed fishes were placed in an experimental tank filled with ~1.25 L of fish water. Canon
EOS 600D camera with a long-range zoom lens (Canon Inc., Tokyo, Japan) was used for video recording
in all of the tests mentioned above and, later, the videos were loaded by the idTracker [115] software
for fish movement tracking and activity analysis based on the previous method [95,116]. In the novel
tank test, the behavioral responses were recorded at a 1-min. interval of 0, 5, 10, 15, 20, 25, and 30 min.
The behavioral endpoints were followed: time in top duration, average speed, freezing time movement
ratio, number of entries to the top, latency to enter the top, and total distance traveled at the top.
Next, the experimental tank with a mirror that was placed vertically to one side of the wall was used

215



Int. J. Mol. Sci. 2020, 21, 1410

in the mirror biting test. After acclimation, their behavior was recorded for 5 min. The measured
behavior endpoints were mirror biting time percentage, longest duration in the mirror side, average
speed, freezing time movement ratio, swimming time movement ratio, and rapid movement time
ratio. The tested fish were placed in the tank with a transparent glass separator placed at ~15 cm
away from the vertical side of the tank wall to test the predator avoidance behavior. After acclimation,
Amatitlania nigrofasciata, a convict cichlid, was placed on the empty side of the test tank and their
behavior was recorded for 5 min. For this test, several important endpoints were calculated, including
predator approaching time percentage, the average distance to the separator, average speed, freezing
time movement ratio, swimming time movement ratio, and rapid movement time ratio. Later, a social
interaction test was performed with a transparent glass separator that was placed at ~11 cm away from
the vertical side of the tank wall. A conspecific was placed on the empty side of the test tank after
acclimation. Predator approaching time percentage, average distance to separator, average speed,
freezing time movement ratio, swimming time movement ratio, and rapid movement time ratio were
calculated after the videos were recorded for 5 min. Finally, the shoaling assay was conducted with
three fish in each test tank. After 5 min. videos were recorded, several important endpoints including
average speed, time in top duration, average inter-fish distance, average shoal area, average nearest
neighbor distance, and average farthest neighbor distance were calculated.

5.5. Circadian Rhythm Locomotion Activity Assay

A circadian rhythm locomotion activity test was performed to analyze the zebrafish locomotion
activity during the light and dark cycle after ~7 weeks exposure of 5 ppm PS-NPs. This test was
conducted based on a previously published method [117]. The dark/cycle test apparatus consisted
of six fish tanks (20 × 10 × 5 cm), with three fishes for each tank. As a light source below the tanks,
a lightbox consisting of a light-emitting diode (LED) and an infrared light-emitting diode (IR-LED)
were used in light and dark cycles, respectively. One infrared-sensitive charge-coupled device (CCD;
detection window: 700–1000 nm) with a maximum resolution of 1920 × 1080 pixels and a 30-fps frame
rate was used for video recording (3206_1080P module, Shenzhen, China). We recorded the zebrafish
locomotion activity (average speed, average angular velocity, meandering, freezing time movement
ratio, swimming time movement ratio, and rapid movement time ratio) for 1 min. every hour and,
later, idTracker was used to track fish movement trajectories [115].

5.6. Biochemical Analysis of Biomarkers

After all of the behavioral analyses, three fishes were randomly collected from each tank (nine
fishes/treatment) to evaluate the toxic effects of PS-NPs, alterations of biomarkers in different tissues
due to PS-NPs exposure were determined. The fish were rinsed with water to remove the microplastics
from the skin. Afterward, they were anesthetized by immersing in Tricaine (MS-222) where they were
sacrificed and examined later. Different tissues (muscle, liver, and brain) were collected and a pool of
three zebrafish tissues was used for homogenate preparation. The tissue samples were dissected and
immediately frozen in liquid nitrogen and stored at −80 ◦C for transcriptomic analysis and biochemical
validation or fixed in 10% formalin for histopathological examinations. For transcriptomic analysis
and biochemical validation, the tissues were homogenized at medium speed with a Bullet blender
with 50 volumes of (v/w) ice-cold phosphate saline buffer adjusted to pH 7.2. The samples were further
centrifuged at 12,000 rpm for 20 min. and the crude homogenate was stored in 100 μl aliquots at
−80 ◦C until required. Tissues were analyzed at the end of all behavioral experiments, excluding
the circadian rhythm locomotion activity, to determine the possible effects of PS-NPs exposure in
the following tissues: for the muscle, oxidative stress (ROS), energy (ATP and creatine kinase), and
lipid metabolisms (MDA); for liver, oxygen uptake (Hif-1α), DNA damage (ssDNA), inflammation
(TNF-α), stress (cortisol), yolk protein precursor (VTG), and detoxification enzyme (EROD, CYPs); for
brain, AChE, acetylcholine, dopamine, melatonin, GABA, 5-HT, vasopressin, kisspeptin, prolactin,
oxytocin, and vasotocin. All of these markers were detected by using commercial ELISA kits purchased
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from Zgenebio Inc. (Taipei, Taiwan) and all of the measurements were conducted according to
the manufacture protocols.

5.7. Florescence Analysis of Lumisphere Microplastics on Adult Zebrafish

Following the behavior analysis mentioned above, a one-month exposure to lumisphere
microplastics on adult zebrafish was conducted for the fluorescence analysis. After ~30 days incubation
with 1.5 ppm florescence PS-NPs, the fishes were anesthetized by Tricain methanesulfonate (MS222),
sacrificed, and then dissected to obtain several different tissues, such as intestine, gonads, liver, and
brain. Each type of tissue was used for homogenate preparation by using phosphate buffers saline.
The concentrations of PS-NPs in different tissues of treated and untreated samples were measured
while using a fluorescence spectrophotometer (SYNERGY-HT, Bio-Tek) with excitation 485 nm and
emission at 590 nm. The standard curve was generated by using serial dilutions of lumisphere green
florescence PS-NP suspensions. The background luminescence of the tissues of untreated fish was
detected and then subtracted from that of the PS-NPs-exposed samples. Each detection was run
in triplicate.

5.8. Statistical Analysis

All of the statistical analyses were performed in GraphPad Prism (GraphPad Software, Inc.,
version 7.01, La Jolla, CA, USA). Non-parametric analysis was used to analyze all of the behavioral
and biochemical results. Post hoc comparisons were done while using Dunnett’s test unless stated
otherwise. All the data are presented neither as median with interquartile range or mean ± standard
error of the mean (S.E.M).

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/4/1410/
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Abstract: There is an imperative need to develop efficient whole-animal-based testing assays
to determine the potential toxicity of engineered nanomaterials. While previous studies have
demonstrated toxicity in lung and skin cells after C70 nanoparticles (NPs) exposure, the potential
detrimental role of C70 NPs in neurobehavior is largely unaddressed. Here, we evaluated the chronic
effects of C70 NPs exposure on behavior and alterations in biochemical responses in adult zebrafish.
Two different exposure doses were used for this experiment: low dose (0.5 ppm) and high dose
(1.5 ppm). Behavioral tests were performed after two weeks of exposure of C70 NPs. We found
decreased locomotion, exploration, mirror biting, social interaction, and shoaling activities, as well
as anxiety elevation and circadian rhythm locomotor activity impairment after ~2 weeks in the C70

NP-exposed fish. The results of biochemical assays reveal that following exposure of zebrafish to
1.5 ppm of C70 NPs, the activity of superoxide dismutase (SOD) in the brain and muscle tissues
increased significantly. In addition, the concentration of reactive oxygen species (ROS) also increased
from 2.95 ± 0.12 U/ug to 8.46 ± 0.25 U/ug and from 0.90 ± 0.03 U/ug to 3.53 ± 0.64 U/ug in the muscle
and brain tissues, respectively. Furthermore, an increased level of cortisol was also observed in muscle
and brain tissues, ranging from 17.95 ± 0.90 pg/ug to 23.95 ± 0.66 pg/ug and from 3.47 ± 0.13 pg/ug
to 4.91 ± 0.51 pg/ug, respectively. Increment of Hif1-α level was also observed in both tissues.
The elevation was ranging from 11.65 ± 0.54 pg/ug to 18.45 ± 1.00 pg/ug in the muscle tissue and from
4.26 ± 0.11 pg/ug to 6.86 ± 0.37 pg/ug in the brain tissue. Moreover, the content of DNA damage and
inflammatory markers such as ssDNA, TNF-α, and IL-1β were also increased substantially in the brain
tissues. Significant changes in several biomarker levels, including catalase and malondialdehyde
(MDA), were also observed in the gill tissues. Finally, we used a neurophenomic approach with a
particular focus on environmental influences, which can also be easily adapted for other aquatic fish
species, to assess the toxicity of metal and carbon-based nanoparticles. In summary, this is the first
study to illustrate the adult zebrafish toxicity and the alterations in several neurobehavior parameters
after zebrafish exposure to environmentally relevant amounts of C70 NPs.
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1. Introduction

As the industrial applications of stabilized nanoparticles continue to expand, it becomes crucial to
understand their potential environmental implications. The potential application of nanomaterials
includes drug delivery, medical equipment, biosensors, and personal care products [1]. The projected
widespread use and large-scale production volume have led to growing concern over the potential for
most engineered nanomaterials to adversely affect human health and the environment [2,3].

Nowadays, among carbon-based nanomaterials, fullerenes have received much attention with
many potential applications, including in electronics, site-specific drug delivery, and pharmaceutical
nanocarriers [4–6]. In fact, in the pharmaceutical industry, the potential antioxidant nature of fullerenes
could be identified as a therapeutic intervention for the nervous system and neurodegenerative
diseases, diabetes, pancreatic disease, skin damage, hearing loss, septic shock, and kidney diseases.
Fullerenes are being marketed to consumers as a therapeutic agent in cosmetics and creams [7].
In addition, fullerenes can serve as major components in a variety of plastics, including filtration
membranes [8]. However, many studies are raising safety concerns by demonstrating possible cytotoxic
effects of fullerenes and their derivatives [9–13]. With increasing large production volume and use
of fullerene, it is imperative to determine/monitor the possible human health and environmental
implications [14] of these nanomaterials since adverse effects as well as protective effects are reported
upon exposure [15–17]. Lack of toxicological data on nanomaterials makes it difficult to determine
if there is a risk connected with nanoparticle exposure. Timely assessment of nanoparticle toxicity
would provide this critical data, enhance the public trust of the nanotechnology industry, and aid
regulators in deciding the environmental and health risks of commercial nanomaterials [18]. Hence,
there is an urgent need to develop efficient, rapid, and appropriate testing strategies to assess toxicity
and potential risks posed by fullerenes and their derivatives.

Various biological models have been used for the toxicological assessment of nanomaterials.
In vitro techniques, such as cell culture, are often used because they are efficient, rapid, and less
expensive [15]. While these in vitro studies are useful, a direct translation to human health risk is
often difficult to understand [19]. In vivo studies, on the other hand, can provide improved prediction
of the biological response in an intact system. Since in vivo studies often employ rodent models,
assessments are generally time-consuming, expensive, and require extensive facilities for housing
experimental animals. Time, labor, infrastructure, and cost can be significantly reduced by replacing
the traditional rodent model with the zebrafish model [20]. Zebrafish are a well-established model for
studying toxicological assessments and basic developmental biological processes [21–24]. Currently,
only a handful of studies have investigated the adverse effects of C70 NPs on Daphnia [25] but there
is a paucity of studies on adult zebrafish. Furthermore, the cellular and biochemical mechanisms
underlying C70 NP toxicity are still poorly understood.

A number of diverse platforms are available to assess toxicity, ranging from in vitro studies
to basic model organisms, such as Daphnia or sea urchins, to higher vertebrate models, such as
rodents and primates [26,27]. Recent studies have begun to apply “big data” approaches to
aid in data analysis and interpretation for validation of drugs and behaviors in zebrafish [28,29].
In this context, zebrafish behavioral phenomics are emerging as a new platform directed towards
assessing various behavioral phenotypes by means of high-throughput screening and test batteries [30].
This new area of zebrafish phenomics-based biology is gaining importance in aquatic toxicology and
neuropharmacology, in addition to the search for genes and pathways that can serve as biomarkers or
targets for drug exposure.

In this continuum, a small number of reports deal with possible toxicities of C70 NPs with the aid
of either in vitro or in vivo studies [31,32], but their neurobehavior impairments were not definitively
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determined. No evidence was currently available to allow for predictions of behavioral functions that
would most likely be affected by these nanomaterials. There is an urgent need for a molecular biomarker
that would be used as an endpoint to evaluate neurobehavior toxicities. To this end, this study aimed
to investigate the effects of toxicity level and stress response of adult zebrafish to fullerene C70 NPs.
To understand the mechanism underlying the abnormal neurobehavior and the oxidative inflammation
in the brain caused by nanoparticulate C70, we investigate the different endpoints of behavior analysis
and the pathological changes in various tissues following exposure to zebrafish, assess the oxidative
stress markers, and examine the effects of neurotransmitters including γ-aminobutyric acid (GABA),
acetylcholinesterase (AChE) activity, and levels of dopamine (DA), serotonin (5-HT), and melatonin in
the zebrafish brain. The experimental design and times for behavioral endpoint measurement were
summarized in Figure 1A.

Figure 1. (A) Overview of the experimental design and time points for chronic exposure of C70

fullerene nanoparticles (NPs) to adult zebrafish. For chronic toxicity, we measured color preference
and short-term memory at 7 days post-exposure (dpe). 3D locomotion, novel tank, mirror biting,
predator avoidance, social interaction, and shoaling tests were given at 14 dpe. The circadian rhythm
test was given at 21 dpe. After all behavior tests, fish were dissected and subjected to biochemical
assays by 22 dpe. Characterization of the C70 NPs used in this study: (B) SEM micrograph of C70 NPs
stock solution in the absence of solvents, (C) C70 NPs dissolved in DMSO showing wide disparity in
aggregation, (D) high magnification scanning electron micrograph showing the size of C70 NPs used
in this study, and (E) X-ray diffraction patterns of the crystal quality of the C70 NPs. (F) The particle
size distribution of 0.5 ppm C70 NPs in DMSO was measured by dynamic light scattering. C70 NP
suspensions were sonicated prior to measurement to resuspend the large particles and assess changes
in large aggregate status. (G) The zeta potential value of C70 NPs is estimated at −34.0 mV.

227



Int. J. Mol. Sci. 2019, 20, 5795

2. Results

2.1. Physical Property Characterization of C70 NPs (Nanoparticles)

The size of C70 NPs was determined by X-ray diffraction (XRD) analysis and scanning electron
microscopy (SEM). As shown in Figure 1B, the nanoparticles appear mainly spherical. Due to the
insolubility of C70 NPs in water, it was sonicated to form a uniform suspension in 0.1% of dimethyl
sulfoxide (DMSO). Previous evaluations in our laboratory have demonstrated no adverse biological
effect of DMSO at this concentration [33]. The SEM data showed crystalline particles of C70 NPs with a
diameter of 95.02 ± 0.25 nm (Figure 1D). The crystal structure of C70 NPs was analyzed by XRD and
showed intense diffraction peaks. In Figure 1E, the XRD patterns of C70 NPs peaks at 2θ = 9.5◦, 11.9◦,
14.3◦, 16.2◦, 18.5◦, 19.6◦, 21.5◦ were assigned to (100), (101), (102), (110), (103) respectively (Figure 1E).
The following suspension at DMSO C70 nanoparticles size distribution was measured by dynamic
light scattering (DLS) (Figure 1F). Zeta potential measurements, evaluated by electrophoretic mobility
of C70 nanoparticle in Figure 1G, indicated that it acquired a negative surface charge of −34.0 mV.

2.2. Low-Dose Exposure of C70 NPs Reduced Locomotion and Exploration Behaviors

The locomotor activity was assessed using a three-dimensional (3D) locomotion test assay in
zebrafish after chronic exposure to two different concentrations of C70 NPs (0.5 and 1.5 ppm) for
two weeks. In this test, we measured six important zebrafish behavior endpoints representative of
swimming activity and orientation. From the results, we found that 1.5 ppm of C70 NP-treated fish
showed a significant reduction in their locomotor activity. On another hand, a lower concentration of
C70 NPS (0.5 ppm) did not show any behavioral alteration in swimming activity. These phenomena
were indicated by a lower average speed, a rapid movement ratio, and a higher freezing time ratio
exhibited by zebrafish treated with 1.5 ppm C70 NPS. Furthermore, there were no significant differences
in the average speed, freezing, and rapid movement time ratio between 0.5 ppm of C70 NP-treated fish
and the control group (Figure 2A,E–F). In addition, similar average angular velocity and meandering
were recorded in both treated fish and the control groups suggesting swimming orientation was not
affected (Figure 2B,D). Interestingly, it was observed that both 0.5 and 1.5 ppm C70 NP-treated groups
showed a significant increase in time of top duration compared to the control group (Figure 2C).

The novel tank test, another experiment to assess zebrafish locomotor activity, exploratory
behavior, and anxiety level was conducted after two weeks of C70 NPs exposure. This test exploits
the natural tendency of zebrafish to initially dive to the bottom part of a novel tank, with a gradual
increase in activity in the vertical axis over time [34]. This test revealed adult fish exposed to both
concentrations of C70 NPs showed a significant decrease in their swimming activity compared to the
controls. This finding was shown by a lower average speed and a higher freezing time movement
ratio of treated fish compared with the control group in most of the experiment time (Figure 2G,H).
Furthermore, 0.5 ppm of C70 NPs altered the exploratory behavior, indicated by a lower average of
time in top duration, a lower level of entries to the top, and a lower total distance traveled in the top,
and a higher level of latency to enter the top portion of the test tank (Figure 2I–L). Surprisingly, higher
concentration of C70 NPs did not cause a more severe effect in the exploratory behavior, as indicated by
the similar average of time in top duration, number of entries to the top, total distance traveled in the
top, and latency to enter the top portion of the test tank in most of the test time interval seen in the
treated fish and the control group (Figure 2I–L).
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Figure 2. Comparison of behavior endpoints between the untreated control and C70 NP-exposed
zebrafish in 3D locomotion and novel tank tests after 14-day exposure. (A) Average speed, (B) average
angular velocity, (C) time in top duration, (D) meandering, (E) freezing time movement ratio, and (F)
rapid movement time ratio were analyzed for the 3D locomotion test. For the novel tank test, (G) average
speed, (H) freezing time movement ratio, (I) time in top duration, (J) number of entries to the top,
(K) latency to enter the top, and (L) total distance traveled in the top were analyzed. The data are
expressed as the median with interquartile range. The 3D locomotion test data were analyzed by
the Kruskal–Wallis test, with Dunn’s multiple comparisons test as a follow-up test (n = 36 for both
control and treatment groups). The novel tank test data were analyzed by two-way ANOVA with
Geisser–Greenhouse correction (n = 40 for the untreated control; n = 30 for the 0.5 ppm C70 NP-exposed
fish; n = 23 for the 1.5 ppm C70 NPs-exposed fish; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

2.3. Low Doses of C70 NPs Exposure Reduced Aggression and Predator Avoidance

To measure the aggressiveness of the fish, the mirror biting test was conducted after two weeks of
C70 NPs exposure. Biting the mirror may also indicate, more generally, social motivation or the intent
to interact with a social partner [15]. In this test, chronic exposure of C70 NPs in both concentrations
significantly reduced zebrafish aggressiveness, as indicated by a lower mirror biting time percentage
and the longest duration in the mirror side (Figure 3B–C). Furthermore, in line with our previous C60

NPS studies [15], 1.5 ppm of C70 NPs exposure reduced their locomotion behavior, displayed by a lower
average speed, swimming and rapid movement time ratios, and a higher freezing time movement ratio
compared to the control fish (Figure 3A,D–F). In addition, a slight decrement in locomotor activity
was also detected in 0.5 ppm of C70 NP-treated fish, as shown by a lower rapid movement time ratio
(Figure 3F). Meanwhile, there was no significant difference found in other types of fish movement and
average speed between 0.5 ppm of C70 NPs treated and the control group (Figure 3A,D–E).
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Figure 3. Comparison of mirror biting and predator avoidance behavior endpoints between the
untreated control and C70-exposed fish after 14-day exposure. (A) Average speed, (B) mirror biting time
percentage, (C) longest duration in the mirror side, (D) freezing time movement ratio, (E) swimming
time movement ratio, and (F) rapid movement time ratio were analyzed for the mirror biting assay
(n = 30 for the untreated control; n = 12 for the 0.5 ppm C70 NP-exposed fish; n = 23 for the 1.5 ppm C70

NP-exposed fish). For predator avoidance test, the (G) average speed, (H) predator approaching time
ratio, (I) average distance to separator, (J) freezing time movement ratio, (K) swimming time movement
ratio, and (L) rapid movement time ratio were analyzed (n = 30 for the untreated control; n = 23 for the
0.5 ppm C70 NP-exposed fish; n = 19 for the 1.5 ppm C70 NP-exposed fish). The data are expressed
as the median with interquartile range and were analyzed by the Kruskal–Wallis test continued with
Dunn’s multiple comparisons test as a follow-up test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

Fear is a collection of behavioral responses that are elicited by negative stimuli associated with
imminent danger such as the presence of a predator [35]. In the predator avoidance test, we assessed
zebrafish fear reactions, including anti-predatory behavior after two weeks of C70 NPs exposure.
Predator avoidance analysis was conducted by confronting zebrafish with a predator, convict cichlid
(Amatitlania nigrofasciata). We found that exposure of C70 NPs in zebrafish did not alter their fear
response behavior to their predator, showed by similar predator approaching time between the treated
zebrafish and the control (Figure 3H). Meanwhile, there were slight increments in the average distance
to separator between zebrafish and the predator fish exhibited by both the 0.5 ppm and the 1.5 ppm C70

NP-treated zebrafish (Figure 3I). Furthermore, we found some differences in the types of movement in
the 1.5 ppm of C70 NP-treated zebrafish compared with the control fish, even though their average
speed was similar (Figure 3G). These differences were indicated by a higher freezing time movement
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ratio and a lower swimming time movement ratio, while there was no significant difference in their
rapid movement time ratios (Figure 3J–L).

2.4. Low Doses of C70 NPs Exposure Dysregulated Social Interaction and Shoaling Behavior

The social interaction test is another useful model to study fish social phenotypes. It encompasses
more than simply preferring to be near members of the same species as humans [15]. We assessed
zebrafish sociability by observing zebrafish interactions with conspecific after two weeks of C70 NPs
exposure [36]. Based on the results, we found that zebrafish chronically exposed to 1.5 ppm of C70

NPs had reduced conspecific social interaction, as shown by a lower interaction time percentage and a
higher average distance to the separator and the longest duration in the separator side (Figure 4B–D).
On another hand, low concentration of C70 NPs did not alter zebrafish conspecific interaction behavior,
as shown by similar interaction time percentage and the longest duration in the separator side between
the C70 NPs treated fish and untreated control, even though there was an increment in the average
distance to the separator was noted in the 0.5 ppm C70 NPs treated fish (Figure 4B–D). Furthermore,
locomotor activity alteration was detected in the high concentration of C70 NP-treated fish, which was
shown by the low level of average speed while there was no similar phenomenon displayed by the low
concentration of C70 NPs group, as shown by similar average speed compared to the control group
(Figure 4A).

Figure 4. Comparison of social interaction and shoaling behavior endpoints between the untreated
control and C70 NP-exposed fish after 14-day exposure. (A) Average speed, (B) average distance to
separator side, (C) interaction time percentage, and (D) the longest duration in the separator side
were analyzed for the social interaction test (n = 30 for the untreated control; n = 12 for the 0.5 ppm
C70 NP-exposed fish; n = 19 for the 1.5 ppm C70 NP-exposed fish). For the shoaling test: (E) average
speed, (F) time in top duration, (G) average shoal area, (H) average inter-fish distance, (I) average
nearest neighbor distance, and (J) average farthest neighbor distance were analyzed (n = 30 for the
untreated control; n = 24 for the 0.5 ppm C70 NPs-exposed fish; n = 21 for the 1.5 ppm C70 NPs-exposed
fish, with 3 fish for each shoal). The data are expressed as the median with interquartile range and
were analyzed by the Kruskal–Wallis test, with Dunn’s multiple comparisons test as a follow-up test
(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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Shoaling behavior represents the complex interaction of animals moving together in coordinated
movements which is very common in fish models [37]. We tested the social behavior of C70 NP-exposed
fish using a shoaling assay after two weeks of C70 NPs exposure. In this test, loose shoals formed by
C70 NP-treated fish were observed, as indicated by increased average shoal area, average inter-fish
distance, average nearest neighbor distance, and average farthest neighbor distance in both C70 NPs
treated groups (Figure 4G–J). Furthermore, in line with our previous C60 NPs studies [38], a significant
decrease in locomotor activity was observed in the high concentration of C70 NPs compared to untreated
control (Figure 4E). In addition, a high concentration of C70 NPs exposure also reduced the exploratory
behavior as shown by decreased time in the top duration (Figure 4F).

2.5. Low Doses of C70 NPs Exposure Dysregulated the Color Preference

Color vision is one of the most prominent modalities to recognize biologically-important
stimulation and it plays a significant role in visual perception. Zebrafish possess eyes and retinas
that are very similar to those of other vertebrates includes humans [38]. The color preference test has
been used to assess phenotypical and behavioral changes in zebrafish [15,39,40]. Our previous color
preference study showed that adult zebrafish exposed to C60 NPs have a strong aversion towards
green/blue and red/blue compared to other colors [41]. The color preference patterns in C70 NP-treated
fish showed changes in blue–red color combination after one-week exposure (Figure 5C), with overall
preference pattern shifted from a red > blue > green > yellow preference in the untreated control to
a blue > red > green > yellow preference in the C70 NP-treated fish. Other color combinations for
either blue–green (Figure 5A), green–yellow (Figure 5B), red–green (Figure 5D), red–yellow (Figure 5E),
or blue–yellow (Figure 5F) showed non-significant differences between the untreated control and the
C70 NP-treated fish.

Figure 5. Comparison of color preferences between the untreated control and 1.5 ppm of C70

NP-exposed fish: (A) green vs. blue combination; (B) green vs. yellow combination; (C) red vs.
blue combination; (D) green vs. red combination; (E) red vs. yellow combination; and (F) blue
vs. yellow combination. Since all of the data were not normally distributed, they were analyzed
using non-parametric Kruskal–Wallis followed by Dunn’s post-hoc test, and p < 0.05 was considered
significantly different. The data are presented with mean ± SEM with n = 24, n.s. = not significant,
** p < 0.01.
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2.6. Low Doses of C70 NPs Exposure Dysregulated the Circadian Rhythm but Did Not Alter Short-Term
Memory

The zebrafish represents a potential model to study memory function and impairment in
vertebrates. Here, we used a passive avoidance test to explore the potential short-term memory
deficiency in zebrafish after three weeks exposed to environmental-level C70 NPs. This passive
avoidance test was conducted by using a white–black shuttle box equipped with an electric shock
following our previously published protocol (Figure 6A) [42]. However, no significant alteration on a
short-term memory test in terms of either training-phase latency (Figure 6B) or testing-phase latency
(Figure 6C) was found in the C70 NP-treated fish. This result demonstrated that chronic exposure to
C70 NPs does not cause short-term memory alteration in zebrafish.

Figure 6. The short-term memory and circadian rhythm assay for the untreated control and C70

NP-exposed fish after 7- and 21-day exposure, respectively. (A) Schematic showing the experimental
protocol for the passive avoidance test. (B) The average training phase latency on zebrafish learning.
(C) The memory retention latency for the memory test. The data are expressed as the mean ± SEM and
were analyzed by two-way ANOVA with Sidak’s multiple comparisons test as a follow-up test (n = 10
for the untreated control; n = 6 for the C70 NP-exposed fish). (D) Comparison of time chronological
changes of the average speed between wild-type and C70 NP-exposed fish in the day and night cycle.
The grey area shows the dark period and the unshaded area is the light period. Comparison of (E)
average speed, (F) average angular velocity, and (G) meandering at light period. Comparison of
(H) average speed, (I) average angular velocity and (J) meandering at the dark period. The data are
expressed as the median with interquartile range and were analyzed by Kruskal–Wallis test, with Dunn’s
multiple comparisons test as a follow-up test (n = 18 for the untreated control; n = 18 for 0.5 ppm C70

NP-exposed fish; n = 9 for the 1.5 ppm C70 NP-exposed fish; *** p < 0.001, **** p < 0.0001).

Light cycles are the most important synchronizers of biological rhythms in nature [15]. We assessed
zebrafish circadian rhythms and the effects of light to dark photoperiods on zebrafish locomotor activity
after three weeks of C70 NPs exposure (Figure 6D), represented as average swimming speed over time.
In agreement with our other locomotor activity test results done in C60 NPs [42], high concentration
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of C70 NPs exposure-treated fish showed lower circadian locomotor activities than the control group
during the light and dark periods, while low concentration of C70 NPs exposure only affected their
locomotor activity during the dark cycle as indicated by abnormal level of average speed during
both periods (Figure 6E,H). Furthermore, zig-zag-like movement behavior was also detected in C70

NP-treated groups, indicated by a higher level of meandering compared to the control group in both of
the light and dark periods (Figure 6G,J). Meanwhile, there was no irregular swimming orientation
exhibited by both treated fish groups, except for a high average angular velocity in the 0.5 ppm C70

NP-treated group during the light period (Figure 6F,I).

2.7. Impact of C70 NPs Exposure on Biomarker Expression in the Muscle, Brain, and Gill

By the end of all behavioral tests on day 22, we sacrificed the fish, dissected the muscle, brain,
and gill tissues, extracted total proteins and subjected to perform an enzyme-linked immunosorbent
assay (ELISA) to measure biomarker expression after C70 NPS exposure. In muscle tissue, the effects of
C70 NPs exposure on several important biomarkers such as reactive oxygen species (ROS) generation,
lipid peroxidation (MDA and TBARS) production, and anti-oxidative stress enzyme (CAT and SOD)
activities are shown in Table 1. The significant increases of ROS, TBARS and MDA contents were
observed in the muscle after treatment of C70 NPs. While the increment of the MDA level was also
shown in the gill tissue, there was no significant change in the treated fish gill regarding the TBARS
level. The C70 NPs exposure also triggered the activation of antioxidative enzymes since we found the
relative activities of CAT and SOD were significantly elevated in the muscle after C70 NPs exposure.
This similar phenomenon was also shown in the gill tissues after the CAT activity was measured.
By measuring the stress hormone, we provided evidence to show the strong anxiety behavior induced
by C70 NPS exposure was well agreed with the high elevation of cortisol level in the muscle. In addition,
the hypoactivity in locomotion after C70 NPS exposure led us to ask whether it was correlated to the
muscle energy or oxygen supplement deficiency. We addressed this question by measuring the creatine
kinase (CK), ATP and Hif1-α levels. Results showed the relative activity or content of CK and ATP was
reduced in the muscle after C70 NPS expose. The hypoxia marker of Hif1-α, on the contrary, displayed
significantly elevation after C70 NPS expose.

From the results, we also found that the activities of antioxidative enzymes in the brains from the
1.5 ppm and 0.5 ppm group were significantly lower than the control. Furthermore, the reduction of
enzymatic activities in the brain caused by 1.5 ppm C70 NPs was greater than that by the 0.5 ppm and
untreated controls. Combined with those findings, we concluded the oxidative stress in the muscle
induced by the C70 NPs treatment was apparently more severe than the control group. The effects of C70

NPs exposure on DNA damage, hypoxia and inflammation were evaluated by measuring biomarkers
such as ssDNA, Hif-1α, IL-1β, and TNF-α activity. In 0.5 ppm C70 NP-treated groups, the activities of
inflammatory markers were not significantly different from those of the control. However, the activities
of inflammatory markers in the brains and gills of 1.5 ppm C70 NP-treated groups were significantly
higher than those of the control. Taken together, 1.5 ppm C70 NP-exposed zebrafish muscle and gill
tissues showed a higher inflammatory marker response compared to the 0.5 ppm C70 NP-exposed
groups and those of the untreated controls.

Considering that behavioral changes induced by C70 NPs exposure may be related to alterations
on the cholinergic system, the effect of C70 NPs exposure on AChE, ACh, serotonin, and melatonin
activity from the brain of zebrafish were evaluated. Data in Table 1 showed a significant inhibition of
ACh, melatonin, and serotonin activities in the brain of the 1.5 ppm C70 NP-treated group. Moreover,
AChE activity was significantly increased by C70 NPs treatment after three weeks of chronic exposure.

Later, we analyzed the regulation of two isoforms of cyclooxygenase (COX-1 and COX-2) in the
zebrafish brain after the C70 NPs exposure. Cyclooxygenase plays a role to produce prostanoids like
prostaglandins and thromboxanes that are all responsible for the inflammatory response. Interestingly,
COX-1 expression was significantly elevated in the 1.5 ppm C70 NP-treated group compared to the
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untreated control and 0.5 ppm C70 NPs treated. The COX-2 protein was expressed at a very low level
in the brain tissue of C70 NPs exposed to adult zebrafish compared to untreated control.

Table 1. Comparison of biomarker expression in the muscle, brain, and gill tissues in C70 NP-exposed
zebrafish. Data are expressed as the mean ± SEM.

Biomarker WT (n = 10) C70 (0.5 ppm) C70 (1.5 ppm) Unit Significance ANOVA F Value p Value

Muscle

ROS 2.95 ± 0.12 5.62 ± 0.26 *** 8.46 ± 0.25 **** U/ug of total protein YES F (2, 6) = 157.2 p < 0.0001
CAT 3.03 ± 0.13 5.01 ± 0.44 ** 3.82 ± 0.01 NS U/ug of total protein YES F (2, 6) = 14.10 p = 0.0054
SOD 6.19 ± 0.78 14.38 ± 0.34 *** 14.34 ± 0.54 *** U/ug of total protein YES F (2, 6) = 66.33 p < 0.0001

TBARS 5.60 ± 0.34 7.39 ± 0.36 * 8.37 ± 0.29 ** ng/ug of total protein YES F (2, 6) = 17.92 p = 0.0029
MDA 0.15 ± 0.00 0.20 ± 0.01 * 0.22 ± 0.01 * ng/ug of total protein YES F (2, 6) = 8.826 p = 0.0163

Cortisol 17.95 ± 0.90 20.87 ± 1.17 NS 23.95 ± 0.66 ** pg/ug of total protein YES F (2, 6) = 10.3 p = 0.0114
Hif1-α 11.65 ± 0.54 17.60 ± 0.87 ** 18.45 ± 1.00 ** pg/ug of total protein YES F (2, 6) = 20.05 p = 0.0022
ssDNA 0.61 ± 0.01 0.81 ± 0.07 * 0.89 ± 0.05 ** U/ug of total protein YES F (2, 6) = 9.408 p = 0.0141
TNF-α 6.86 ± 0.41 8.90 ± 0.33 ** 11.76 ± 0.26 *** pg/ug of total protein YES F (2, 6) = 52.24 p = 0.0002
IL1-β 0.42 ± 0.05 0.47 ± 0.02 NS 0.57 ± 0.03 * ng/ug of total protein YES F (2, 6) = 5.946 p = 0.0377
ATP 363.60 ± 9.02 343.60 ± 15.23 NS 282.20 ± 9.30 ** ng/ug of total protein YES F (2, 6) = 13.5 p = 0.0060
CK 3.06 ± 0.14 4.78 ± 0.34 ** 2.79 ± 0.14 NS pg/ug of total protein YES F (2, 6) = 22.17 p = 0.0017

Brain

ROS 0.90 ± 0.03 1.61 ± 0.19 NS 3.53 ± 0.64 ** U/ug of total protein YES F (2, 6) = 12.38 p = 0.0074
SOD 2.20 ± 0.06 3.44 ± 0.08 **** 3.28 ± 0.09 *** U/ug of total protein YES F (2, 6) = 73.1 p < 0.0001

Cortisol 3.47 ± 0.13 4.76 ± 0.08 * 4.91 ± 0.51 * pg/ug of total protein YES F (2, 6) = 6.561 p = 0.0309
Hif1-α 4.26 ± 0.11 4.91 ± 0.16 NS 6.86 ± 0.37 *** pg/ug of total protein YES F (2, 6) = 32.09 p = 0.0006
ssDNA 0.13 ± 0.01 0.28 ± 0.09 NS 0.37 ± 0.02 * U/ug of total protein YES F (2, 6) = 5.274 p = 0.0477

ACh 4.44 ± 0.15 4.61 ± 0.08 NS 2.93 ± 0.31 ** U/ug of total protein YES F (2, 6) = 20.92 p = 0.0020
AChE 0.70 ± 0.10 0.77 ± 0.02 NS 1.03 ± 0.08 ** U/ug of total protein YES F (2, 6) = 12.75 p = 0.0069

Melatonin 1.02 ± 0.03 0.94 ± 0.04 NS 0.68 ± 0.03 *** pg/ug of total protein YES F (2, 6) = 31.66 p = 0.0006
Serotonin 0.20 ± 0.01 0.22 ± 0.01 NS 0.14 ± 0.00 ** ng/ug of total protein YES F (2, 6) = 31.05 p = 0.0007
Dopamine 9.04 ± 0.08 9.30 ± 0.20 NS 6.92 ± 0.09 **** pg/ug of total protein YES F (2, 6) = 95.27 p < 0.0001

COX-1 0.16 ± 0.00 0.18 ± 0.00 NS 0.38 ± 0.01 **** U/pg of total protein YES F (2, 6) = 258.2 p < 0.0001
COX-2 0.74 ± 0.01 0.94 ± 0.12 NS 0.64 ± 0.03 NS U/pg of total protein YES F (2, 6) = 4.32 p = 0.0688

Gills

CAT 1.44 ± 0.03 1.64 ± 0.02 ** 1.30 ± 0.03 * U/ug of total protein YES F (2, 6) = 44.21 p = 0.0003
TBARS 1.71 ± 0.14 1.64 ± 0.06 NS 2.30 ± 0.68 NS ng/ug of total protein NO F (2, 6) = 0.821 p = 0.4842
MDA 0.08 ± 0.00 0.09 ± 0.00 NS 0.11 ± 0.00 ** ng/ug of total protein YES F (2, 6) = 21.29 p = 0.0019
TNF-α 3.06 ± 0.10 2.98 ± 0.03 NS 8.68 ± 0.74 *** pg/ug of total protein YES F (2, 6) = 56.94 p = 0.0001

N.S. = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.8. Clustering of Zebrafish Behavior Distinguished Carbon NPs (C60 and C70) Based on Their Exposure
Concentration

Next, we would like to explore the difference of behavioral alteration between C70 NPs and
other chemical toxicity by using a novel phenomic approach. In addition to the high and low
doses of C70 fullerene NPs treatment, we also included our previous published C60 NPs [43] and
ZnCl2 [15] data for cluster comparison. Initially, we transformed the behavioral endpoints for novel
tank exploration, mirror biting, predator avoidance, social interaction, and shoaling into a scoring
matrix. Later, this scoring matrix was subjected to principal component analysis (PCA) to elucidate
the relationship between each experimental group. Both PCA (Figure 7A) and hierarchical clustering
analysis (Figure 7B) demonstrate the behavioral alteration patterns between C60 and C70 NPs were
close to each other and could be grouped into a single clade. The ZnCl2-exposed fish, on the contrary,
displayed a distinct behavioral alteration pattern from those for the fullerene-exposed fish. For instance,
ZnCl2 exposure can strongly increase the freezing behavior (behavioral endpoint 3-4) and reduce
the average swimming speed (behavioral endpoint 3-1), mirror biting time percentage (behavioral
endpoint 3-2), longest duration in the mirror side (behavioral endpoint 3-3), and swimming time
movement ratio (behavioral endpoint 3-5) of the treated zebrafish when compared to C60/C70 NPs
exposure. Based on behavioral phenomic evidence collected here, we concluded each chemical can
induce unique, fingerprint-like behavioral alteration patterns in zebrafish.
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Figure 7. Comparison of behavioral alterations in zebrafish after exposing to either C60 NPs, C70 NPs
or ZnCl2. (A) Results obtained from principal component analysis (PCA). (B) Results obtained from
hierarchical clustering and heat map analysis.

3. Discussion

The biochemical and behavioral effects of fullerene C70 NPs were assessed in vivo using the adult
zebrafish as a model organism. The result presented herein clearly demonstrates the usefulness of
this model as an effective platform to rapidly assess manufactured fullerene nanomaterial toxicity.
Thus far, much of the data on the effects of fullerene exposure had been obtained from in vitro
methods [15,37,42,44,45] with few exceptions [37]. Research on C70 NPs toxicity is scarce. In vitro data
may be of lacking the predictive ability of in vivo responses, particularly since those results might
be dependent on the cell culture system selected for the experiment. For instance, the cytotoxicity
of fullerene C60 to human liver carcinoma cells (HepG2), neuronal human astrocytes, and dermal
fibroblasts were found to be dependent on cell types [46].

Recently, several reports indicated that nano-sized particulate matters can reach the brain and may
be related to neurodegenerative diseases [47,48]. Another study in mice revealed that nanoparticles
might be taken up to the brain from olfactory epithelium to the various parts of the rat brain through
olfactory nerves [49]. Our results on adult zebrafish exposure to C70 NPs were similar to those
observations and caused behavioral impairments, the deregulated levels of various biomarkers.
These observations indicated that C70 NPs produced direct or indirect inflammations to the fish brain.

The present research is the first to demonstrate an environmentally relevant carbon-based
nanoparticulate induces behavioral dysfunction in zebrafish. Here, we use the zebrafish model to show
the effect of two different doses of C70 NPs on different behavior parameters including locomotion,
exploration, shoaling, circadian rhythm, and social interaction, important stress-related biomarkers
and neurotransmitters. Since animal behavior is considered as the result of complex interactions
between a species and the environment, the pattern of the behavioral repertoire of a species could
be used as an indicator of the health status of an organism [50]. Behavioral responses can have
ecological effects at community and population levels [16]. Therefore, behavioral data could provide
valuable information as early reporters of toxicity at higher levels of biological organization [51].
In this experiment, novel tank test results showed zebrafish chronically exposed to 1.5 ppm of C70

NPs presented significant alterations on total distance traveled, suggesting both motor and locomotor
behavior patterns are impaired compared with the 0.5 ppm and untreated controls. In addition,
in a circadian rhythm test, both of the C70 NP-treated groups also showed a significant decrease in
locomotor activity in both light and dark cycles. Altered activity patterns and locomotion can lead to
an increased vulnerability to predators [52]. Another changed parameter was aggressive behavior.
Fish exposed to C70 NPs revealed a significant reduction in the aggressive nature of zebrafish, which
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plays a crucial role in the behavior and ecology of adult fish. Furthermore, C70 NPs were also found to
dysregulate zebrafish social interaction behavior. Since this behavior is related to foraging, mating,
fear response, and defense against predators, these behavioral deficits may also be related to the loose
shoals formed observed during the shoaling test. These results showed that alterations in normal
zebrafish behavior and impaired mobility in fish exposed to C70 NPs, which could compromise the
survival of a population in natural environments. In addition, C70 NPs exposure was also found to
change color preferences pattern. Together, behavioral response assessment may serve as a discerning
tool for quantitative monitoring of toxicological effects of nanoparticle-based water contaminants in
fish species [53].

Among the biomarkers of toxicity, our data showed a distinct production of ROS and lipid
peroxidation (MDA content increased) in the muscle and gills of the fish treated with a higher dose of
nanoparticles (Table 1), indicating that these C70 NP-treated fish experienced severe oxidative stress.
Similarly, in another rodent study reported particulate matters in polluted air caused oxidative stress in
the mouse brain [54]. The over-accumulation of ROS would tip the balance of the antioxidative/oxidative
system in the brain, resulting in the significant reduction of the antioxidative enzymes such as SOD and
CAT (Table 1). Nanoparticles were no longer freely circulated in the cytoplasm after being internalized
by cells but were preferentially located in mitochondria [15]. However, when the mitochondria were
invaded by the nanomaterials, the antioxidant defense capacity could be compromised [55]. Our study
showed that the total anti-oxidation capacity decreased with increasing C70 NP doses. Muscle, gills,
brains, and liver are organs with an active metabolism, responsible for vital functions of the body
such as respiration, motion, behavior, excretion, and accumulation of xenobiotics [56]. Finally, it is
noteworthy that due to its smaller size, and larger surface per mass and high reactivity, our data
showed that C70 NPs were able to migrate into the brain more readily, were absorbed more from the
circulation, and thus led to more severe toxicity in adult zebrafish than the bulk fullerene.

Recent trends in information technology have seen great momentum in biomedical research
that helped usher in a new generation of approaches to understanding and sharing knowledge
in both disciplines. Today, systems biology utilizes large-scale datasets to investigate molecular
signaling networks from an integrative and comprehensive standpoint. Since the advent of proteomics,
transcriptomics, and genomics, various data-rich fields of biology such as metabolomics and glycomics
have emerged based on the compilation and validation of large-scale datasets. It is in this regard that
the massive amount of phenotypic datasets generated by high-throughput behavioral screens has given
rise to a new and vibrant field of a new subject neuro-phenomics: the integrative analysis of neural
phenotypes and their regulation by various environmental and genetic factors [57]. With the wide
application of zebrafish in neuroscience, a better understanding of the role of environmental factors in
aquatic models facilitates further in-depth neuro-phenotyping studies by this small animal model [58].
The influence of various environmental pollutants/modifiers on zebrafish behavioral phenotypes is
scarce [59]. To this end, we applied the phenomics’ approach; a cluster vector-based method was used
following cross-calculated PCA and heatmap to highlight the main behavioral alterations induced by
fullerene C70 NPs. In essence, this phenomics approach combines fast and simple data acquisition
with complex and extensive behavioral analysis (enabled by behavior recognition, movement pattern,
and video tracking), with ease in studies with a small sample size.

Most relevant to the present investigation is research in zebrafish embryos, which indicated a
significant increase in pericardial edema, malformations, and mortality resulted after exposure to
C70 NPs [60]. They directly determined in vivo fullerene exposures induced cellular death by two
independent cellular death assays. We did not investigate any cell death assays but analyzed the
behavioral changes and significant changes in biochemical assays that can provide important insights
into the physiology of the organism. Up-regulation of proteins with antioxidant activity (including
reactive oxygen species, MDA and TBARS) after fullerene C70 NPs treatments in the present study
was consistent with the notion that the fish were responding to oxidative injury by activating a
defense mechanism following exposure to nanoparticles. Oxidative stress is a crucial subject in aquatic
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toxicology. Damage to mitochondrial structure and function accelerates ROS production and causes
oxidative stress [61]. The present study showed that C70 NPs could inhibit the activities of antioxidant
enzymes, including CAT and SOD as confirmed by the biochemical assay in adult zebrafish tissues
after exposure. These results demonstrated that C70 NPs elicited oxidative damages. In addition,
the immune system plays an important role when assessing chemical toxicity. Previous reports have
shown that chemicals can dysregulate the immune system and exert immunotoxicity on animals [34,62].
In the present study, the expression of TNF-α and IL-1β, representative proteins of inflammations,
were obviously up-regulated at 1.5 ppm C70 NPs exposure. This phenomenon indicates that C70 NPs
triggered a significant immune response suggesting a synergistic effect on inflammation. Inflammation
and oxidative stress are concatenated processes that are usually activated in cells due to stress [63].
Consistent with the ROS measurement result, over-accumulation of inflammation is well known
to contribute to the high level of ROS in the brain. ROS is produced through the Fenton reaction
of amyloid Aβ with metal ions and causes the accumulation of inflammatory cytokines, including
TNF-α and IL-1β that attract active plaques [64]. In addition, this result is in line with another prior
study by Zhang and colleagues. In their study, it was found that the bare and starch-coated NPs
displayed different tissue toxicity and both types of NP could induce inflammation and oxidative
stress [65]. Moreover, the lack of anti-inflammatory function observed in the tissues was also related to
the up-regulated ssDNA level. The ssDNA content in all treatment groups was higher than that of the
untreated group. These results indicated that the DNA damage response was also activated after C70

NPS treatment. It might be interpreted as an adaptation during fullerene intoxication.
Adult zebrafish exposed to C70 NPs were not lethal, but behavioral changes and biochemical

responses were obvious compared to untreated controls. Of all the biochemical markers tested,
the majority of them showed alterations at the protein level and gills pathology. Further investigation
is required to determine if these changes relate to corresponding gene expression or signal
transduction pathways indicative of exposure to C70 NPs aggregates and changes in proteomic
profiles. The behavioral impairments observed in zebrafish exposed to C70 NPs indicated that the
exposure scenario used in this study had significant effects on the fish through ecologically-relevant
doses used. Longer exposure to C70 NPs or other exposure scenarios (including different species,
mode of exposure) may result in different effects. A fine but the significant point is that, in this
study, changes in biochemical results were investigated after 21 days, presumably the expression of
these proteins/enzymes could have been affected differently after different exposure durations and at
different developmental stages of zebrafish.

4. Summary and Conclusions

To our knowledge, this is the first study to show behavioral alterations induced by fullerene C70 NPs
chronic exposure in adult zebrafish at environmentally-relevant concentrations. These effects seem to be
correlated with changes in oxidative stress, inflammation, hypoxia, and imbalance of neurotransmitters
in the brain (summarized in Figure 8). By utilizing this multiple behavioral test approach, our dynamic
whole-animal model can be used to reveal the toxic potential of novel manufactured nanomaterials at
the behavioral, physiological, and cellular levels. Furthermore, information obtained using this animal
model system could be used as rapid feedback for engineers manufacturing novel nanomaterials,
such that they can consider potential toxicity to favor the development of engineered nanoparticles
with minimal toxicity.
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Figure 8. Schematic diagram showing the detrimental effects of chronic exposure of C70 nanoparticles
on adult zebrafish. The corresponding behavioral alterations (pink color) and biochemical alterations
in the brain tissue (blue color) after C70 nanoparticles exposure are summarized.

5. Materials and Methods

5.1. Chemicals

C70 Fullerene (C70, 99.5% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA) (Cat no.
482994) and DMSO was purchased from Fisher scientific (Waltham, MA, USA). All the reagents used
were analytical grade.

5.2. Animals

Adult wild-type zebrafish AB strain (Danio rerio) of both sexes (6–7 months old) were used in
this study. Animals were acclimatized for at least one week before the experiments and were fed by
lab-grown brine shrimps two times a day. The fish were maintained in a healthy condition and free of
any signs of infections, and were used according to the guidelines for the care and use of laboratory
animals by CYCU. All procedures in the present study were approved by the Animal Ethics Committee
of the Chung Yuan Christian University (Approval ID 107030; approval date: 19/12/2018).

5.3. C70 NPS Suspensions

Suspensions of C70 NPs in DMSO were prepared as in the previously described protocol with
some modifications [66,67]. C70 NPs suspensions were further sonicated for one hour prior to use.
To avoid the photoexcitation of C70 NPs, the whole exposure procedure was in the absence of light.
However, overnight sonication was necessary to uniformly distribute in DMSO.

5.4. Characterization of C70 NPs

Prior to the exposure, C70 NPs were characterized for size, surface area, and structural properties
by scanning electron microscope and X-ray diffraction methods. The stock solution dispersion was
confirmed by SEM. However, without the use of SDS the C70 NPs were not dispersed and clearly visible
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as polymerized long strands about 50–70 nm thick (Figure 1B). The C70 NPs were suspended in 0.1%
DMSO, stirred well and then sonicated overnight, pipetted in 20ul droplets, deposited on a copper
grid, and the sample grid was dried in a microwave oven for about 4 h without vacuum. Then the
copper grid was directly inserted into a FESEM machine after it was completely dried. The images
were taken with a 10k magnification CCD camera. The fullerene C70 NPs were further analyzed by the
X-ray diffraction method and determined to be of high purity. C70 NPs dispersed in DMSO and stock
solutions were made at concentrations of 0.5 mg/L and 1.5 mg/L. Samples of these suspensions were
taken for analysis of particle size distribution, zeta potential, and particle dissolution. Particle size
distributions were obtained using a Zetasizer Nano ZS with a 633 nm red laser and were capable of
both particle size analysis (using dynamic light scattering as the basic principle of operation) and zeta
potential measurement (Zeta Potential Instruments Inc., Long Island, NY, USA).

5.5. Zebrafish Exposure Protocol

The experimental adult zebrafish of males and females with an average age group of 6 months,
an average weight of 0.60 ± 0.10 g, and an average length of 43.25 ± 2.76 mm, were selected for the
study. Two different concentrations of C70 NPs suspensions (0.5 and 1.5 mg/L) were prepared prior
to use. The fish were separated into three groups, each consisting of 20 adult zebra fish. The three
groups were exposed to tank water (as a control), 0.5 ppm C70 NPs, and 1.5 ppm C70 NPs for a
test period in 20 L glass tanks containing 15 L of a test solution. In order to maintain the constant
concentration of the C70 NPs, the test suspensions were replaced every 24 h. For the behavior toxicity
test, the control fish were not exposed to any nanoparticle or solvent, while the experimental group
was treated with C70 NPs at different doses and about 70 % water was changed every 24h with
refilling after each change. All fish were terminated at the end of the particle exposure and were
sacrificed within minutes by immersed in the working concentration of tricaine (160 ppm) prior to
body weight measurement. Once all the behavioral tests were done, the fish were anesthetized and
immediately euthanized by immersion in high-dose tricaine solution at 1600 ppm (Sigma) and their
tissues were removed for further biochemical assays. From each fish, brain, muscle, and gill tissues
were independently harvested and all biochemical assays were performed. Exposure experiments
were conducted three times.

5.6. Behavioral Endpoints

The behavioral endpoints being measured were the following: 3D locomotion, novel tank
exploration, aggression, predator avoidance test, shoaling, conspecific social interaction, circadian
rhythm, color preferences, and short-term memory tests. For 3D locomotion, novel tank exploration,
aggression, predator avoidance test, shoaling, conspecific social interaction, and shoaling behaviors,
the camera was placed around 5 m in front of the zebrafish tower which is described in our previously
published protocol [68,69]. The video was recorded in black and white mode with a frame rate of
50 fps (frames per second).

5.6.1. 3D Locomotion Test

3D locomotion test was performed on the 14th day of C70 NPs exposure to the zebrafish.
The tracking procedure of C70 NP-treated fish was followed by our previously published method [70].
Two different concentrations of fullerene C70 NPs were used for this study (0.5 and 1.5 mg/L).
Three separate experiments were performed using the same batch of C70 NP-exposed fish.

5.6.2. Novel Tank Test

The novel tank test was defined by our previous publication [70] which reflected the congenital
characteristics in the swimming behavior of zebrafish. Normally, zebrafish have two behavioral
phenomena: freezing, which was defined as a total absence of movement, except for the gills and
eyes for 1s or longer; and erratic movements, which was defined as sharp changes in direction or
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velocity and repeated darting behaviors. In this experiment, zebrafish were placed individually in
the tank. Their behaviors were recorded for 1 min at intervals of 0, 5, 10, 15, 20, 25, and 30 min. A
video camera with a long-range zoom lens feature was positioned in front of the test tank. The novel
tank test parameters of behaviors were the following: average speed (cm/s), freezing time movement
ratio (%), time in top duration (%), number of entries to the top, latency to enter the top (s), and total
distance traveled in the top (cm). Later, the recorded videos were analyzed by idTracker [70] and data
tracking was calculated using Microsoft Excel.

5.6.3. Aggression Test

The aggression test was referenced from the previous study [70–72] with some modifications. C70

NP-treated adult fish and untreated fish were placed into the test tank containing a mirror placed on
vertically to one side of the wall. The aggressive test parameters were the following: average speed
(cm/s), mirror biting time percentage (%), longest duration in the mirror side (%), freezing, swimming,
and rapid time movement ratio (%).

5.6.4. Predator-Avoidance Test

The predator-avoidance behavior test of zebrafish was referenced from our previous
publication [70]. The fear and escape behaviors as a response for the predator presence were
determined by measuring average speed (cm/s), predator approaching time (%), the average distance
to a separator (cm), freezing, swimming, and rapid movement ratio (%).

5.6.5. Social Interaction Test

The social interaction test which was based on our previous publication was conducted to assess
zebrafish social interaction behavior with their conspecifics [70]. In this assay, we measured interaction
time percentage (%), longest duration in separator side (%), average speed (cm/s), and average distance
to a separator (cm).

5.6.6. Shoaling Test

The sixth zebrafish behavioral test in this experiment was the shoaling test, an assessment of
group affiliation behavior. This test was conducted based on our previous publication [70]. In this test,
average speed (cm/s), time in top duration (%), average shoal area (cm2), average inter-fish distance
(cm), and average nearest and farthest neighbor distance (cm) were calculated.

5.6.7. Circadian Rhythm Test

The circadian rhythm test was carried out to evaluate zebrafish sleep/wake behaviors on the 21st
day of C70 NPs exposure and the test was based on previous publications [70]. In this experiment,
we recorded zebrafish locomotor activity (average speed (cm/s), average angular velocity (◦/s), and
meandering (◦/m)) for 60 s every 60 min in 24 h. Later, idTracker software was used to track fish
movement trajectories.

5.6.8. Color Preferences Test

The zebrafish color preferences were assessed using a 20 × 20 × 10 cm tank divided into a
two-color partition (blue–red, blue–yellow, blue–green, red–yellow, red–green, and yellow–green).
The experiment was recorded using a CCD camera (ONTOP, M2 module, China) for 30 min. The video
was analyzed using idTracker to determine the position of the zebrafish.

5.6.9. Short-Term Memory Test

We performed a short-term memory test by using a passive avoidance setting according to our
previous publication [73,74]. Initially, 20 fish were randomly grouped into control and C70 NPs exposed
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groups with 10 fish each. Later, experimental group fish exposed to 1.5 ppm C70 NPs were exposed to
a shuttle box to perform short-term memory tests. The learning latency, total number of electric shocks
given for training, and memory latency were recorded for comparison between control and 1.5 C70

NP-exposed fish.

5.7. Total Protein Extraction

After behavioral tests, nine fish per treatment were collected from each tank for biochemical
analysis. Gills, brain, and red muscle tissues were carefully removed and a pool of three fish was
used for homogenate preparation. Tissues were homogenized at 8000 rpm in a bullet blender with 50
volumes of (v/w) ice-cold phosphate saline buffer with a pH of 7.2. Samples were further centrifuged at
4000 rpm for 20 min and the crude homogenate was stored in 100 μL aliquots at −20 ◦C until required.
Total protein concentration in tissues was determined using a Pierce BCA Protein Assay kit (23225,
Thermo Fisher Scientific, Massachusetts, MA, USA). The color formation was analyzed at 562 nm using
a microplate reader (Multiskan GO, Thermo Fisher Scientific). Exposed fish tissues were analyzed to
determine the possible effects of lipid peroxidation, oxidative stress, neurotransmitter changes, and
antioxidant activity.

5.8. Biochemical Parameter Assay

To evaluate the toxic effects of C70 NPs, alterations of biomarkers in zebrafish tissues due to
NPs exposure were determined. The tissue oxidative stress marker like reactive oxygen species was
measured by ELISA kits purchased from a commercial company (ZGB-E1561, Zgenebio Inc., Taipei,
Taiwan). The DNA damage marker (ssDNA) and lipid peroxidation (malondialdehyde, MDA, and
thiobarbituric acid reactive substances—TBARS) markers were measured by target-specific ELISA
kits purchased from a commercial company (ZGB-E1595, ZGB-E1592, and ZGB-E1605 Zgenebio
Inc., Taipei, Taiwan). Cortisol, a stress hormone, and two inflammation markers of TNF-α and
IL-1β were measured by using commercial target-specific ELISA kits (ZGB-E1560, ZGB-E1612, and
ZGB-E1609, Zgenebio Inc., Taipei, Taiwan). Creatine kinase (CK) and adenosine-5′–triphosphate
(ATP), keys marker for energy metabolism, and hypoxia-inducible factor 1-alpha (Hif1-α), a key
marker for hypoxia, were measured by using target-specific ELISA kits purchased from a commercial
company (ZGB-E1646, ZGB-E1645, and ZGB-E1643, Zgenebio Inc., Taipei, Taiwan). Cyclooxygenase
(COX-1 and COX-2), enzymes for prostanoids production, were measured by target-specific ELISA kits
purchased from a commercial company (ZGB-E1655 and ZGB-E1656, Zgenebio Inc., Taipei, Taiwan).
The antioxidant enzymes-related biomarkers, like superoxide dismutase (SOD, ZGB-E1604) and catalase
(CAT, ZGB-E1598), and neurotoxic responses in terms of acetylcholine esterase (AChE, ZGB-E1637),
dopamine (DA, ZGB-E1573), acetylcholine (ACh, ZGB-E1585), melatonin (ZGB-E1597), and serotonin
(ZGB-E1572) activities were measured by target-specific ELISA kits purchased from commercial
company (Zgenebio Inc., Taipei, Taiwan) according to the manufacture’s protocol. These assay kits
are based on the sandwich ELISA method that involves a specific antibody for the detection of the
molecules of interest. Briefly, 10 μL of brain homogenate was placed onto the well. Then, 100 ul of
horseradish peroxidase (HRP)-conjugate reagent was added into each well, covered with an adhesive
strip and incubated for 60 min at 37 ◦C. The well was washed with wash solution (400 μL) and
chromogen A 50 ul and chromogen B 50 μL were added to each well. The mixture was incubated
for 15 min at 37 ◦C. Then the reaction was stopped by adding 50 μL of stop solution to each well.
The absorbance was analyzed at 450 nm using a microplate reader (Multiskan GO, Thermo Fisher
Scientific) within 15 min. The data were expressed as either U/μg, ng/μg, or pg/μg of total protein.

5.9. Statistical Analysis

The zebrafish behavioral data were analyzed by different types of statistical analysis. In the novel
tank test, two-way ANOVA with Geisser–Greenhouse correction was conducted and the significant
differences between the control group and C70 NP-treated groups during the whole 30 min test
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were described by the “*” symbol. For the 3D locomotion, mirror biting, predator avoidance, social
interaction, shoaling, and circadian rhythm tests, the Kruskal–Wallis test with Dunn’s multiple
comparisons test as a follow-up test was used. The color preference data were analyzed using two-way
ANOVA followed by a Tukey post-hoc test. If the data were not normally distributed, they were
analyzed using non-parametric Kruskal–Wallis followed by Dunn’s post-hoc test. The biochemical data
were analyzed individually (n = 20 for both the control fish group and C70 nanoparticle-treated fish
group. Biomarker responses of exposed fish were compared with control fish by a one-way ANOVA
test followed by the post-hoc test of Tukey, depending upon the data normality for significant data.
The level of significance was set at a p value <0.05. All statistics were plotted and compiled by using
GraphPad Prism (GraphPad Software version 7 Inc., La Jolla, CA, USA).

5.10. PCA, Heatmap, and Clustering Analysis

All behavior results data were converted in to excel file using Microsoft Excel. Every endpoint
alteration was defined as a number, ranging from −4 to 4, where −4 means the value of the endpoint
was significantly lower than the control group (**** p < 0.0001) and 4 means the endpoints values was
significantly higher than the control group (**** p < 0.0001). If the treated fish behavioral endpoint
was not significantly different from the control fish, the number was defined as 0 (p > 0.05). All of the
important behavioral endpoints in each test were listed in the previous study [42]. Next, the excel
file was converted to a comma delimited type file (.csv) in order to be readable by R software. PCA,
heatmap, and clustering analysis were carried out by R software (https://www.r-project.org/).
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Abstract: Plastic products are inexpensive, convenient, and are have many applications in daily
life. We overuse plastic-related products and ineffectively recycle plastic that is difficult to degrade.
Plastic debris can be fragmented into smaller pieces by many physical and chemical processes.
Plastic debris that is fragmented into microplastics or nanoplastics has unclear effects on organismal
systems. Recently, this debris was shown to affect biota and to be gradually spreading through
the food chain. In addition, studies have indicated that workers in plastic-related industries
develop many kinds of cancer because of chronic exposure to high levels of airborne microplastics.
Microplastics and nanoplastics are everywhere now, contaminating our water, air, and food chain.
In this review, we introduce a classification of plastic polymers, define microplastics and nanoplastics,
identify plastics that contaminate food, describe the damage and diseases caused by microplastics
and nanoplastics, and the molecular and cellular mechanisms of this damage and disease as well as
solutions for their amelioration. Thus, we expect to contribute to the understanding of the effects of
microplastics and nanoplastics on cellular and molecular mechanisms and the ways that the uptake
of microplastics and nanoplastics are potentially dangerous to our biota. After understanding the
issues, we can focus on how to handle the problems caused by plastic overuse.

Keywords: plastic products; food chain; microplastics; nanoplastics

1. Introduction

Recently, plastic products have become inexpensive and convenient and are used in all aspects of
daily life, such as food and product packaging, clothing, construction and car materials, household
goods, medical devices, personal care products, and, toys. [1,2]. Although plastic products are
relatively convenient, the negative influences of the “plastic era” caused by these inexpensive and
convenient products include high levels of plastic production coupled with a slow biodegradation rate,
uncontrolled use, and ineffective and irresponsible waste recycling, leading to plastic accumulation
in our global environment, particularly in freshwater and marine environments [3–10]. The use of
plastic products has increased rapidly, and 33 billion tons of plastic will likely be produced by 2050 [11],
making the Pacific Ocean a giant garbage dump [12]. The plastic debris in aquatic environments
is fragmented into smaller pieces by ultraviolet light and biodegraded plastic forms microplastics
and nanoplastics [13–15]. However, the largest proportion of microplastics and nanoplastics is
generated from the laundering of textiles with mixed synthetic fibers [16] and the friction of the tires
of moving cars [17,18]. These microplastics and nanoplastics have unclear effects on organismal
systems. Recently, evidence has been presented indicating that plastics significantly affect the growth
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and oxygen production of Prochlorococcus and microalgae. Prochlorococcus, especially, is the ocean’s
most abundant photosynthetic bacteria and produces 10% of global oxygen. [19,20]. However,
the growth of earthworms is meaningfully different in soil ecosystems, particularly agricultural
land, contaminated with microplastics [21]. In addition, it is noteworthy that microplastics are
widespread in naturally-occurring Arctic deep-sea sediments [22] and in snow ranging from the
Alps to the Arctic [23]. Therefore, microplastic and nanoplastic contamination is everywhere [24].
Microplastics have been found in human stool [25] and humans can consume microplastics and
nanoplastics through seafood [26–30] and water [31–36], etc. Whether plastics will harm our health
is unclear; however, the potential consequences may affect the ecological functioning of the globe
and future generations of organisms (Figure 1). In this review, we briefly introduce a classification of
plastic materials and describe the origin of microplastics and nanoplastics, the food contaminated by
microplastics and nanoplastics, the damage and diseases caused by microplastics and nanoplastics,
the molecular and cellular mechanisms of the damage and diseases caused by microplastics and
nanoplastics, and solutions to mediate the problems caused by plastic overuse.

Figure 1. Some sources and deposits of microplastic and nanoplastic are the result of human needs.
The potential impacts of these plastics on air, water, and many foods finally returns to affect humans.
All pictures come from Pixabay (https://pixabay.com/).

2. Classification of Plastic Materials and Related Product Applications

Plastic production has gradually increased every year, from 1.5 million tons in the 1950s [37] to
an estimated 33 billion tons in 2050 [11]. Plastics are specifically derived from synthetic polymers
generated by the polymerization of many monomers and mixtures of a range of materials [38].
Therefore, plastic is predominantly generated into polyethylene (PE), polyester (PES), polyethylene
terephthalate (PET), polyetherimide (PEI) (Ultem), polystyrene (PS), polypropylene (PP), low-density
polyethylene (LDPE) high-density polyethylene (HDPE), polyvinyl chloride (PVC), polyvinylidene
chloride (PVDC) (Saran), polycarbonate (PC), polycarbonate/acrylonitrile butadiene styrene (PC/ABS),
high-impact polystyrene (HIPS), polyamides (PA) (nylon), acrylonitrile butadiene styrene (ABS),
polyurethanes (PU), urea–formaldehyde (UF), melamine formaldehyde (MF), polymethyl methacrylate
(PMMA), polytetrafluoroethylene (PTFE), and polylactic acid (PLA), etc. [39] (Figure 2). The highest
percentages of plastics produced worldwide meet the definition of thermoplastic: PP (21%), LDPE
(18%), PVC (17%), and HDPE (15%) [40]. Plastic polymers have numerous applications in daily life [41].
PP is usually used in pots for plants, bags, industrial fibers, netting, medical masks, bottle caps, ropes,
straws, containers, tanks and jugs, appliances, car fenders, plastic pressure pipe systems, and centrifuge
tubes. LDPE is usually used in outdoor furniture, siding, wire cable, floor tiles, plastic bags, shower
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curtains, buckets, clamshell packaging, and soap dispenser bottles. PVC is usually used in plumbing
pipes and guttering, siding, shower curtains, blood bags, window frames, and flooring. HDPE is
usually used in detergent bottles, plastic bottles, plastic bags, bottle caps, and milk jugs [37,39,42].

Figure 2. Typical polymer types and their chemical structures. Chemical structures are shown for
polyethylene (PE), polyester (PES), polyethylene terephthalate (PET), polyethylenimine (PEI) (Ultem),
polystyrene (PS), polylactic acid (PLA), polypropylene (PP), polyvinyl chloride (PVC), polyvinylidene
chloride (PVDC) (Saran), polycarbonate (PC), polycarbonate/acrylonitrile butadiene styrene (PC/ABS),
polyamides (PA) (nylon), acrylonitrile butadiene styrene (ABS), polyurethanes (PU), urea–formaldehyde
(UF), melamine formaldehyde (MF), polymethyl methacrylate (PMMA), and polytetrafluoroethylene
(PTFE).

3. Routes of Plastic Micromaterial and Nanomaterial Pollution

Plastic fragments can be generally divided into several types: macroplastics and mesoplastics
are greater than 5 mm in size [43], microplastic particles are smaller than 5 mm [44], and nanoplastics
are less than 1000 nm or 100 nm [45]. Currently, microplastics are found worldwide in freshwater
and marine systems [46], in sediment [47], in soil [48], and within biota [49]. Nanoplastics are
generated by the abiotic and biotic degradation of microplastics. For example, UV degradation of
microplastics has been shown to generate nanoplastics [13,50], and digestive fragmentation has been
proposed as a means by which nanoplastics can be generated from microplastics [51]. However,
two types of microplastics, primary and secondary microplastics, are categorized by the form in
which they are released. Primary microplastics are directly released into the environment as small
particles. Secondary microplastics are derived from large plastic items being degraded into small
plastic fragments upon exposure to the environment [52]. The largest proportion of these particles is
derived from laundering textiles with mixed synthetic fibers [16] and the friction of car tires [17,18].
Secondary microplastics from synthetic textiles in garments are the major type of microplastics [53,54].
Each textile may release approximately 1900 fibers per washing [55]. Other sources of microplastics
and nanoplastics are urban dust [56], road markings [17], and personal care products [57].
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4. Presence of Plastic Micromaterials and Nanomaterials in Food and Food Products

Microplastics and nanoplastics are currently everywhere. In marine environments, seabirds and
marine mammals ingest microplastics at low trophic levels [52,58]. Microplastics and nanoplastics
have been detected at the base of the food web, specifically, in zooplankton, such as chaetognaths [59].
Crustaceans, such as the Japanese shore crab [60] and North Pacific krill [61], contain microplastics and
nanoplastics. Sea fish, such as the northeastern Pacific Ocean forage fishes [62], areolate grouper and
goldbanded jobfish, are contaminated with microplastics [63]. Oysters ingest polystyrene microplastics,
which affect their reproduction [64]. The mussel Mytilus edulis ingests microplastics that translocate to
the circulatory system [65]. Many kinds of mussels are contaminated, including blue mussels [26,37,66],
Mediterranean mussels [61,67], brown mussels [66], and northern horse mussels [68]. Plastic additives
and hydrophobic organic compounds (HOCs) are also found in mussels [69]. In summary, many kinds
of seafood are potentially contaminated by microplastics and/or nanoplastics [30]. In addition, in our
daily life, many consumables, such as tap water [70], bottled water [34,71], beer [70,72], sea salt [70,73],
sugar [74], honey [74] and plastic teabags [75] have also been found to contain microplastics or
nanoplastics. Even air [76,77] and unprocessed water [78] have been contaminated with microplastics.
Sooner or later, the entire food chain will be contaminated with plastic. Some statistics from studies
published by PubMed on animals contaminated by microplastics and/or nanoplastics are presented in
Table 1.

Table 1. Published studies from the National Center for Biotechnology Information (NCBI) on
microplastic and/or nanoplastic contamination in different animal species.

Animal Species Number of Published Studies from NCBI

Human 2
Bear

Mouse
1
5

Birds 5
Seabirds 8

Crustaceans 68
Bivalves 79

Fish and sea mammals 161
Insects 5
Turtles 5

Amphipods 2
Seaplants 3

5. Damage and Diseases Caused by Plastic Micromaterials and Nanomaterials

Many marine animals suffer from ingesting high amounts of plastic debris [79,80]. Fragments of
this plastic debris, such as microplastics, accumulate in the gut and cause obstruction and inflammation
in many organs in a wide range of living creatures [52,81]. Microplastics reduce photosynthesis
in microalgae [20] and have a negative influence on the feeding behavior of zooplankton [58] and
lugworms [82]. They also accumulate in and probably negatively influence the gills, stomach, and
hepatopancreas of crabs [83], and they change the biomarkers and histology of fish tissues [84].
Evidence indicates that PS microplastics decrease the number of eggs and larvae produced and sperm
velocity of oysters [64]. PS microplastics may also transport contaminants to microorganisms [81].
Studies have described the influence of microplastics on the digestive system [85]. The aquatic ecosystem
has accommodated the ingestion of contaminated organisms [86]. Finally, this leads to the uptake of
microplastics in the human intestine [26]. Several studies have indicated that PS microplastics can cause
metabolic disorders of amino acids, bile acids [87], and liver lipids [88] in mice. Microplastics change gut
microbiota dysbiosis and decrease gut mucin secretion in mice [87,88]. However, these microplastics or
nanoplastics are also released to the atmosphere, becoming airborne contaminants [55,86,89]. Indeed,
a study shows contamination in working environments [33]. Workers in the synthetic textiles, flock
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and vinyl chloride (VC), or polyvinyl chloride (PVC) industries are potentially exposed to high
concentrations of microplastics in the air during work [76]. Synthetic textile workers potentially suffer
higher rates of lung-cancer-related mortality [90] or stomach and esophageal cancers [91]. Flock workers
have a high incidence of interstitial and lung diseases [92,93]. VC has been considered a carcinogenic
factor and mostly causes angiosarcoma of the liver [94–96]. Microplastics or nanoplastics disrupt
the endocrine system [97], induce neurotoxicity [98], and produce reproductive abnormities with
trans-generational effects [99–103]. In addition, food and drink are a major vehicles of microplastic and
nanoplastic exposure through which polymer elements and additives are potentially transported [104].
Risk assessments on using food packaging nanomaterials with antimicrobial activity, including titanium
dioxide [105] and carbon nanotubes [106], have shown that they present risks comparable to those
of using nanopolymers. The complex mixtures of plastic additives can dissolve in the polymer and
leak into the surrounding environment [107]. The physical–chemical characteristics of these particles,
such as the size, external charge, length:width ratio, porosity, surface corona, and hydrophilicity,
cause different circulation times [108]. In addition, microplastics can absorb persistent organic
pollutants (POPs) such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
and pesticides, including dichlorodiphenyltrichloroethane (DDT) and hexachlorobenzene (HCB), in
the ocean [109,110]. These compounds have a higher affinity for plastic than for water [110,111].
Microplastics and/or nanoplastics are taken up into the gut and lungs, and enter many organs, where
they potentially cause damage and result in disease.

6. Molecular and Cellular Mechanisms of Plastic Micromaterial and Nanomaterial Damage
and Disease

Microplastics and/or nanoplastics can enter the circulation from the gut via trophic transfer [30] and
from air [76,77]. Microplastics or nanoplastics inhibit the efflux pump and induce cytotoxicity in human
intestinal cells [112]. The cytotoxicity induced by microplastics and/or nanoplastics stimulates oxidative
stress via free radical generation originating from reactive oxygen species (ROS) [98,101,103,113–115].
Several studies have shown this connection in monogonont rotifer [116], Caenorhabditis elegans [117],
Danio rerio [118], mouse liver [119], and human intestine cell lines [112]. Overproduced ROS can alter
the homeostasis of cells by mediating antioxidant systems. ROS overwhelm the antioxidants produced
in response to damage to cellular components, including DNA, carbohydrates, lipids, and proteins.
This damage is associated with gene instability, physiological alterations, and carcinogenesis [120,121].
For example, scleractinian coral, Pocillopora damicornis, exposed to microplastics have increased
superoxide dismutase (SOD) and catalase (CAT) activity and glutathione S-transferase (GST) and
alkaline phosphatase (ALP) loss of function. SOD and CAT are antioxidant enzymes, GST is a
detoxifying enzyme and ALP is an immune enzyme in coral. In addition, in coral, microplastics
regulate genes that are related to the stress response, zymogen granules, c-Jun N-terminal kinase (JNK)
signaling pathways, sterol transport, and the epidermal growth factor–extracellular signal-regulated
kinase 1/2 (EGF-ERK1/2) pathway (Figure 3) [115]. In addition, PS nanoplastics increase oxidative
stress, activate the expression of genes in the nuclear factor E2-related factor (Nrf) signaling pathway
(Figure 3) [114], and increase expression of glutathione S-transferase 4 (GST-4) enzyme in Caenorhabditis
elegans [117]. Additionally, a previous report showed that PS microplastics also induce inflammation
and activate SOD and CAT activity in the livers of Danio rerio [118] and mice [119,122]. These findings
indicate that microplastics induce oxidative stress as the main mechanism of toxicity induction in these
organisms. PS microplastics can affect amino acid metabolism by increasing arginine and tyrosine and
affect bile acid metabolism by mediating the levels of taurocholic acid (TCA),β-muricholic acid (βMCA),
adenosine triphosphate (ATP)-binding cassette, subfamily B, member 11 (Abcb11) and cholesterol
7a-hydroxylase (Cyp7a1) [87]. They also affect liver lipid metabolism by changing the triglyceride
(TG), total cholesterol (TCH), and pyruvate levels (Figure 3) [88]. PS microplastics also increased the
acetylcholinesterase (AChE) activity and the related neurotransmitters such as threonine, aspartate,
and taurine in a mouse model [122]. In addition, microplastics and nanoplastics elicit immunological
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responses [115,123,124], alter gene expression [88,103,113,114,125] and induce genotoxicity [113,126].
In kidney cells, VC stimulates the expression of fibrosis-related proteins, such as CTGF, PAI-1, and
collagen 1, and autophagy-related proteins, such as Beclin 1 and LC3-II [127]. VC is also a carcinogenic
factor and results in angiosarcoma of the liver [94–96]. Studies have indicated that VC causes several
DNA mutations, such as Ras mutations [128], K-ras-2 mutations [129], p53 mutations [130,131], and p21
mutations [132].

Figure 3. Impact of plastic micromaterials and nanomaterials in organisms. Microplastics and/or
nanoplastics can enter the circulation from the gut and lungs and accumulate in the gut, liver, and
kidney resulting in several diseases. At the cell level, microplastics or nanoplastics can inhibit the efflux
pump and mitochondria depolarization, induce reactive oxygen species (ROS). They also affect several
signaling pathways, cause fibrosis, autophagy, and even DNA mutations. Many animal species have
been contaminated by microplastics and/or nanoplastics. The figure was created with BioRender.com.

7. Solutions for Reducing Plastic Micromaterials and Nanomaterials

A large area of accumulated garbage is adrift in the ocean [133]. Prevention and clean-up proposals
have been made by political bodies around the world [134], such as the plastic reduction policy of
Africa, which ranks first in the world [135]. A Netherlands-based organization, the Ocean Cleanup,
uses massive drift nets to reduce the size of the Great Pacific Garbage Patch [136]. Wastewater treatment
plants (WWTPs) in several countries have found microplastic particles [49,137–139]. Australia uses
filters in large drains to stop garbage from entering the ocean [140]. Single-use plastic items are one of
the components in this large area of plastic waste. In India, single-use plastic items, such as plastic bags,
plastic spoons, plastic cups, plastic drinking straws, plastic jars, and plastic bottles, have been banned
since October 2, 2019. The European Union has set a target to eliminate some single-use plastic items by
2021 [141]. Single-use plastic items, such as plastic straws, are being replaced—a Vietnamese company
has developed a reed pipe to replace plastic straws [142], and a Taiwanese company has developed a
straw with sugar cane [143]. In addition, facial cleansers containing plastic particles [57] have been
banned in many countries [144]. On the one hand, plastic waste has been turned into resources.
For example, a company in the Netherlands uses plastic to replace traditional road materials [145], and
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it is better than asphalt, with 60% greater strength [146]. In India, abandoned fishing nets have been
turned into surfboards [147], in UK, students have successfully used fish skin and red algae as raw
materials to develop plastic substitutes [148], and in Mexico, scientists have used cactus fruit to make
nontoxic edible plastic [149]. On the other hand, due to physical and chemical changes, plastics become
microplastics and nanoplastics. Therefore, some microbial biodegradation can be used to depolymerize
those polymers into smaller monomers. Biodegradation is ultimately successful when plastics degrade
monomers into CO2 and water. Marine bacteria are potential candidates for use in the biodegradation
of plastic wastes [150]. PS is known to biodegrade in the gut of yellow mealworms [151]. Many fungal
strains can also degrade several plastics, such as PVC, PHB, and PLA [39]. Recently, several enzymes
have been identified as capable of degrading PET plastics [152].

8. Conclusions

We over-use plastics because they are inexpensive and convenient, and worldwide, ecosystems are
suffering, and contaminating-levels of plastic debris is a concern that has been reported. Plastic must be
managed (especially in single-use items) and recycled such that it is finally fragmented to small plastics.
Most of the contamination by microplastics and nanoplastics is derived from laundering synthetic
textiles and the friction from the tires of driven cars. Currently, there is no effective way to reduce
the amount of microplastics and nanoplastics in the food chain. Furthermore, it is unclear how the
mixture of different sized groups and material types interacts with living creatures. Previous studies
have indicated that workers in plastic-related industries suffer many kinds of cancer by being exposed
to high levels of airborne microplastics over many years. In addition, it is important to characterize
the microplastics and nanoplastics that have accumulated in the food chain and to gain a clearer
understanding of their negative impact on our bodies. Finally, the degradation of microplastics and
nanoparticles from environmental bacteria and fungi remains a challenge for the scientific community.
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Abstract: The wide employment of iron nanoparticles in environmental and occupational settings
underlines their potential to enter the brain. Human cell-based systems are recommended as relevant
models to reduce uncertainty and to improve prediction of human toxicity. This study aimed at
demonstrating the in vitro differentiation of the human umbilical cord lining-derived-mesenchymal
stem cells (hCL-MSCs) into neuron-like cells (hNLCs) and the benefit of using them as an ideal
primary cell source of human origin for the neuronal toxicity of Fe3O4NPs (magnetite-nanoparticles).
Neuron-like phenotype was confirmed by: live morphology; Nissl body staining; protein expression
of different neuronal-specific markers (immunofluorescent staining), at different maturation stages
(i.e., day-3-early and day-8-full differentiated), namely β-tubulin III, MAP-2, enolase (NSE), glial
protein, and almost no nestin and SOX-2 expression. Synaptic makers (SYN, GAP43, and PSD95)
were also expressed. Fe3O4NPs determined a concentration- and time-dependent reduction of hNLCs
viability (by ATP and the Trypan Blue test). Cell density decreased (20–50%) and apoptotic effects
were detected at ≥10 μg/mL in both types of differentiated hNLCs. Three-day-differentiated hNLCs
were more susceptible (toxicity appeared early and lasted for up to 48 h) than 8-day-differentiated cells
(delayed effects). The study demonstrated that (i) hCL-MSCs easily differentiated into neuronal-like
cells; (ii) the hNCLs susceptibility to Fe3O4NPs; and (iii) human primary cultures of neurons are new
in vitro model for NP evaluation.

Keywords: Fe3O4 nanoparticles; environmental toxicology; alternative methods; safety assessment;
cell-based assay; toxicity-testing strategies; human primary cell culture; predictive nanotoxicology

1. Introduction

Among the different types of engineered NPs nanoparticles (NPs), the superparamagnetic iron
oxide nanoparticles (SPIONs) are particles formed by small crystals of iron oxide commonly called
magnetite Fe3O4 or maghemite γ-Fe2O3. These SPIONs have gained a huge interest due to their use for
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several biomedical and clinical applications (e.g., MRI contrast agents, treatments for anemia, magnetic
sensing probes, and drug delivery agent) [1,2].

SPIONs have also been developed for use as environmental catalysts and for incorporation into
thermoplastics nanocomposites due to their pigmented properties. The latter include several market
products such as car tires, paints, etc. In addition, SPION-based technologies have emerged as promising
alternatives to current water and wastewater treatment of organic pollutants as nanoadsorbents or as
core component of core-shell structures, where the SPIONs function as magnetic separation and the
shell provides the desired functionality for pollutant adsorption [3,4]. Moreover, iron oxide particulates,
both fine/micron- and ultra-fine/nano-sized, are generated during anthropogenic activities related
to the iron and steel industries, as well as during the NP manufacturing process, where they may
represent a significant portion of the circulating air becoming a source of potential hazard for at-risk
workers [5].

Therefore, there is a considerable need to address the biocompatibility and safety issues associated
with the use of SPIONs.

The promising use of SPIONs for diagnostic and therapeutic applications and their wide utilization
in environmental and occupational setting, underline the potential of such SPIONs to enter the brain,
making it mandatory to study their potential neurotoxicity [6,7].

A relevant number of studies have demonstrated that engineered nanomaterials (ENMs) could
cross the blood–brain barrier (BBB) via different routes, after intentionally and unintentionally exposure
and further access the central nervous system (CNS), where ENMs could cause neurotoxicity [8–13].
After crossing BBB, ENMs can interact with glial cells and neurons, which could potentially induce
a series of disrupted outcomes in the neurological system [14]. The capacity to translocate into
the brain has also been demonstrated for SPIONs which, after entering the body, through different
routes such as intravenous and intraperitoneal injection, oral administration, and intranasal and
intratracheal instillation, gradually accumulate in cerebral tissue, due to their limited excretion, causing
damage to neuronal cells and function impairments [15,16]. Several in vivo and in vitro studies have
demonstrated the SPIONs neurotoxicity [7,17–20]. In vivo experimental studies have indicated that
Fe3O4NPs, the predominant form chosen among the SPIONs, can reach the CNS independently of
the administration route (e.g., inhalation, intravenous, and intraperitoneal) causing adverse effects in
CNS [21–23]. In vitro studies have also supported and mechanistically detailed the Fe3O4NPs-induced
neurotoxic effects [24] depending on cell type and surface coating of the NPs [25–28]. Regarding to the
surface coating, different types of natural and synthetic coating materials (such as dextran, pluronic,
and polyethylene glycol) and capping agents (such as poly(ethylenimine), and aminosilane) have been
used to improve the colloidal stability, interaction, biodistribution, and biocompatibility of SPIONs in
biological systems [26,27]. The majority of the in vitro investigations have been performed on different
CNS cell types using immortalized cell lines and primary cultures derived from animals, such as PC12,
cortical neurons, brain-derived endothelial cells, astrocytes from newborns, microglia (primary or Bv2
cells), and oligodendroglial cells (see review [29]). The major limitation with cell lines is that they are
genetically transformed and thus may not represent the normal cell types. Primary cultures have a
very limited lifespan and easily lose their tissue-specific characteristics over time. Moreover, it is still
difficult to extrapolate animal data to humans because of species differences.

Human cell-based systems are strongly recommended as relevant alternative methods to reduce the
uncertainty in species-specific extrapolation of results and to improve prediction in toxicology [30,31].
One of the emerging trends in technologies for developing assays and tools for predictive toxicology
goals includes the increased use of stem cells (SCs) [32], which have the advantage, over primary and
immortalized cells, of being able to form large populations of stably-differentiated cells representative
of different target species including humans. Among SCs, adult stem cells, also known as mesenchymal
stem cells (MSCs) are a kind of multipotent progenitors, derived from different human tissues that have
a remarkable ability for proliferation, self renewal, and transdifferentiation when they are cultured in
specific culture conditions [33–35]. Several recent data are reporting their ability to transdifferentiate

264



Int. J. Mol. Sci. 2020, 21, 271

into the neurogenic lineage [36–39]. MSCs in vitro differentiation to generate human neuron-like cells
(hNLCs) may represent a promising source of cells for neurotoxicity studies.

Among the various sources-derived MSCs, those derived from the human umbilical cord
(hUC-MSCs) have the advantages of simple convenient preparation, feasible source, non-traumatic risk
of infection, more primitive properties, higher proliferation capacity, and their low immunogenicity
and immunosuppressive characteristics turn hUC-MSCs to be an ideal source used as engineering cells
in studying stem cell differentiation [40]. Recent investigations have demonstrated that MSCs
derived from human umbilical cord can be most efficiently differentiated in vitro into cells of
nonmesodermal origin including neuronal-like cells using specific induction protocols [40–45]. MSCs
can be obtained from different compartments of the umbilical cord (UC) including the UC lining
membrane (hCL-MSCs) [45–48]. These latter cells have been recently isolated and characterized in our lab.
The findings have demonstrated that hCL-MSCs may represent a new species-specific tool for establishing
efficient platforms for primary screening and toxicity/safety testing of magnetite NPs (Fe3O4NPs) [49].

According to the development of new strategies for assessing nanomaterial safety, the SC-derived
in vitro models may provide more realistic platforms for nontoxicity study [50–52], and the
differentiation of hMSC into hNLCs can further support their use for screening evaluation of neuronal
toxicity of NPs in humans. Indeed current available cell types represent a model less close to the
in vivo human neuronal cells, and therefore they are not specifically indicated to characterize neuronal
toxicity. This approach reflects the most updated recommendations on using human based models to
investigate human diseases and toxic effects from xenobiotics. Moreover significant differences on
toxicological profile of Fe3O4NPs were observed in relation to the cell type model used, rodent versus
human [53].

The present study aimed at demonstrating the in vitro differentiation of the human umbilical
CL-derived MSCs (hCL-MSCs) into hNLCs (2D-monolayer) and the benefit of using these cells as an
ideal primary cell source of human origin for studying the neuronal toxicity of Fe3O4NPs.

The neuron-like phenotype was confirmed by: (i) live morphological analysis; (ii) Nissl body
staining; and (iii) immunofluorescent staining of the expression of different typical neuronal-specific
proteins/markers, at different stages of neuron-like cells maturation (i.e., at day 3-early differentiated and
day 8-full differentiated), namely β-tubulin III (a microtubule element of the tubulin family, structural
marker), MAP-2 (as a mature neuron marker), enolase (NSE, marker characteristic of neural cells), and
glial fibrillary acidic protein (GFAP as an astrocyte marker), and almost no expression of nestin (as an
immature neuron marker), and SOX-2 (a transcription factor essential for maintaining self-renewal,
or pluripotency of undifferentiated stem cells). The synaptic makers such as synaptophysin (SYN,
indicator of the synapses density), growth-associated protein 43 (GAP43, a key factor for axonal
growth and elongation), and post-synaptic density 95 (PSD95 an important scaffold protein on the
post-synaptic membrane, which plays an important role in the process of synapse formation) were
also evaluated.

The toxic effects induced by short-term exposure (24–48 h) to increasing Fe3O4NP concentrations
(10–100 μg/mL) have been evaluated on hNLCs of both stages of maturation (i.e., at day 3 and 8).
Live/dead cells assessment was pursued applying three assays namely MTT: for identification of
metabolic activity (i.e., mitochondrial dehydrogenases); ATP: indicator of ATP production breakdown;
and Trypan Blue exclusion test: for membrane integrity determination. Since each of these three assays
is using a different endpoint to assess cell viability it cannot be taken for granted that results from
these three assays correlate. Moreover and most importantly, since NPs interaction with in vitro assay
components and read-out systems may result in a wide array of false positives and false negatives,
the suitable in vitro cytotoxicity bioassays need to be verified on case-by-case basis. For studies of
potential toxicity of NPs it is recommended to apply at least two different biocompatibility assays that
have independent underlying principles, in order to become aware of potential disturbances by NPs
on the test systems used [7].
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Quantification of apoptosis, by caspase-3/7 activity and nuclear fluorescence staining, and cell
morphology analysis by light microscopy were complementary estimated.

Physico-chemical characteristics (i.e., hydrodynamic size, polydispersity Index, Zeta potential,
and pH) of Fe3O4NPs dispersed in the appropriate aqueous media for cell dosing were also assessed,
by dynamic light scattering, in order to understand their contribution to toxicity.

2. Results

2.1. Characterization of Mesenchymal Stem Cells Derived from Umbilical Cord Lining Membrane (Hcl-Mscs):
Morphology, Cell Surface Markers, and Differentiation into Adipocytes and Osteocytes

The set up to obtain and characterize hCL-MSCs and their transdifferentiation into human
neuronal-like cells has been performed following the steps reported in Figure 1.

Figure 1. Scheme for the transdifferentiation of hCL-MSCs into neuron-like cells (hNLCs) and the
endpoints evaluated at specific timing of Fe3O4NPs treatment. P indicates the passage number.
The appearance of cell outgrowth from explant cultures was routinely monitored, and roundish or long
fusiform cells were observed already after 3 days. The typical fibroblast morphology and homogeneous
monolayer were detected between the 10th–17th days and the confluence (80–90%) was reached after
approximately 21 days from the seeded cord lining (CL) pieces (Figures 1 and 2A).

After three weeks, when the cells were transferred to subcultures, their morphology appeared
rounded (after digestion) and reverted to the fibroblast-like shape after reattachment to the plate
and incubation for 24 h. Thereafter, cell growth was rapid, in about 3–4 days after passage adhered
completely to plastic, achieved 80% confluency and showed a uniform spindle-shaped exterior with
spiral and radial-like growth.

The cells were cultured until the ninth passage and entered into senescence at the twelfth passage.
The immunophenotype was consistent with MSCs: high expression levels of CD73, CD90, and

CD105 and HLA-I and negative expression of CD34, CD45, CD14, CD31, and HLA-DR markers
(Figure 2B). The hCL-MSCs were capable of differentiating, after the induction in specific media, into
adipocytes, as demonstrated by the presence of the intracytoplasmic lipid droplets, and into osteocytes

266



Int. J. Mol. Sci. 2020, 21, 271

as demonstrated by histological detection of staining for alkaline phosphatase activity and calcium
deposition (Figure 2C).

Figure 2. Characterization of mesenchymal stem cells derived from cord lining membrane (hCL-MSCs).
(A) Morphology of cell outgrowth from the explants of hCL after 3, 10, 17, and 21 days (until P0)
as visualized by phase-contrast microscopy (magnification 32×). hCL-MSCs adhere completely to
plastic, exhibit fibroblastic morphology and show a radial or spiral growth (clearly visible at 17 days).
Scale bar: 100 μm. (B) Typical hCL-MSCs surface markers. Percentage mean ± standard deviation
(S.D.) (C) Representative images of hCL-MSCs after being induced in adipogenic and osteogenic
differentiation (magnification 20×).

Due to the good growth condition at the 3rd passage cells, these hCL-MSCs were selected for the
neurogenic transdifferentiation.

2.2. Neurogenic Differentiation

2.2.1. Neuronal-Like Phenotype Characterization

Before assessing the effects of Fe3O4NPs on neuron-like cells (hNLCs) derived from hCL-MSC
transdifferentiation, the neuron-like phenotype was confirmed by: (i) live morphological analysis
(Figure 3A), (ii) quantitative changes of hNLCs during differentiation time (Figure 3B) and decrease
of cell proliferation capacity (Figure 3C), (iii) Nissl body staining (Figure 3D), and (iv) expression of
neuronal and synaptic specific proteins/markers (Figure 4A,B and Figure 5).
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Figure 3. hCL-MSCs transdifferentiated into neuronal lineage at different time points. (A) Phase-contrast
analysis of hCL-MSCs transdifferentiated into hNLCs at different time points. Cell bodies indicate by
green head arrows; elongated structures indicate by white arrows. Scale bar: 100 μm. (B) Quantitative
changes of hNLCs: the percentage of hNLCs was significantly increased during the induction time.
Data are presented as the mean ± S.D. hNLCs at day 3 compared to day 8 of transdifferentiation were
statistically different (p < 0.05). (C) Decrease of cell proliferation capacity during transdifferentiation
process into hNLCs (3 and 8 days). Data are presented as the mean ± S.D. (D) The Nissl body staining
of hCL-MSCs transdifferentiated into neuronal lineage at different time points: differently from the
control (hCL-MSCs untransdifferentiated), the hNLCs (after 3 and 8 days) show somata-associated
accumulations of the Nissl bodies stained dark black-violet (round-headed white arrows). Scale bar:
100 μm.
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Figure 4. Immunofluorescence characterization of transdifferentiated hNLCs at different time points.
(A) Representative fluorescence merged microphotographs showing MAP-2- and β-tubulin III-positive
(green fluorescence) and enolase-positive (red fluorescence) in hCL-MSCs and transdifferentiated
hNLCs at day 3 and 8, (B) microphotographs showing nestin-positive (red fluorescence), SOX-2-,
and GFAP-positive (green fluorescence) in hCL-MSCs and transdifferentiated hNLCs at day 3 and 8.
Nuclei were stained with Hoechst 33258. Scale bar: 100 μm.
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Figure 5. Immunofluorescence of synaptic markers. Representative fluorescence merged
microphotographs showing SYN (red fluorescence), PSD95 (green fluorescence), and GAP43 (red
fluorescence) positive in hCL-MSCs and transdifferentiated hNLCs at day 3 and 8. Nuclei were stained
with Hoechst 33258. Scale bar: 100 μm.

Morphological and Quantitative Changes of hNLCs at Different Time Points (3 and 8 Days)

The images acquired using contrast-phase microscopy showed that hCL-MSCs transdifferentiated
towards a neuronal lineage when cultured in mesenchymal stem cell neurogenic differentiation
medium: in fact these induced cells exhibited typical neuron-like morphology (Figure 3A).

On day 3 of transdifferentiation, the cells became oval or round with elongated and extended
processes (neurite-like); and the total number of cells that changes versus a phenotype neuron-like
reached 52.8%± 6.05% (Figure 3B). The hNLCs appeared more developed on day 8 of transdifferentiation
exhibiting a more advanced neuronal appearance: the length of protrusions increased and
gradually intertwine connected into an organized network with adjacent cells (Figure 3A); and
about 87.50% ± 9.73% appeared as hNLCs (Figure 3B). On the contrary, the hCL-MSCs cultured in
mesenchymal stem cell growth medium 2 showed typical spindle-shape morphology with no changes
into neuronal morphology (Figure 3A).

The cell proliferative capacity, evaluated by optical density using formazan formation after MTT
metabolization, decreased during the transdifferentiation process into hNLCs (3 and 8 days). The cell
density was substantially higher in hCL-MSCs even though the same amount of cells (4000 cells/cm2)
was seeded for each group (Figure 3C).

Nissl Body Staining

The cresyl violet staining labeled the Nissl bodies (granular structures of rough endoplasmic
reticulum) in the hCL-MSCs undergoing neurogenic transdifferentiation (hNLCs at 3 days and 8 days
of transdifferentiation). The Nissl bodies appeared as dark black-violet spot around the nuclei, while,
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the same were completely absent in hCL-MSCs cultured in classical mesenchymal stem cell growth
medium 2 (Figure 3D).

Expression of Neuronal and Synaptic Specific Proteins

The neuronal markers namely MAP-2, β-tubulin III, enolase-NSE, nestin, SOX-2, glial protein-GFAP,
and the synaptic makers namely SYN, PSD95, and GAP43, were evaluated after 3 and 8 days of the
neurogenic transdifferentiation.

Nuclei were detected using Hoechst 33258 nucleic acid stain, which is a popular nuclear
counterstain that emits blue fluorescence when bound to dsDNA.

Figure 4A shows the expression of neuronal markers: MAP-2 and β-tubulin III were visible as
green fluorescence around the soma and neurite-like processes in hNLCs at both time points of the
neurogenic transdifferentiation, and NSE was visualized as red fluorescent signal into cytoplasm. On the
other hand, the MAP-2, β-tubulin III, and NSE antibodies interacted very few with undifferentiated
hCL-MSCs. Noteworthy, an improvement of fluorescence intensity of all three of these neuron markers
were observed on 8-day hNLCs compared to the 3-day cells (Figure 4A).

Regarding nestin, an early differentiation marker localized in the cytoskeleton, an increase of red
fluorescence intensity was observed on 3-day hNLCs, followed by a later decrease of the fluorescence
signal after 8 days of transdifferentiation (Figure 4B). In particular, nestin was visible in the vast
majority of the hCL-MSCs indicating that these cells were neural stem/progenitor cells (Figure 4B).

By contrast, a weak labeling of SOX-2 (nuclear localization of the fluorescent signal) was detected
in both hNLCs when compared to hCL-MSCs: the fluorescence signal decreased during the time of
transdifferentiation of these hCL-MSCs into hNLCs (Figure 4B).

Results related to immunofluorescence of GFAP showed the green fluorescence signal in hCL-MSCs
and an increase of the fluorescence in hNLCs at 3 days, while hNLCs at 8 days displayed a weak signal,
confirming that hCL-MSCs were capable to differentiate not only into hNLCs but also into astrocytes
(Figure 4B).

The fluorescence of synaptic makers indicated that the hNLCs (at 3 and 8 days) were able to express
both the pre- and post-synaptic proteins such as SYN, PSD95, and GAP43 (Figure 5). Specifically,
the anti-SYN staining was exhibited as bright red fluorescence, PSD-95-positive (green fluorescence)
was found in proximity to the cell surface, localized to the cell membrane, and GAP43-positive red
fluorescence was found in the cell bodies and neurites of hNLCs. Notably, an increase of fluorescence
signal for all tested markers were detected on hNLCs at 8 days compared to hNLCs at 3 days and the
immunofluorescence was undetectable in hCL-MSC cultures for all markers (Figure 5).

Altogether these findings clearly indicated that hCL-MSCs successfully transdifferentiated into
hNLCs. Then this novel in vitro model was used to evaluate the effects induced by short term Fe3O4NPs
exposure on human hNLCs.

2.3. Physico-Chemical Characterization of Fe3O4 Nanoparticles in Mesenchymal Stem Cell Neurogenic
Differentiation Medium

The physico-chemical properties of the Fe3O4NPs suspension (at 10 and 25 μg/mL) in culture
medium used for transdifferentiation were investigated in terms of hydrodynamic size, polydispersity
index (pdI), zeta potential (Zp), and pH, since they are parameters that affect the outcomes of cellular
uptake, distribution, and reactivity of the nanoparticles in the biological system [26].

Hydrodynamic size measurements (Figure 6A) showed Fe3O4NPs agglomeration/aggregation
immediately after dispersion in the culture medium (i.e., mesenchymal stem cell neurogenic
differentiation medium) exhibiting a size in the micron range: 1213 ± 23.5 and 1368 ± 10 nm at
10 and 25 μg/mL, respectively, after 30 min.

Aggregation still persisted after 24 and 48 h: diameter about 1432 nm as also observed in
phase-contrast micrographs that showed aggregation/agglomeration of the Fe3O4NPs as a function of
the concentration (Figure 6B,C).
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Figure 6. Physico-chemical characteristics of the Fe3O4NPs in mesenchymal stem cell neurogenic
differentiation medium. (A) Size distribution obtained from dynamic light scattering measurements of
Fe3O4NPs at concentrations of 10 and 25 μg/mL in mesenchymal stem cell neurogenic differentiation
medium after 30 min, 24 and 48 h. (B) Physico-chemical properties of the Fe3O4NPs in mesenchymal
stem cell neurogenic differentiation medium. (C) Phase-contrast micrographs of Fe3O4NPs in neurogenic
medium at 10 and 25 μg/mL after 48 h: aggregations/agglomerations of the Fe3O4NPs were observed
as brownish sediments, which increased as function of the concentration. Scale bar: 20 μm.
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The pdI values (about 0.266 and 0.240 at 10 and 25 μg/mL, respectively) indicated that the
Fe3O4NPs suspensions were little polydispersed, and also a weak stability in long-term period was
evidenced by Zp (around –10 mV) at 30 min, as well as after both 24 and 48 h. The pH values
(pH 7.6–8.09) were slightly higher than physiological pH range for each time and concentration point
considered (Figure 6B).

2.4. Cytotoxic Effects of Fe3O4NPs Exposure on hNLCs at Different Maturation Stages

Cell viability assays are important tools in toxicology studies to assess the cell sensitivity
to compounds. In this study, three widely used cell viability assays, namely MTT (activity of
mitochondrial dehydrogenases), Trypan blue (TB; membrane integrity) assays, and ATP (breakdown
of ATP production) were applied to assess the Fe3O4NPs cytotoxicity on neurons. Specifically, hNLCs
transdifferentiated at different time points (day 3 and 8) were exposed to increasing Fe3O4NPs
concentrations (10–100 μg/mL) for 24 and 48 h.

2.4.1. MTT Assay

MTT assay, a standard colorimetric method, has long been regarded as the gold standard of
cytotoxicity assays as it is highly sensitive. MTT assay is typically applied to evaluate the mitochondrial
function by the activity of mitochondrial dehydrogenases after exposure to Fe3O4NPs. When this
test was applied in this study, data indicated an unexpected concentration-dependent increase of
cell viability after Fe3O4NPs treatments in both hNLCs, i.e., early differentiated (at day 3) and fully
differentiated stage (at day 8), at both time points considered (24 and 48 h exposure; Figure 7A1,A2).

Cell viability data obtained from MTT assay showed a large difference compared to those
obtained from the TB test, ATP assay, and the morphological analysis, which, on the contrary, showed
concentration-dependent cell reduction (see below).

The agglomeration/aggregation of Fe3O4NPs, as evidenced by its physico-chemical characteristics
in culture medium (used for transdifferentiation) and its optical properties (supplementary Figure S1)
could be factors responsible of interference with the absorbance readings.

2.4.2. Cell Viability Evaluation by a Trypan Blue Exclusion Test

The membrane integrity evaluation on hNLCs was performed using Trypan blue (TB) exclusion
test after 24 and 48 h exposure to increasing concentrations of Fe3O4NPs (10–100 μg/mL) (Figure 7B1,B2).

TB data, on 3-day hNLCs, indicated a gradual reduction of viable cells when compared to
control after both time points considered. After 24 h, significant cell viability decrease (about 15%)
started at 10 μg/mL with a maximum effect (30% cell viability decrease) at 100 μg/mL (Figure 7B1).
The cytotoxicity was exacerbated after 48 h exposure: Fe3O4NPs treatments induced a significant cell
reduction (cell death: 15–45%) at the concentrations ranging from 10 to 100 μg/mL (Figure 7B2).

hNLCs, at day 8-fully differentiated, appeared less susceptible to Fe3O4NPs than hNLCs at day
3-early differentiated after 24 h exposure: cell viability was affected at the higher concentrations tested,
50–100 μg/mL, with about 50% cell death (Figure 7B1). However, after 48 h, the cytotoxic effects
showed similar trend to that observed for hNLCs at day 3-early differentiated (Figure 7B2).

2.4.3. Mitochondrial Metabolism Function by ATP Evaluation

A concentration-dependent reduction of the ATP intracellular content was observed in both
hNLCs exposed to 10–100 μg/mL Fe3O4NPs up to 48 h (Figure 7C1,C2).

Specifically, in 3-day transdifferentiated hNLCs, the ATP intracellular content was reduced from
20% to 35% compared to control following exposure from 10 to 100 μg/mL after 24 h (Figure 7C1) and
20–52% after 48 h (Figure 7C2).

Fe3O4NP treatments induced similar ATP intracellular depletion (ATP reduction: 15–35% at
10–100 μg/mL) after 24 (Figure 7C1) and 48 h (Figure 7C2) in 8-day transdifferentiated hNLCs.
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Figure 7. Cytotoxic effects of Fe3O4NPs on hNLCs treated, at day 3 and 8 of transdifferentiation, for 24
and 48 h with increasing Fe3O4NPs concentrations (10–100 μg/mL). Evaluation by three cell viability
assays. (A1,A2) Mitochondrial activity assessed by MTT assay; (B1,B2) cell viability evaluation by
Trypan blue (TB) test; and (C1,C2) evaluation of intracellular ATP content. Data are expressed as
percentage of viable cells (% of each control) and represent the mean ± S.D. * p< 0.05, statistical analysis
by two-way ANOVA followed by Dunnett’s test.

2.4.4. Evaluation of Caspase-3/7 Activity and Apoptotic Features in Neuron-Like Cells

Caspase-3/7 activity and apoptotic cells were assessed after Fe3O4NPs treatments in both
neuron-like cells (Figure 8A,B). The results obtained on hNLCs after 3 days of transdifferentiation
showed that the levels of caspase-3/7 activity increased about 1.33-fold (compared to control) at 10 and
25 μg/mL (Figure 8A1).

The percentage of condensed apoptotic cells was enhanced following treatment with 10 μg/mL
and 25 μg/mL of Fe3O4NPs: about 22% versus 9% detected in control (Figure 8A2). As observed in
pictures, the control cells (untreated hNLCs) appeared oval-shaped and the nuclei stained uniformly
blue fluorescent (due to the Hoechst 33258 dye). On the contrary, hNLCs (3 days) treated with 10 and
25 μg/mL exhibited typical apoptosis features such as cell shrinkage, chromatin condensation and
fragmentation, formation of apoptotic cell bodies, and decrease of cell density (Figure 8A3). The effects
lasted for up to 48 h.
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Figure 8. Caspase-3/7 activity and apoptotic cells evaluation after exposure to Fe3O4NPs (10 and
25 μg/mL). (A) Composite images that display the caspase-3/7 activity evaluated after 24 and 48 h
exposure to Fe3O4NPs (A1) and apoptotic cells detected by Hoechst 33258 staining after 24 h exposure
to Fe3O4NPs in hNLCs at day 3 of transdifferentiation (A2,A3). (B) Composite images that show the
caspase-3/7 activity evaluated after 24 and 48 h exposure to Fe3O4NPs (B1) and apoptotic cells detected
by Hoechst 33258 staining after 48 h to Fe3O4NPs in hNLCs at day 8 of transdifferentiation (B2,B3).
The caspase-3/7 activity of the control cells was set to 100% and the data are expressed as mean ± S.D.
* p < 0.05. Statistical analysis by two-way ANOVA followed by Dunnett’s test. Apoptotic cells were
expressed as % of total cell counted. Data represent the mean ± S.D. * p < 0.05. Statistical analysis
by two-way ANOVA followed by Dunnett’s test. Representative images in fluorescence microscope
are taken using magnification 40×, the areas indicated by the circle show the magnification 2.5-fold.
Arrows indicate nuclear morphological changes such as chromatin condensation, fragmentation, and
formation of apoptotic bodies.
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In hNLCs (8 days of transdifferentiation) the caspase-3/7 activity was not affected by 24 h treatment
with Fe3O4NPs (Figure 8B1). A significant increase of caspase-3/7 activity, about 1.35-fold (respected
to control) at 10 and 25 μg/mL, was instead observed after 48 h exposure, as well as well increase of
apoptotic cells percentage (34.15% and 43.36%, at 10 and 25 μg/mL, respectively, compared to control:
15.76%; Figure 6B2). Typical apoptotic morphological changes (including condensation of chromatin
and nuclear fragmentation) were observed after 48 h (Figure 8B3).

2.4.5. Morphological Analysis after Fe3O4NPs Exposure

Cell morphology in both transdifferentiated hNLCs following Fe3O4NPs exposure was examined
by phase-contrast microscopy: no marked morphological changes/alterations have been detected on
both hNLCs (early and full differentiated) after Fe3O4NPs treatments for each time-point considered
(Figure 9).

 

Figure 9. Representative micrographs, by phase-contrast microscopy of early and full transdifferentiated
hNLCs after 24 h exposure to increasing Fe3O4NPs concentrations (10–100 μg/mL). No morphological
alterations were observed after Fe3O4NPs exposure up to 48 h, however, a cell density decrease
was observed from 25 μg/mL Fe3O4NPs at both time points considered for both hNLCs. Brownish
aggregates/agglomerates of Fe3O4NPs in culture medium are indicated by white arrows. Inserts show
the magnifications (2×) of the areas indicated by the yellow arrowheads where Fe3O4NPs are visible
inside of the hNLCs. Scale bar: 100 μm.
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However, cell density decrease was observed from 25 μg/mL Fe3O4NPs after 24 and 48 h exposure
in both neuron-like cell types.

Fine brownish sediments of Fe3O4NPs were extracellularly visible in both hNLCs at the lowest
concentration (10 μg/mL), which became large aggregates/agglomerates at the higher concentrations
tested (25–100 μg/mL).

3. Discussion

Human MSCs derived from umbilical cord are increasingly under investigation as a promising
source for a stem cell-based therapy as well as in vitro model/methods for toxicity screening of
drugs/chemicals/nanoparticles, either in studying target organ toxicity or developmental toxicity [52].

The present study supported the evidence that human umbilical CL could be used as an enriched
source for the isolation of pluripotent mesenchymal stem cells (hCL-MSCs). In particular, hCL-MSCs
are abundantly available and can easily be isolated and expanded from healthy human subjects.
These cells met the phenotypical and functional criteria for the definition of MSCs in that they (i) show
the typical spindle-shape morphology forming a highly homogeneous monolayer adherent to plastic
surfaces; (ii) express adhesion markers CD73, CD105, and CD90 and are devoid of hematopoietic and
endothelial markers such as CD31, CD34, and CD45; express positive marker for HLA-I and negative
marker for HLA-DR; and (iii) allow adipogenic and osteogenic differentiation in vitro.

Normally, around 65 million of hCL-MSCs are generated at passage 1 from 3 square centimeters
of umbilical cord amniotic membrane. Cells grow rapidly, in about 3–4 days after passage adhere
completely to plastic, the typical fibroblast morphology and homogeneous monolayer appear between
the 10th–17th days, and the confluence (80–90%) is reached approximately 21 days after the seeded CL
pieces. The cell cultures with hCL-MSCs require splitting approximately every 3 days from P1 to P9.

All these characteristics are particularly relevant since hUC is considered as a promising source of
MSCs due to several advantages compared with other sources of MSCs [48]. Specifically, compared
to bone marrow stem cells (the gold standard), hUC-MSCs have a painless collection procedure and
faster self-renewal properties. Importantly, the number of mesenchymal stem cells that can be obtained
from one UC greatly exceeds the mesenchymal stem cells that can be derived from bone marrow, cord
blood, and adipose tissue [46].

By virtue of the inbuilt capacity of stem cells to differentiate, in the present study, the ability of
MSCs isolated from human CL to transdifferentiate into hNLCs has been demonstrated applying
an easy protocol by using commercially available neurogenic medium, which allow for efficient
transdifferentiation observed as phenotypic changes.

The neuronal differentiation process was divided into two stages: early differentiated stage
(at day 3) and fully differentiated stage (mature, at day 8). According to our results, cells, that have
entered the transdifferentiation pathway, have changed their biological and metabolic properties.
The neurogenically induced cells presented a reduced proliferation rate. These hNLCs were positive
for enolase and Nissl bodies, and exhibited dendrite-like features of long spikes extending into other
adjacent cells and lower cell densities especially after 8 days of transdifferentiation. An early increased
and later downregulated level of early differentiation marker proteins nestin and SOX-2 further
confirmed the differentiation process. While, increases on neuron marker expression, namely MAP-2
and β-tubulin III were observed during the progression of the differentiation process of the hCL-MSCs
into hNCLs. These hNLCs were also positive for the pre- and postsynaptic markers SYN, PSD95, and
GAP43. However, whether the obtained hNLCs have synapses capable of transmitting information
needs further neuro-electrophysiological studies.

Results were clearly indicating that human umbilical CL-MSCs successfully differentiated into
neuronal cells, which would be a predictive preclinical screening tool to evaluate neuronal toxicity
in humans.

The ability of hMSCs to transdifferentiate into neurogenic lineage has been confirmed earlier
by some authors [36–38,54,55] and this capacity has started recently to be investigated for hUC
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derived-MSCs [40–43,45,47]. In particular, human cord lining stem cells (hCL-MSCs) overcoming the
preexisting difficulties inherent to MSCs from the bone marrow, offer not only a realistic, practical, and
affordable alternative for tissue repair and regeneration [46], but also a promising cell-based model for
in vitro screening and predictive studies for xenobiotic insults with particularly gained traction due to
differentiation ability into several cell lineages including their potential towards converting into neural
phenotypes [51,52].

After transdifferentiation and characterization of the hNLCs from hCL-MSCs, the cytotoxicity
effects caused by short-term exposure to Fe3O4NPs have been evaluated on this cellular model.
The overall effects were the following:

i. MTT data (culture medium with/without the neuron-like cells from hCL-MSCs plus Fe3O4NPs)
indicated increments (artifacts) in cell viability after Fe3O4NPs exposure. These observations
did not fit with the morphological analysis (by phase-contrast microscopy) and the TB and ATP
data that overall showed cell density decrease at each time point considered.

ii. When applying the TB test: (a) on full differentiated neurons (day 8), the cytotoxicity effects
appeared at high concentrations (50 μg/mL) after 24 h exposure producing about 50% cell death,
(b) while on early differentiated neurons (day 3), a significant cell death (about 20%) appeared
at the lowest concentration such as 10 μg/mL Fe3O4NPs after 24 h exposure, indicating a more
susceptibility of the immature compared the mature neurons. After 48 h, the cell reduction
became more pronounced compared to that observed after 24 h exposure with similar pattern
of toxicity for cells at both stages of the differentiation process.

iii. A concentration- and time-dependent reduction of the ATP intracellular content (20–35%)
was also observed in both hNLCs exposed to 10–100 μg/mL Fe3O4NPs up to 48 h.
The early-differentiated neurons appeared more susceptible in that more marked cell death
(about 50%) were detected after 48 h exposure at 100 μg/mL.

iv. Morphological analyses, parallelly, confirmed cell density decreases after 24 and 48 h exposure
to Fe3O4NPs starting at 25 μg/mL in both neuron-like cell types without alterations of
cell morphology.

v. Apoptosis induced by low concentrations of Fe3O4NPs (i.e., 10 and 25 μg/mL) was confirmed
by the elevation of caspase-3/7 activity and nuclear staining. The effects appeared early (24 h)
on 3-day-differentiated hNLCs, and later (at 48 h) on 8-day-differentiated cells, suggesting a
more susceptible of the immature hNLCs than the full differentiated cells.

vi. Fe3O4NPs aggregate immediately after dispersion in the culture medium (i.e., mesenchymal
stem cell neurogenic differentiation medium). The stability of Fe3O4NPs suspension
(tendency to agglomerate in a specific culture medium) as well as Fe3O4NP optical properties
represent factors that limit in vitro result interpretation depending of the applied methodology.
As demonstrated in the present study, the MTT data (artifacts) suggest the not applicability of
the spectrophotometric assays for hNLC culture conditions, while TB and ATP are accurate
methods for determining cell viability after Fe3O4NPs exposure in this model.

Altogether these data indicated that Fe3O4NPs determined a concentration- and time-dependent
reduction of human neuron-like cell viability. Cell density decrease (20–50%) were observed at the
early time point (24 h) and started at ≥10 μg/mL in both types of differentiated hNLCs in association
with apoptotic effects. The 3-day differentiated hNLCs were more susceptible (toxicity effects on both
ATP content and membrane integrity started at 10 μg/mL already after 24 h exposure, apoptotic effects
also appeared early) than the 8-day differentiated cells (effects on membrane integrity started at higher
concentrations after 24 h, and apoptosis at 48 h).

This study enhanced the existing stock of knowledge on the impact of metal oxide NPs on
human nervous system in particular. The potential harmful effects of Fe3O4NPs may be due to iron
ion release, which may lead to a disruption of normal iron metabolism/homeostasis in the brain,
a characteristic hallmark resembling that of several neurodegenerative disorders (e.g., Alzheimer’s
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and Parkinson’s) [20,56–58]. Indeed, it is well known that too much iron can compromise cell viability,
as well as the transport and storage of iron [59]. It could be that Fe3O4NPs have produced iron
liberation that exceeded the iron homeostasis capacity. Our preliminary data using cytochemical
Perls’ iron staining are indicating the uptake of Fe3O4NPs in hNLCs with accumulation in a time- and
concentration-dependent manner (data not shown).

Our earlier investigations demonstrated Fe3O4NP-induced toxicity in 2D mono-cultures of human
SH-SY5Y neuroblastoma cells, extensively used in vitro model for CNS toxicity evaluation, after
short-term exposure to different concentrations (1–100 μg/mL): cytotoxicity occurred after 48 h only
with 35–45% mortality from 10 to 100 μg/mL, whereas no effect was observed at the earlier time point
(i.e., 24 h) [60]. Comparatively, the hNLCs of human primary cultures, that are applied in this study,
have been shown to be more sensitive to Fe3O4NPs exposure compared to the SH-SY5Y cell line as
toxicity effects were observable early (already after 24 h exposure in the mature cells). Furthermore, by
applying this novel in vitro model, information related to NP-induced effects on the early differentiated
neurons have also been achieved, revealing the more susceptibility of the immature cells compared
the mature ones. In vitro neurotoxicity of Fe3O4NPs was already evaluated [53,61–63], even if the
studies on human cell lines are limited [29], and significant differences in cytotoxicity results were
observed comparing rodent versus human cells [53], suggesting the importance of the cell type and
the species-specific model used to evaluate Fe3O4NPs toxicological profile. Notably, the findings of
the present study further support the use of these human primary cells especially when considering
the results obtained in cerebral cells from laboratory animals. In fact, recent studies evidenced a
relative resistance of the rat astrocytes and neurons against short-term SPION exposure [25,64–67],
although the experimental conditions [23,65] and the type of SPIONs used [27,67,68] have been shown
to influence the toxicity in terms of reactive oxygen species formation and delayed toxic effects in these
types of CNS cells.

Our study evidenced that the critical concentrations of Fe3O4NPs capable to induce in vitro
neuronal cytotoxicity are comparable to those measured in peripheral blood and brain tissue of
laboratory animals treated with SPIONs. In particular in ICR mice treated with a single intragastric
administration of Fe3O4NPs (13 mg/mouse), the concentrations of Fe3O4NPs were 375 and 350 μg/mL in
the peripheral blood, and 58 and 37 μg/g in brain, respectively at 3 and 10 days post exposure, indicating
a relationship between the blood concentration-time changes and brain distribution of Fe3O4NPs [69].
Moreover, rat intranasally administered iron oxide nanoparticles have been shown to be preferentially
distributed in striatum and hippocampus, causing oxidative damage in striatum [20]. The particles
deposited at concentrations of 0.040 μg/g and 0.050 μg/g in striata and in hippocampi, respectively.
More recently, an in vivo investigation showed that rabbit treated with Fe3O4NPs exhibited the
mitochondrial disease and dysfunction with elevated oxidative stress in the brain [18], and another
study provides the direct evidence that locally administered SPIONs in the striatum and hippocampus
of mice were able to induce both apoptosis and deficits in some behavioral performance [19].

In humans, elevated iron levels seem to be associated with many types of neurodegenerative
disease, such as Alzheimer’s, Parkinson’s, and Huntington’s diseases [70–74]. In this respect, several
studies have shown high levels of iron in brain autopsy section from patients with Alzheimer’s disease,
Huntington’s disease, and Parkinson’s disease [75,76], leading to the suggestion that elevated iron
concentrations within the brain may contribute to the development of neurodegenerative disorders.
Moreover, it has also been proposed that some of the excess iron in neurodegenerative tissue may
be in the form of the magnetic Fe3O4 [57]. In support of this hypothesis, concentrations of Fe3O4

were found to be significantly higher in samples of Alzheimer’s disease tissue [58]. Recently, brain
magnetite nanospheres were detected in human subjects and were consistent with an external, rather
than an endogenous, source [77]. Their presence proves that externally sourced iron-bearing NPs can
be transported directly into the brain, where they can pose hazard to human health.
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4. Materials and Methods

4.1. Chemicals and Reagents

Mesenchymal stem cell growth medium 2 (Ready-to-use; PromoCell, Heidelberg, Germany),
mesenchymal stem cell neurogenic differentiation medium (Ready-to-use; PromoCell), human
fibronectin solution (1 mg/mL; PromoCell), and all cell culture reagents were purchased from Carlo
Erba Reagents (Carlo Erba Reagents S.r.l., Cornaredo, Italy), 75 cm2 tissue culture flask with vented
filter caps and 96- and 6-well plates (Corning), Trypan blue solution (0.4%), cresyl violet acetate,
and MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were purchased from VWR
International PBI (Milan, Italy). CellTiter-Glo® 3D Cell Viability and Caspase-Glo® 3/7 assays were
acquired from Promega (Milan, Italy). Primary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA)
conjugated to alexa-fluo®488 or 594 (Santa Cruz Biotechnology) for nestin, SOX-2, enolase (NSE),
MAP-2, β-Tubulin III, synaptophysin (SYN), growth-associated protein 43 (GAP43), post-synaptic
density 95 (PSD95), and primary antibody for glial fibrillary acidic protein (GFAP; Santa Cruz
Biotechnology) were purchased from D.B.A. Italia s.r.l (Segrate (MI), Italy). Hoechst 33258 (Invitrogen,
Waltham, MA, USA) was provided by Life Technologies Italia (Monza, Italy). Polyvinylpyrrolidone
coated Fe3O4NPs were obtained from nanoComposix (San Diego, CA, USA; lot no. ECP1475).

4.2. Isolation and Primary Culture of MSCs from Human Umbilical Cord Lining Membrane (hCL-MSCs)

Human umbilical cords (UC, n = 9) were obtained from healthy donors, after patients’ provided
informed consent (Internal Ethics Committee—Prot. No. 2017000038067, 23 December 2016), who
underwent full-term caesarian sections (38–40 weeks’ gestation) at the Hospital Fondazione IRCCS
Policlinico San Matteo in Pavia, Italy (from January 2017 to January 2019). In aseptic condition,
UC samples were harvested in a collection cup containing physiological solution, store at 4 ◦C and
immediately transported to the lab (within 2 h from collection). The UC samples were washed multiple
times with ice-cold phosphate-buffered saline (PBS) to remove blood clots.

From each UC, mesenchymal stem cells (MSCs) derived from human umbilical cord lining
membranes (hCL-MSCs) were obtained by the explant method and characterized [49]. Approximately
3 cm in length of UC were collected and the hCL-MSCs were isolated from the subamnion region
by dissecting out the Wharton’s jelly followed by removal of cord vessels. The minced pieces of the
outer envelope membranes were plated in a 75 cm2 tissue culture flask (about 20 tissue pieces/flask)
and were maintained in mesenchymal stem cell growth medium 2 at 37 ◦C, 5% CO2 in a humidified
atmosphere approximately 3 weeks. In particular CL was minced into 1–2 mm pieces using sterile
scissors and CL fragments were incubated in trypsin solution for 30 min at 37 ◦C for partial digestion,
stopped by adding DMEM medium supplemented with 10% heat-inactivated fetal bovine serum (FBS),
2 mM L-glutamine, 50 IU/mL penicillin, and 50 μg/mL streptomycin. About 20 partially digested
CL pieces were plated in a 75 cm2 tissue culture flask in 10 mL of mesenchymal stem cell growth
medium 2. Medium was changed every 3-4 days. Cultures were maintained at 37 ◦C, 5% CO2 in a
humidified atmosphere.

The cell growth was monitored every 3–4 days under an inverted phase-contrast microscope.
When the mononuclear cells achieved 80–90% confluency, the medium was removed, the cells were
rinsed with PBS and then digested with Accutase (up to 5 min at room temperature (r.t.)). Subsequently,
the cells were reseeded on 75 cm2 flasks at a density of 4000 cells/cm2 (P0) and subcultured. Cells split
every 3–4 days and cultured up to P4 to be used for the experiments. The remaining cells that were not
used for the assay were frozen down at each passage.

Three cm of umbilical cord yielded around 65 million cells at passage 1, in line with literature
data [46]. The cells (at passage 2) were characterized for purity and basic MSC characteristics following
recommendations of the International Society for Cell Therapy (ISCT) [78,79]: surface markers (CD73,
CD34, CD90, CD14, CD45, CD31, CD105, HLA-I, and HLA-DR) analysis and differentiation capacity
into adipo- and osteo-lineages (using specific media) were performed as previously described [49].
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Briefly, analysis of cell populations was performed with a FACS Navios flow-cytometer (Beckman
Coulter) using fluorescein isothiocyanate- or phycoerythrin-conjugated monoclonal antibodies specific
for CD73, CD34, CD90, CD14, CD45, CD31, CD105, HLA-I, and HLA-DR. The differentiation
capacity of hCL-MSCs was assessed by incubating cells for 21 days with differentiation medium
(α-minimal essential medium, 10% fetal bovine serum, 10−7 M dexamethasone, 50 mg/mL L-ascorbic
acid, and 5 mM β-glycerol phosphate). For adipogenic differentiation 100 mg/mL insulin, 50 mM
isobutyl methylxanthine, and 0.5 mM indomethacin were also added. The assessment of adipogenic
differentiation was based on the morphological appearance of fat droplets after staining with Oil Red
O. To detect osteogenic differentiation, cells were stained for alkaline phosphatase activity using Fast
Blue and for calcium deposition with Alizarin Red.

4.3. Transdifferentiation of hCL-MSCs into Neuron-Like Cells (hNLCs)

The hCL-MSCs, obtained from n = 4 donors, at the 3rd–4th passage according to the logarithmic
growth phase, were used for the transdifferentiation into hNLCs and neuronal characterization.
The hCL-MSCs were transdifferentiated for 3 days according to the protocol supplied by the
manufacturer and up to 8 days to evaluate different stages of maturity (i.e., at day 3-early differentiated
and day 8-full differentiated (Figure 1). Specifically, the hCL-MSCs were cultured in standard conditions
on 75 cm2 tissue culture flask and when about 80% of the cell confluences was reached, the cells were
detached by Accutase and reseeded on multiwell plates (at 4000 or 1500 cells per cm2) coated with
10 μg/mL human fibronectin, in order to facilitate the cell attachment to the wells, in mesenchymal
stem cell growth medium 2.

After 72 h, the cell became subconfluent (about 80%) then the whole culture solution (mesenchymal
stem cell growth medium 2) was discarded and replaced with a ready-to-use mesenchymal stem cell
neurogenic differentiation medium. Thereafter, the hCL-MSCs were induced in standard growth
condition (37 ◦C/5% CO2) and the medium changes were made every 48 h. The cells were cultured for
least 3 days up to a maximum of 8 days and they were monitored for the morphological changes using
an inverted phase contrast microscope (Zeiss Axiovert 25 microscope equipped with a 32× objective).
Parallelly, hCL-MSCs (without passage) were further cultured (for 3 days up to 8 days) in the same
condition using growth medium 2 and applied as a control of undifferentiated cells (i.e., hCL-MSCs).

4.4. Characterization of the hNLCs

4.4.1. Morphological Changes and Calculation of Positive Rate of hNLCs

On day 3 and 8 of transdifferentiation, the hNLCs were observed under the inverted microscope
(Zeiss Axiovert 25 microscope equipped with a 32× contrast phase objective), in order to analyze the
morphological changes induced by transdifferentiation. Afterwards, the rate of hNLCs was calculated:
three non-overlapping fields were randomly selected and the total cell number and the number of
hNLCs were counted.

4.4.2. Immunochemistry Analysis

Nissl Body Staining

The transdifferentiation of hCL-MSCs into the hNLCs, on day 3 and 8, were confirmed by the
specific staining of neuronal Nissl bodies, characteristic granular structures composed of RNA-rich
rough endoplasmic reticulum (rER) unique to the somata of neurons, as follows.

After discarding the culture medium from the hNLCs, they were washed (twice) with
phosphate-buffered saline (PBS) prewarmed, and fixed with paraformaldehyde (PF 4%) for 30 min at
room temperature (r.t.). Subsequently the hNLCs were washed twice with PBS and stained with Nissl
staining solution (0.5% cresyl violet) for 30 min at r.t. After, the staining solution was aspirated and the
monolayer was washed three times with PBS, finally mounted with Fluoroshield. The presence of
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Nissl body into the somata of the hNLCs (3 and 8 days post transdifferentiation) was examined under
a CX41 Olympus microscope. Digital images were captured using oil immersion objective (100×) lens.

Neuron and Synaptic Markers by Immunofluorescence Analysis

On day 3 and 8 of transdifferentiation, the hNLCs were rinsed with PBS gently and fixed in
4% PF (30 min at r.t.), then permeabilized with 0.1% Triton-100 for 5 min. Subsequently, the hNLCs
were washed three times with PBS (containing Ca2+ and Mg2+) and the samples were incubated with
blocking solution (2% dry milk in D-PBS with Ca2+ and Mg2+) for 30 min at r.t., and then removed
without washing followed by incubation with primary antibodies conjugated to alexa-fluo®488 or 594
against: nestin (1:100), SOX-2 (2 μg/mL), NSE (1:100), MAP-2 (1:500); β-tubulin III (1:200), SYN (1:100),
GAP43 (1:100), and PSD95 (1:100), diluted in 2% dry milk PBS incubated on orbital shaker plate in dark
for 60 min at r.t. Next, the monolayers were washed (three times with PBS containing Ca2+ and Mg2+;
5 min for each washing) and the nuclei were detected using Hoechst 33258 (5 μM for 10 min at r.t.) and
finally mounted with Fluoroshield. Only for GFAP, the primary antibody (1:100), was incubated over
night at +4 ◦C, then the cells were washed (three times with PBS containing Ca2+ and Mg2+; 5 min for
each washing), stained with secondary antibody (Alexa 488-labeled; dilution 1:100), washed again
with PBS, counterstained for the nuclei and finally mounted with Fluoroshield. For each marker, three
separate experiments were performed, each experiments was carried out in three replicates.

Fluorescence images were acquired using a CX41 Olympus fluorescence microscope, excitation
light being provided by EPI LED Cassette and combined with digital camera.

Digital images of the eight randomly selected microscopic fields (for each neuronal and synaptic
marker) were captured using oil immersion objective (100×) lens, and measurement conditions were
the following: 470 nm excitation (T% = 40), 505 nm dichroic beamsplitter, and 510 nm long pass filter.

4.5. Fe3O4NPs Stock Suspension for the Treatment of hNLCs at Different Stages of Maturation

The physico-chemical properties of Fe3O4NPs stock suspension in a 2 mM citrate solution were
provided by the Company (Figure 10).

Briefly, morpho-dimensional analysis using transmission electron microscopy showed that
Fe3O4NPs, dark brown in color, had a roughly spherical, almost non-agglomerated particles, an
average diameter of 20.3 ± 5 nm (by transmission electron microscopy) and a hydrodynamic diameter
of 42 nm (by dynamic light scattering measurements). The surface of Fe3O4NPs is functionalized
with polyvinylpyrrolidone (PVP), a polymer that offers steric stability and exhibit superparamagnetic
properties at ambient temperatures.

Physico-chemical Fe3O4NPs properties in mesenchymal stem cell neurogenic differentiation
medium was also performed: the size of the Fe3O4NPs and the zeta potential at 10 and 25 μg/mL after
30 min, 24 and 48 h were analyzed by dynamic light scattering using the Malvern Zetasizer Nano ZS90
(N.A.M. S.r.l., NANO-Analysis and Materials, Gazzada Schianno, Varese, Italy).

Fe3O4NP suspensions were prepared by diluting the stock suspension (20.3 mg/mL) in
mesenchymal stem cell neurogenic differentiation medium to obtain increasing Fe3O4NPs
concentrations to be used for neuron-like cells treatments. Fresh solutions of Fe3O4NPs were prepared
and vortexed immediately before each treatment.
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Figure 10. Physico-chemical properties of the Fe3O4NPs stock suspension in aqueous 2 mM citrate
(A). Morpho-dimensional analysis of Fe3O4NPs stock suspension by TEM indicates roughly spherical
almost non-agglomerated particles. Scale bar: 20 nm (B). Size distribution by dynamic light
scattering measurements shows an average diameter of 20.3 ± 5 nm (C). Data provided by the
Company nanoComposix.

4.6. Cell Viability Assays

For the Fe3O4NPs cytotoxicity studies, initially the hCL-MSCs (at P3/4) were seeded in six-well
plates at the cell density of 4000 cells/cm2 (for the Trypan blue (TB) exclusions test, double staining for
apoptosis, morphology) or in 96-well plates at the cell density of 1500 cells/cm2 (for the MTT assay,
ATP intracellular content, and caspase-3/7 activity), and then following the protocol described in the
paragraph “Transdifferentiation of hCL-MSCs into hNLCs”, to obtain the 3-day early and 8-day full
differentiated cells.

4.6.1. MTT Assay (Tetrazolium-Based Colorimetric Test Systems Utilizing MTT ((3-(4,
5-Dimethylthiazolyl-2)-2,5-Diphenyltetrazolium Bromide)

The tetrazolium derivatives are reduced in cells mainly by dehydrogenase enzymes,
producing intracellular formazan products of specific color that can be measured photometrically
after solubilization.

The activity of the dehydrogenase enzymes requires NAD+ or NADPH as co-factors, and can
therefore be seen as metabolic indicators of cell proliferation. As the result depends on mitochondrial
integrity and activity, the sensitivity and general outcome of these assays is dependent on the cellular
metabolic activity.
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The hCL-MSCs at P3/4 were seeded in 96-well plates (1500 cells per cm2) in 100 μL mesenchymal
stem cell growth medium 2 per well and incubated (37 ◦C/5% CO2) for 3 days then induced for
neuron-like cells transdifferentiation.

Then hCL-MSCs, transdifferentiated into hNLCs, for 3 days up to 8 days, were exposed at both time
points to Fe3O4NPs at concentrations ranging from 10 to 100 μg/mL for 24 and 48 h. After incubation
time with Fe3O4NPs, the cell culture medium was carefully aspirated and hNLCs (early and full
differentiated) were washed with PBS (200 μL per well) in order to remove unbound Fe3O4NPs and to
avoid interference with the spectrophotometric analysis. Next, fresh medium (mesenchymal stem cell
neurogenic differentiation) plus 10 μL MTT (5 mg/mL) were added to each well and incubated for 3 h.
The resulting formazan crystals were solubilized by dimethyl sulfoxide 100 μL per well and quantified
by measuring absorbance at 550 nm (measurement) and 655 nm (reference) using a microplate reader
(Bio-Rad, Segrate, Milan, Italy). Data were expressed as a percentage of control.

4.6.2. Trypan Blue (TB) Exclusions Test

A loss of integrity of the plasma membrane is seen as one of the hallmarks of necrosis: the
uncontrolled and enhanced trans-membrane flow of cytosolic elements or indicator dyes are used as
endpoints. One common dye used in toxicity tests is the trypan blue.

On day 3 and 8 of transdifferentiation, the hNLCs were treated with Fe3O4NPs (ranging from 10 to
100 μg/mL) for 24 and 48 h, untreated control was incubated with mesenchymal stem cell neurogenic
differentiation medium only. After each time point, the hNLCs were harvested: Fe3O4NPs suspensions
were removed and cells washed with prewarmed PBS (1 mL/well), detached from the bottom of well
by Accutase (500 μL; 5 min. at r.t.), pipetted gently, collected and counted manually using Bürker
chamber. TB solution (0.4%) was used in a ratio of 1:10 (viable cells do not take up TB).

4.6.3. ATP Evaluation by CellTiter-Glo® 3D Assay

Another viability-related readout of cellular metabolism is represented by cytosolic ATP content,
which can be detected and quantified by luciferin/luciferase assays that generate a luminescence signal
proportional to the amount of cytosolic ATP present, which in turn is directly proportional to the
number of viable cells present in culture.

On day 3 and 8 of the transdifferentiation, the hNLCs were treated with Fe3O4NPs (ranging from
10 to 100 μg/mL, for 24 and 48 h) and the ATP content was evaluated using CellTiter-Glo® 3D Cell
Viability assay provided as a ready-to-use solution without no additional preparation in according
to the protocol supplied by the manufacturer (Promega). Briefly, the CellTiter-Glo® 3D reagent was
equilibrated as well as the cells at r.t., for 30 min. Next, the medium was carefully removed and the
cells were washed with PBS (200 μL/well) and fresh mesenchymal stem cell neurogenic differentiation
medium was added (100 μL/well). Then, 100 μL CellTiter-Glo® 3D reagent were added at each well
and the contents were vigorously mixed for 5 min on an orbital shaker plate in order to induce cell
lysis. The plate was incubated at r.t. for an additional 25 min (in the dark) to stabilize the luminescent
signal. The ATP was quantified by measuring the luminescence signal using a Fluoroskan microplate
fluorometer (Thermo Scientific, Milan, Italy) combined with PC software.

The blank reaction (culture medium plus CellTiter-Glo® 3D reagent) was also used in order to
measure background luminescence associated with the specific cell culture medium and CellTiter-Glo®

3D reagent. Then, the blank value was subtracted from experimental values.

4.7. Assessment of Apoptosis

4.7.1. Caspase-3/7 Activity

Caspase-Glo® 3/7 assay is a luminescence-based test system designed for quantification of
caspase-3 and -7 activities. The luminescence signal produced is proportional to the amount of
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caspase activity present. Caspase-Glo® 3/7 assay is provided as ready-to-use solution without any
additional preparation.

On day 3 and 8 of transdifferentiation, the hNLCs were treated with Fe3O4NPs (ranging from
10 to 100 μg/mL) for 24 and 48 h, then the caspase-3/7 activity was evaluated in according to the
protocol supplied by the manufacturer (Promega). Briefly, Caspase-Glo® 3/7 reagent was reconstituted
and together with the cells were equilibrated at r.t., for 30 min. Next, the medium was carefully
removed and the cells were washed with PBS (200 μL/well) and fresh mesenchymal stem cell
neurogenic differentiation medium was added (100 μL/well) as well as the same volume (100 μL/well)
of Caspase-Glo® 3/7 reagent. The contents were gently mixed using an orbital shaker plate for 2 h
and 30 min at r.t. in the dark. The caspase-3/7 activity was quantified by measuring the luminescence
signal using a Fluoroskan microplate fluorometer (Thermo Scientific, Milan, Italy) combined with
PC software.

The blank reaction (culture medium plus Caspase-Glo® 3/7 reagent) was also used in order to
measure background luminescence associated with the specific cell culture medium and Caspase-Glo®

3/7 reagent. Then, the blank value was subtracted from experimental values.

4.7.2. Nuclear Fluorescence Staining of hNLCs

The hNLCs cell cultures were fixed in PF 4% (20 min at r.t.) and after two washing (PBS)
were supravitally stained with the fluorescent nuclear dye, Hoechst 33342 (5 μM for 10 min at r.t.).
Afterwards the hNLCs were washed (PBS before then H2O), let dry and scored under fluorescence
microscope (CX41 Olympus fluorescence microscope equipped with a 40× objective). The microscopic
fields were photographed and stored on PC.

4.8. Morphology Analysis by Light Phase-Contrast Microscopy

hNLCs, on day 3 and 8 of transdifferentiation, were observed under inverted phase-contrast
microscopy after Fe3O4NPs (10–100 μg/mL) exposure for 24 and 48 h in order to evaluate the healthy
status of the cells and their growth. Live-cell microscopy was performed using a Zeiss Axiovert 25
microscope equipped with a 32× contrast phase objective. Images were taken using a digital camera
(Canon Powershot G8). Digital photographs were taken and stored on the PC.

4.9. Statistical Analysis

Data of the cytotoxicity effects (MTT, ATP, TB, caspase-3/7 activity, and apoptotic cells) were
expressed as the mean ± S.D. of three separate experiments, each carried out in four replicates.

Statistical analysis was performed by two-way ANOVA followed by Dunnett’s test. Only p values
less than 0.05 were considered to be significant.

The intra-assay variation (CV) was <5–8% for the immunophenotyping analysis of hCL-MSCs
derived from the same donors. The inter-assay precision ranged between 8% and 10% for the
immunophenotyping analysis of the hCL-MSCs derived from different donors.

5. Conclusions

The study demonstrated that human umbilical CL-MSCs easily differentiated into neuronal-like
cells. These in vitro findings add value to the relevance of using new in vitro human cell-based models
in toxicology and, specifically, for the identification of the cytotoxicity of Fe3O4NPs.

The hCL-MSCs are versatile stem cells easily to be obtained and expanded from healthy human
subjects. They have the advantages of strong proliferative ability (self-renewal), long-term proliferation,
stable amplification in vitro, wide source without any ethical restriction, and can be easily differentiated
into specific cells such as hNLCs. These properties make hCL-MSCs as potential gold standard tool for
establishing in vitro models of neurotoxicity and development NT.
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With regard to Fe3O4NPs, the present findings: (i) demonstrate the human neuronal-like cells
susceptibility to Fe3O4NPs exposure, and (ii) support the use of these human primary cultures of
neurons as new in vitro species-specific cell model for the evaluation of the NP safety.

The proposed in vitro cell-based model (hNLCs) and the multiple-assays approach, is readily
available, either for use as stand-alone method or as a part of integrated strategies, and efficiently
valuable to be applied for neurotoxicity testing of nanoparticles.

In addition, this approach is in accordance with the new toxicology paradigm, which
emphasizes predictive toxicology (i) more based on in vitro models other than computational systems,
bioengineering, automated micro-systems, (ii) boosting basic research more focused to obtain relevant
and rapid tools for man, and (iii) understanding the disease cellular mechanisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/1/271/s1,
Figure S1: Optical properties of Fe3O4NPs.
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Abstract: Exposure assessment is a key component in the risk assessment of engineered nanomaterials
(ENMs). While direct and quantitative measurements of ENMs in complex environmental matrices
remain challenging, environmental fate models (EFMs) can be used alternatively for estimating ENMs’
distributions in the environment. This review describes and assesses the development and capability
of EFMs, focusing on surface waters. Our review finds that current engineered nanomaterial (ENM)
exposure models can be largely classified into three types: material flow analysis models (MFAMs),
multimedia compartmental models (MCMs), and spatial river/watershed models (SRWMs). MFAMs,
which is already used to derive predicted environmental concentrations (PECs), can be used to
estimate the releases of ENMs as inputs to EFMs. Both MCMs and SRWMs belong to EFMs. MCMs
are spatially and/or temporally averaged models, which describe ENM fate processes as intermedia
transfer of well-mixed environmental compartments. SRWMs are spatiotemporally resolved models,
which consider the variability in watershed and/or stream hydrology, morphology, and sediment
transport of river networks. As the foundation of EFMs, we also review the existing and emerging
ENM fate processes and their inclusion in recent EFMs. We find that while ENM fate processes,
such as heteroaggregation and dissolution, are commonly included in current EFMs, few models
consider photoreaction and sulfidation, evaluation of the relative importance of fate processes, and
the fate of weathered/transformed ENMs. We conclude the review by identifying the opportunities
and challenges in using EFMs for ENMs.

Keywords: engineered nanomaterials; environmental fate models; surface waters; ENM fate processes

1. Introduction

Engineered nanomaterials (ENMs) are intentionally produced or manufactured materials with
at least one dimension in the size range of 1–100 nm [1–3]. At this size, materials behave differently
to their bulk forms, which is of interest for novel applications [1,2]. Nanotechnology that is the
application of scientific knowledge to manipulate and fabricate ENMs and associated products is
intensively applied in fields, such as consumer products [4–7], sporting goods [8], water treatment [9–11],
photocatalysis [12–14], electrocatalysis [15], medicine [16], and renewable energy [17]. ENMs are widely
used in consumer products, such as clothes, sox, surface treatment, cosmetics, and packaging [4–7],
potentially contributing to significant ENMs’ release to the environment. For instance, silver
nanoparticles (AgNPs) are used in clothes, sox, and packaging due to its antimicrobial properties [18,19].
Titanium dioxide nanoparticles (TiO2 NPs) and zinc oxide nanoparticles (ZnO NPs) have applications
in surface treatment, e.g., paint and coating, due to its antifouling properties, as well as cosmetics, e.g.,
sunscreen as ultraviolet (UV)-absorber [5,6,20]. The use of TiO2 NPs and ZnO NPs in photocatalysis in
the degradation of contaminants, such as •OH, O2•-, H2O2 [12,13], and renewable energy, e.g., H2
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production [14], is also common. Recent research exists about the applications of nanotechnology in
water remediation. For example, due to its ultrahigh surface areas, nanoscale nickel metal organic
frameworks (MOFs) decorated over graphene oxide (GO) and carbon nanotubes (CNTs) have been
proposed as new adsorbents in water treatment to remove methylene blue (MB) [21], and MOFs-derived
magnetic Ni and Cu nanoparticles have been studied in the catalysis of a sodium borohydride
(NaBH4)-mediated reduction of environmental pollutants, such as 4-nitrophenol, methyl orange, and
MB [22]. The upward trend of ENMs’ global production, as well as the widespread applications of
nanotechnology could significantly increase the release of ENMs to the environment [23,24].

ENMs are considered as a new class of pollutant due to the unique properties and extraordinary
behaviors, which leads to unknown environmental risks [25,26]. While the paradigm used in the risk
assessments of regular substances is generally considered to be applicable for ENMs, it is necessary
to update the current risk assessment approaches in the evaluation of physicochemical properties,
environmental fate and exposure, and (eco)toxicological effects applied for traditional chemicals in
regulations in order to be compatible with ENMs’ unique characteristics [27–29]. In the past decade,
there has been strong progress in the development of methods to evaluate ENMs’ (eco)toxicological
effects and bioaccumulation potentials [30,31]. In terms of environmental exposure assessment, this can
be done by empirically measuring ENMs in environmental matrices and/or by predicting ENMs’ fate
and release in environmental compartments. Despite the considerable progresses made in the detection
methods of ENMs, the current analytical technologies could not readily characterize low concentrations
of ENMs and distinguish natural nanomaterials from engineered ones in complex environmental
matrices [31,32]. Regarding this situation, environmental exposure models could be used as an
alternative method to quantitatively predict the environmental distribution of ENMs [28,31,33,34].

Traditionally, exposure models have been used as a tool in the evaluation of environmental
concentrations of chemical substances [28,35,36]. Given the recognized properties of ENMs that are
distinct from molecular chemicals, it is necessary to review the fate processes of existing exposure models
for their relevancy for ENMs and update them accordingly [31,37,38]. For example, the equilibrium
partitioning of organic chemicals is not generally considered to be relevant for ENMs [38,39]. The studies
on the environmental fate processes of ENMs (e.g., heteroaggregation, dissolution, wastewater treatment
removal, and transformation, etc.) have considerably increased in the past one to two decades [31,37].
There is an important opportunity to consider and include these advances in exposure models to allow
for improved prediction of ENMs’ environmental distribution.

Prior reviews on the environmental fate and exposure modeling of ENMs exist. Dale et al. [33]
reviewed the nano-specific processes that can be included in engineered nanomaterial (ENM) fate
models of aquatic systems. The review of Baalousha et al. [40] discussed the modeling of ENM fate
and biological uptake in aquatic and terrestrial environments and also emphasized the considerations
of nano-specific processes. Nowack [28] reviewed environmental exposure models for ENMs in a
regulatory context with a large focus on the material flow analysis models (MFAMs). He concluded
that current MFAMs and environmental fate models (EFMs) are both generally compatible with
the framework of exposure assessment accepted in regulatory and that both models require proper
validation. William et al. [34] reviewed the nano-specific processes as well as the releases, forms, and
particle sizes of ENMs considered in recent aquatic fate models. Since then, significant progresses in
ENM fate modeling in the aquatic environment have been made, especially in surface waters, that
provide good spatial and temporal resolution with the consideration of new nano-specific processes,
such as sunlight-driven photoreactions; however, these recent advances have not generally been
included in existing reviews [41,42].

The potential of ENMs released to groundwater exists from groundwater remediation using nano
zero-valent iron (nZVI) [43]. While there are few nZVI groundwater modeling studies, these current
studies are limited to nZVI rather than other ENMs [44–46]. As such, this review does not focus on
groundwater and this could be a direction for future reviews when more related work emerges.
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The purpose of this paper is to comprehensively review the recent advances in the environmental
exposure assessment of ENMs using computational approaches. While ENM exposure models in other
environmental media, such as soil and air, are also covered, we focus on the latest advances of surface
water models.

We also comprehensively review recent studies on the environmental fate processes of ENMs to
identify emerging processes that can be included in the fate models towards improved prediction of
ENMs’ distribution in environmental matrices. Current exposure models of ENMs may be largely
classified into two major types, which are MFAMs and EFMs [28,33,40]. MFAMs quantify the release
of ENMs in life-cycle stages from production to waste disposal/recycling into the environment [47–51],
while EFMs consider the mechanistic fate and transport processes (i.e., nano-specific fate processes)
in the prediction of ENMs’ concentrations in or across environmental compartments (e.g., water,
sediment, soil, or air) [52,53]. EFMs could be further classified to multimedia compartmental models
(MCMs) [36,54–57] and spatial river/watershed models (SRWMs) [35,41,42,58,59]. We discuss and
compare the functions and utilities of recent ENM exposure models. We conclude the review by
identifying the opportunities and challenges of using EFMs for predicting the environmental exposure
of ENMs.

2. Exposure Models for the Prediction of Engineered Nanomaterials’ (ENMs’) Concentrations in
Surface Waters

Obtaining the temporal–spatial distribution information of ENMs in a water environment is
the basis of ENMs’ exposure and risk assessment. For example, there is no potential risk of a
chemical substance on the ecosystem if the predicted levels of ENMs in the environment (e.g.,
predicted environmental concentrations, PECs) are lower than the predicted no effect concentrations
(PNECs) [36,47,60]. Before the direct and quantitative measurement methods of ENMs in natural
systems are developed, current information of PECs for risk assessment is mainly estimated by
exposure models. The exposure models that have been intensively applied in conventional chemical
risk assessments are starting to be used for ENMs with modifications [28,33,34,40].

In the last decade, several types of exposure models have been applied to estimate environmental
releases and concentrations of ENMs. These models can be classified to MFAMs that predict releases
from production, fate in technical systems, and ultimate releases to the environment, and EFMs that
predict ENMs’ concentrations by including ENM fate processes as well as the distribution within
environmental compartments [28]. The recent development of ENM exposure models are described
as follows.

2.1. Material Flow Analysis Models (MFAMs)

Material flow analysis (MFA) is a mass balance-based system approach, which tracks and quantifies
inventories and flows of materials throughout the entire life cycle in a well-defined geographic boundary
or time span that is covered by the system. Many nanomaterial models (e.g., MFAMs) rely on MFA
to predict releases from products, fate (i.e., removal) in technical systems, and final releases to
the environment [28]. The outputs provided by MFAMs can be linked to EFMs as system input
data. For example, the more realistic ENMs’ release information resulting from MFAMs, e.g., the
released forms and particle size distributions of ENMs, can be used by EFMs as a basis for choosing
relevant environmental fate processes and hence allowing EFMs to better quantify the transport
and distribution between and within environmental compartments. Generally, MFAMs are only
ENM release models, although some extended MFAMs are also simplified EFMs, which estimate
environmental concentrations by assuming standard sizes of environmental compartments and
complete mixing [28]. The current MFAMs of ENMs are shown in Table 1 with the following review.

Mueller and Nowack [47] used an MFA approach for quantifying the releases of AgNPs, TiO2

NPs, and CNTs from products, and predict their expected concentrations in soil, air, and water
compartments of Switzerland. The resulting environmental concentrations from MFAMs are mainly
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controlled by how the system was defined, e.g., boundary and time span, as well as how the ENM
specific input parameters were determined, such as the estimated production volume, the allocation of
the production volume to product categories, the particle discharge from products, and the transfer
coefficients between environmental compartments. As a significant amount of input information
was estimated, not available, or have uncertainty, the system was usually assumed in a steady state,
ENMs were released completely from products in one year, and environmental compartments were
considered to be homogeneous and well mixed [47].

Probabilistic material flow analysis models (P-MFAMs) are then used with the employment of
probability distributions for model input and/or output to address the inconsistency and variability of
model input parameters, as well as to model PECs for ENMs, such as TiO2 NPs, ZnO NPs, AgNPs,
CNTs, and fullerenes [48,49,61,62].

Dynamic probabilistic MFAMs (DP-MFAMs) address the time-dynamic behavior of the system for
material flows over several consecutive periods, considering changes in the inflow to the system and
intermediate delays in local stocks. Unlike the static MFA, the dynamic MFA considers a reasonable
time frame of a period rather than a single year and time-dependent ENMs’ release from products over
the life-cycle of the products rather than the simple assumption that ENMs are released completely
from all applications in the single production year [50,51,63].
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2.2. Environmental Fate Models (EFMs)

EFMs are exposure models, which apply a quantitative and mechanistic description of fate
processes to predict the behavior as well as the concentration of the contaminant in the environment.
The basic concept governing of EFMs is the integration of pollutant transport, transfer, and degradation
processes into mass balance equations for the pollutant. EFMs consist of mass balance equations for a
chemical in a system of coupled environmental compartments in which the coefficients are generally
based on extensive empirical data [52,53].

EFMs of ENMs can be classified into MCMs and SRWMs. MCMs comprise the mechanistic
description of fate and transport processes of ENMs as intermedia transfer incorporating well-mixed
environmental compartments (e.g., air, water, soil, and sediment) while SRWMs are dynamic and
spatially resolved models, which incorporate variation in stream hydrology and morphology as well
as sediment transport in river networks, and have the capability to consider the description of water
quality linked to the watershed hydrology [28]. The current EFMs of ENMs (MCMs and SRWMs) are
shown in Table 1 with the review as follows.

2.2.1. Multimedia Compartmental Models (MCMs)

MCMs treat various environmental media (e.g., surface water, groundwater, and atmosphere)
as an integrated system, synthesizing information about chemical partitioning, transformation, and
intermedia transport. The models have been used to predict the distribution of the contaminant
based on mass balance equations at a regional and global scale. The environment is described as a
set of well-mixed compartments, with each acting as a particular medium (e.g., air, water, and soil).
The model consists of the compartmental mass balance ordinary differential equations (ODEs), which
can be solved either at steady state or dynamically with the time steps selected [52–54]. The existing
multimedia compartmental models are summarized in Table 1 with the review as follows.

MendNano was developed by Liu and Cohen [54] to predict environmental exposure
concentrations of ENMs dynamically. The model consists of the compartmental mass balance ODEs,
which can be solved with the time steps selected, with the consideration of ENM fate processes such
as homoaggregation, heteroaggregation, and dissolution as intermedia transport between bordering
compartments. For example, attachment factors are used in homoaggregation and heteroaggregation,
which are defined as fractions of ENMs attached to themselves or ambient particles [54]. Later,
RedNano is developed as an improvement of MendNano by coupling the model with LearNano as
P-MFAMs in order to derive more realistic ENMs’ release rates [56].

Then, SimpleBox4Nano (SB4N), which is the modification of a classical multimedia mass balance
model in European Regulation on Registration, Evaluation, Authorization, and Restriction of Chemicals
(REACH) called the SimpleBox model, was introduced by Meesters et al. [36]. It is solved at steady
state with the consideration of ENM fate processes such as heteroaggregation and dissolution. Unlike
MendNano, SB4N used first order rate constants for ENM fate processes, with the exception of
dissolution, which was considered as a loss mechanism. Heteroaggregation is modeled between ENMs
with natural colloids (< 450 nm) and larger suspended particles (> 450 nm). The ENMs’ input is only
free dispersive ENMs. However, the output has three ENMs’ states as a result of heteroaggregation,
which are: (1) Freely dispersed ENMs; (2) ENMs attached with natural colloids; and (3) ENMs
heteroaggregated to larger suspended particles [36]. Subsequently, Meesters et al. [55] analyzed the
sensitivity of SB4N to uncertainties in emission estimations; physicochemical properties of cerium
oxide nanoparticles (CeO2 NPs), ZnO NPs, and TiO2 NPs; and natural variability of environmental
systems by incorporating Monte Carlo simulations as a probabilistic approach.

Recently, Garner et al. [57] proposed a multimedia dynamic model called nanoFate, which
incorporates a broader range of ENM processes (e.g., emissions from their manufacturing, use, and
disposal) and climate variability (e.g., the use of observed daily hydrometeorological data) with the
consideration of heteroaggregation and dissolution using first rate order rate constants. NanoFate can
also quantify the concentration of dissolved ions as a result of the dissolution process. Furthermore,
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nanoFate considers not only the point source but also the non-point source, such as ENMs’ loading
from the use of biosolids in agriculture. Runoff was calculated using the runoff equation as well as soil
loss resulting from erosion, and a variety of land uses were considered.

2.2.2. Spatial River/Watershed Models (SRWMs)

Spatial river models are dynamic and spatially resolved models that consider variability in stream
hydrology and morphology as well as sediment transport in river networks. Water quality functions
of these models are provided by linking hydrologic and water quality models. Hydrologic and water
quality models can be either integrated as one model or separated into hydrologic models and water
quality models. Watershed models underline the description of watershed hydrology and water quality,
including runoff, erosion, and wash off of sediments and pollutants. When coupled to hydrologic and
water quality models, watershed models offer more realistic input parameters for hydrology as well as
sediment and pollutant loading [59,70]. The current SRWMs are shown in Table 1 with the review
as follows.

Praetorius et al. [35] modified the river box model for ENMs in Rhine river based on established
multimedia box models for organic chemicals with the inclusion of nano-specific process descriptions.
The model framework is similar to MCMs, which can be solved at steady state or as a function of
time, but with the consideration of spatial resolution (e.g., Rhine river is divided into 520 “boxes”
representing river sections). Heteroaggregation and dissolution are considered as ENM fate processes,
with the assumption of attachment efficiency of heteroaggregation in several scenarios [35]. Sani-Kast et
al. [64] improved this river box model by incorporating spatial variability in environmental conditions
for the Rhone river with cluster analysis.

Subsequently, Dale et al. [65] applied a simple 1-D diagenetic model for predicting AgNPs‘
distribution and silver speciation of resulting Ag ions in freshwater sediments. The model is a
modification of a mass balance model by Di Toro et al. [71] that quantifies the speciation of cadmium in
sediments considering the sediment as a function of the oxygen depletion in the time of mineralization
or organic carbon diagenesis. The model considered the sulfidation and oxidative dissolution process
of AgNPs as a function of dissolved oxygen, sulfide, and temperature. The model was then calibrated
to data collected from AgNPs-dosed large-scale freshwater wetland mesocosms, and estimated ion
release as a result of AgNPs’ sulfidation [65].

DUFLOW simulates 1-D unsteady flow in open-channel systems with the calculation of water
levels and flow rates based on the St. Venant equations of continuity and momentum using initial
and boundary conditions. NanoDUFLOW was developed by Quik et al. [58] as a modification of
the DUFLOW hydrology model, which allows the inclusion of ENM fate process descriptions such
as homoaggregation, heteroaggregation, and dissolution to a spatially explicit hydrological model.
The model was toward validation, which compared measured and modeled concentrations of < 450
nm cerium (Ce), aluminum (Al), titanium (Ti), and zirconium (Zr)-based particles for the Dommel
river, Netherlands [67].

The Global Water Availability Assessment Model (GWAVA) is a catchment gridded hydrology
model, which was applied to simulate the spatial distributions of PECs by assigning distinguished
ENM loading inputs into each grid [66]. ENM fate processes in GWAVA such as heteroaggregation
and dissolution are computed by first-order sink processes.

With the SOBEK-River hydrology model for the simulation of water flows and morphological
changes in open channel systems, and the DELWAQ for water quality modelling in 1-D, 2-D, or 3-D
surface water systems, Markus et al. [68] developed the SOBEK-River-DELWAQ model system for
estimating the temporally and spatially varying ZnO NPs concentration as different ENMs’ states
(free, homoaggregates, and heteroaggregates) in Rhine river. The model was then validated by the
comparison between the simulation of the total concentration of zinc over time to the measured total
concentration of zinc for the Rhine river.
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Dale et al. [59] used a dynamic water quality model Water Quality Analysis Simulation Program
(WASP) to simulate ZnO NPs and AgNPs and their transformation byproducts in James River Basin,
Virginia. WASP version 7 (WASP7) can be coupled with a watershed model to simulate ENMs’ daily
stream loads from effluent discharges. WASP is a dynamic generalized modeling framework based
on the finite-volume concept to quantify the fate and transport of water quality variables in surface
waters, including toxic substances in 1-D, 2-D, or 3-D. WASP7 considers transformation processes, such
as dissolution and sulfidation; however, it excludes ENM fate processes, such as heteroaggregation.
Hydrology Simulation Program Fortran (HSPF) is an integrated basin-scale model that combines
watershed processes with in-stream fate and transport in one-dimensional stream channels. WASP7
was coupled with Chesapeake Bay Watershed Model (WSM) as an adaption of HSPF to simulate
AgNPs and ZnO NPs as well as the total concentration of Ag+ and Zn2+ as their speciation in James
River Basin, Virginia.

WASP7 was updated to WASP version 8 (WASP8) with the inclusion of ENM fate processes,
such as heteroaggregation and photoreaction. In WASP8, ENM fate processes can be parametrized
using experiment-based kinetics. Heteroaggregation is described as the attachment efficiency (αhet).
Bouchard et al. [41] used WASP8 to simulate multiwalled carbon nanotubes (MWCNTs) fate and
transport in Brier Creek. In this study, αhet was derived from lab-scale experiments by using natural
surface water with a range of ionic strengths. The phototransformation rate constant is calculated using
the average light intensity in the surface water, which depends on light attenuation. Light attenuation
is calculated for each wavelength band of UV and visible light. Han et al. [42] applied WASP8 to model
predicted environmental concentrations of GO and its major reaction phototransformation product
reduced GO (rGO) in Brier Creek, GA.

In a recent work, Saharia et al. [69] integrated an urban hydrologic-hydraulic model (Storm Water
Management Model, SWMM), and a 3-D hydrodynamic and water quality model (Environmental
Fluid Dynamics Code, EFDC) to estimate TiO2 NPs concentrations in combined sewer overflows
and receiving rivers. SWMM is a dynamic rainfall-runoff simulation model applied to urban areas.
EFDC is a three-dimensional modeling system having hydrodynamic, water quality-eutrophication,
sediment transport, and toxic contaminant transport components. The modeling results show that
heteroaggregation and sedimentation are the key fate processes of TiO2 NPs, while dissolution is
almost negligible.

3. Engineered Nanomaterial (ENM) Fate Processes in Surface Waters

The understanding of ENMs’ environmental behaviors is fundamentally important in establishing
fate models for ENMs in the environment. In this section, we review the state of the art in the studies
of ENM fate processes in the aquatic environment. Possible fate processes of ENMs are usually first
investigated in laboratory experiments using simulated environmental conditions to evaluate their
potential to occur in natural systems. The current literature suggests that ENMs, depending on specific
types, can undergo physical transformation processes, including aggregation (homoaggregation and
heteroaggregation), as well as chemical transformation processes, including dissolution, sulphidation,
and photoreactions [31,37,72,73]. Figure 1 shows the environmental fate processes of ENMs in surface
waters. Here, AgNPs are used as an example to illustrate the ENM fate processes because AgNPs
have a wide variety of fate processes that are also common to other ENMs, such as aggregation
(homoaggregation and heteroaggregation), dissolution, and sulphidation, and/or specific to themselves,
such as photoreactions. These ENM fate processes are discussed as follows.
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Figure 1. Engineered nanomaterial (ENM) fate processes in surface waters.

3.1. Aggregation

Aggregation is a generally recognized ENM fate process that is controlled by particle–particle
interactions where particles collide and stick to each other to form larger clusters [74,75]. The classical
Derjaguin–Landau–Verwey–Overbeek (DLVO) theory describes the tendency of colloids to aggregate, a
process that is controlled by the combination of attractive and repulsive forces between charged colloid
surfaces in a liquid medium [74]. Currently, this DLVO theory is being improved for diverse complexity,
such as the electric double layer interaction energies, polyelectrolyte coating, effects of uncharged
polymeric coating, and elastic steric stabilization on the van der Waals force [75]. The application of this
theory to ENMs overall works well in helping to understand charge destabilization. The attachment
efficiency α (0 ≤ α ≤1) that determines if the collision between particles leads to the attachment
of particles (i.e., forming aggregates) is usually used to model the aggregation kinetics of ENMs
and is used in ENM fate models [35,36,41,75]. Figure 1 shows that two forms of aggregation may
occur: homoaggregation among the same ENMs, or heteroaggregation among ENMs and other
particles [37,76–78]. Due to the complexity of heteroaggregation, the appropriate method to derive
the attachment efficiency of heteroaggregation (αhet) is still challenging [38,79,80]. Nevertheless,
experimental parameterization could be a promising method in determining αhet [41,42,80].

Due to the larger concentrations of environmental particles (e.g., suspended particulate matters
(SPMs)) compared to ENMs, heteroaggregation with natural particles has been suggested to play a key
role in ENM aggregation in the aquatic environment compared to homoaggregation [31,37]. Greater
cluster sizes due to aggregation cause increasing settling velocity, thereby more quickly removing
ENMs as heteroaggregates from environmental compartments (air, water) into soil or sediments [77,78].
Heteroaggregation also tends to affect the bioavailability and toxicity of ENMs [81,82], for example,
heteroaggregation of GO and aluminum oxide (Al2O3) particles could diminish the bioavailability and
toxicity of GO to freshwater algae [81]. As a result, heteroaggregation of ENMs are predominantly
considered in recent EFMs compared to homoaggregation as indicated by Table 1.
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3.2. Dissolution

Dissolution of ENMs can be considered as chemical transformation processes of ENMs from
particulate forms into dissolved ions as shown in Figure 1. Dissolution is particularly relevant for
metallic and metal oxide ENMs, such as AgNPs, ZnO NPs, and copper oxide nanoparticles (CuO NPs),
which have been shown to dissolve to Ag+, Zn2+, and Cu2+, respectively, in aqueous solutions [83–87].
In contrast, metal oxide nanoparticles, such as TiO2 NPs, CeO2 NPs, and silicon dioxide nanoparticles
(SiO2 NPs), are fairly insoluble in environmental waters [31]. Water chemistry factors also affect
the dissolution of ENMs. Generally, decreased pH increases the dissolution of metallic and metal
oxide ENMs [83–87]. Additionally, agglomeration of ENMs tends to diminish the dissolution rate
by reducing the diffusion of species involved in dissolution reactions [82,87]. On the other hand, the
presence of natural organic matters (NOMs), which are ubiquitous in surface waters, could increase
dissolution by enhancing metal solubility through complexation with dissolved metal ions from
ENMs [87]. For carbon-based ENMs, dissolution and aqueous solubility are generally not applicable,
although fullerene C60′s hypothetical aqueous solubility has been reported at a fairly low concentration
of 7.96 ng/L [88,89]. Dissolution could be important in the fate and toxicity for ENMs, such as AgNPs.
Generally, dissolved ions exert a greater impact to living creatures compared to their particulate
forms. Therefore, for some metallic and metal oxide ENMs, dissolution correlates with increased
toxicity [31,37]. The important role of dissolution in ENMs’ fate and toxicity has been reflected in its
increased inclusion in current exposure models. For example, the dissolution of AgNPs, ZnO NPs, and
CuO NPs has been considered in recent fate models as shown in Table 1.

3.3. Sulfidation

Sulfidation is a predominant transformation process for some metal or metal oxide ENMs, such
as ZnO NPs and AgNPs, especially in an environment with high sulfide concentrations, such as
in wastewater treatment plants (WWTPs) or other anaerobic environment [90–93] as described in
Figure 1. The reaction mechanism of sulfidation requires both sulfide and dissolved oxygen and
may be either a fast direct reaction or a slower indirect reaction, which could produce metal sulfide
ENMs [94]. The low solubility of metal sulfide ENMs, such as silver sulfide nanoparticles (Ag2S-NPs),
mostly reduce their toxicity in the short term [95,96]; however, a recent study by He et al. [96] has
shown transformation of Ag2S-NPs potentially resulting in Ag+ and in situ formation of Ag0 and
Ag0/Ag2S-NPs hetero-nanostructures, which may enhance the toxicity in the long term. Sulfidation
may impact metallic ENMs’ toxicity by altering their physicochemical properties. For instance, ZnO
NPs’ sulfidation does not form a protective shell of zinc sulfide (ZnS) on the ZnO core or impact
its dissolution rate; however, AgNPs’ sulfidation forms a passivating shell of silver sulfide (Ag2S),
which makes partially sulfidized AgNPs exhibit a far lower solubility than untransformed AgNPs [59].
Generally, the high insolubility of sulfide form, e.g., the formed Ag2S shell, could reduce AgNPs’
toxicity compared to the pristine one. However, the sulfidation process is not commonly included
in current EFMs. Two studies conducted by Dale et al., using a simple diagenesis model to quantify
AgNPs’ sulfidation in freshwater sediments [65], and using WASP7 for modeling sulfidation of AgNPs
and ZnO NPs in the rivers [59].

3.4. Photoreaction

Photoreaction can be considered as an emerging fate process in the modeling of ENMs’ fate.
In a 2019 study, Han et al. [42] first considered sunlight-driven phototransformation in modeling the
fate and transport of GO in surface water. While the incorporation of ENM photoreaction in fate
modeling is relatively new, there have been many existing process studies on ENM photoreaction.
We and other groups have reported on the phototransformation of fullerenes C60 and C70 [97–100],
CNTs [101–103], GO [104,105], AgNPs [72,73,106], and metal dichalcogenides [107]. Photoreaction of
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ENMs is important, because the process is driven by environmentally relevant sunlight; therefore, it
plays a role in the transformation fate of ENMs in surface waters as shown in Figure 1.

Photoreactions under sunlight conditions can result in the oxidation (i.e., photo-oxidation) and/or
reduction (i.e., photo-reduction) of ENMs and/or their products and cause structural alterations
or degradation of ENMs. For example, Hou et al. ([97,108]) found that photo-oxidation of C60

aggregates (nC60) results in polyhydroxylated C60 photoproducts’ formation driven by nC60′s
strong light absorption within the solar spectrum. Another example is GO, which undergoes rapid
phototransformation under sunlight conditions, resulting in more persistent rGO-like photoproducts.
It has been shown that rGO photoproducts exhibit transport and toxic properties unique from pristine
GO [105,109,110]. Therefore, it is also important to be able to model the fate of transformed ENMs,
due to their fate and biological properties distinct from pristine materials.

There has been a plethora of studies regarding ENM-enabled photocatalysis in the
degradation/transformation of pollutants (e.g., water/wastewater treatment) [12,13,111] or in the
production of valuable chemicals (e.g., H2) [14]. ENMs, such as TiO2 NPs and ZnO NPs, are probably
the most widely studied photocatalysts [12,13]. Photocatalysis depends on the photocatalyst’s capability
to absorb light, create electron–hole pairs, and generate a range of reactive oxygen species (ROS), such
as •OH, O2

•-, H2O2, etc., able to undergo further redox reactions that ultimately degrade/transform
pollutants [12,13,111]. Regardless, these results may not be directly applicable to evaluate the
photochemical fate of ENMs in the aqueous environment. For example, photocatalytic studies mainly
concern the degradation of pollutants or the product formation (e.g., H2) [12–14,111], with less
emphasis on the physicochemical transformation and associated kinetics of the nano-catalysts under
environmentally relevant sunlight conditions, which is the information needed in evaluating the
photochemical fates of ENMs in the environment.

4. Path Forward

Based on the review of recent advances in environmental exposure models for ENMs and studies
of emerging ENM fate processes, in this section, we discuss and identify the opportunities and
challenges in using exposure modeling for risk evaluation of ENMs. The opportunities are related to
the consideration of emerging ENM fate processes in current and future EFMs, the evaluation of the
relative importance of ENM fate and transport processes within EFMs, modeling the fate and transport
of weathered/transformed ENMs, and realistic parametric input of ENM fate processes. The challenge
is related to the model validation. We also discuss the model applicability in regulatory context.

This review indicates that studies on the emerging ENM fate processes, such as photoreaction and
sulfidation, that are relevant for ENMs, such as AgNPs, carbon-based ENMs, and ZnO [72,73,91–94,96,
97,100,102–105], have grown significantly in the past 5–10 years, but these processes are not commonly
included in recent EFMs [42,59,65]. For most EFMs, either MCMs or SRWMs, the most common
ENM fate processes considered have been heteroaggregation and dissolution [36,41,54,57,59,68,69]. In
the future, as the studies on emerging ENM fate processes continue to increase, there is a valuable
opportunity to consider and evaluate them in EFMs. This would also require the translations of ENM
fate process studies that are usually conducted in the laboratory under simulated environmental
conditions into mathematical expressions and computer codes.

The addition of emerging ENM fate processes into EFMs needs to be accompanied by the evaluation
of their relative importance to the more commonly included processes, such as heteroaggregation,
dissolution, and others. The specific processes considered are also dependent on the environmental
compartments (e.g., surface water columns, anaerobic sediments, etc.) to be modeled. Recent studies
have begun to consider this aspect. For example, Meesters et al. [55] analyzed SB4N’s sensitivity using
probability distributions to environmental concentrations, distributions, and speciations of TiO2 NPs,
CeO2 NPs, and ZnO NPs in Europe, with the results showing that heteroaggregation is the dominant
process for TiO2 NPs and CeO2 NPs as well as dissolution for ZnO NPs. A similar approach was
also used to determine the most crucial physicochemical properties governing the environmental fate
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and transport of ENMs in this study. Transformation rate constants and attachment efficiency are
found to be the most sensitive physicochemical properties, which can lead to the dominant ENM fate
processes governing the environmental fate and transport of ENMs [112]. Future research could have
similar considerations that are expected to result in a better understanding of the relative importance of
ENM fate and transport processes, particularly when new processes are being evaluated. The relative
importance of the ENM fate processes may not always be easy to be measured quantitatively in
simulated experiments or in the field, as they often occur simultaneously.

It has been widely shown that some ENMs can transform physically or chemically into products or
species that have distinct environmental and ecotoxicological properties from their parent materials [37].
This would include ENMs that are weathered and released from products, such as polymeric
nanocomposites, from which released ENMs are often embedded in polymer matrices [113–116]. Some
have argued that transformed ENMs are most environmentally relevant [31,37]. Therefore, modeling
the fate and transport of transformed ENMs is equally, if not more, important. Recent research has
begun to model the fate and transport of transformed ENMs, rather than just considering transformation
as a sink process. For instance, the fate of dissolved products of ZnO NPs and CuO NPs (i.e, Zn2+ and
Cu2+) has been modeled in San Francisco Bay [57]. Other studies modeled the fate and transport of
ions (Ag+ and Zn2+), Ag2S, and rGO as the dissolved, sulphidation, and phototransformation products
of AgNPs, ZnO NPs, and GO in river systems [42,59]. Further research could continue to model
these existing transformed ENMs and also consider other less common ones, such as ENMs released
from industrial or consumer products that are embedded in product matrices (e.g., carbon nanotubes
embedded in polymers).

Using realistic parametric inputs/estimations to model ENM fate and transport processes creates
opportunities to improve the accuracy of EFMs, particularly for site-specific models, such as SRWMs.
ENM fate process parameters used in EFMs can be assumed, obtained from the literature, or from
experiments. Extensive process studies have shown that environmental factors, such as the ionic
strength, particulate, and NOMs, can affect the heteroaggregation and dissolution of ENMs [31,79,87].
These factors often vary depending on the specific sites [117]. Modeling work in the early development
of EFMs used assumed parameters, such as attachment efficiencies, given that the information about
ENM fate parameters was limited [35], so these parameters are assumed as necessary. Some model
studies also extracted ENM fate parameters from the literature [36,54,58,59]. Recent EFMs started to
use experimentally derived fate parameters as inputs to models. For instance, studies based on WASP8
derived the attachment efficiency (αhet) for heteroaggregation processes using laboratory experiments
where water and sediment samples collected from the specific sites (i.e., site to be modeled) were mixed
with CNTs and GO [41,42]. Experimental parameterization could result in more accurate ENM fate
parameters, reflective of specific sites [80]. It is noted that while the experimental derivation of fate
parameters can be used for local scale models, it may not be applicable to larger regional or global-scale
models where the fate behaviors are usually averaged.

All models require appropriate validation, but this remains a challenge for many current ENM
exposure models. The validation of PECs derived from exposure models remains limited due to the
lack of suitable analytical methods for ENMs’ measurement in complex environmental matrices [28,40].
Nevertheless, there are recent efforts in the validation of other model outcomes (e.g., dissolved ions)
or input parameters in several spatial river/watershed models. For example, Quik et al. [58,67]
tried to validate the NanoDUFLOW model by comparing the concentrations of ENMs predicted by
the model and the measured concentrations of particles with sizes < 450 nm. The measurement
concentrations of < 450 nm size particles are deliberate as an important step in the ENMs’ validation of
EFMs [58,67]. Another study validated the SOBEK river-DELWAQ by comparing the simulated total
zinc concentration over time to the measurement of the total zinc concentration [68]. Dale et al. [65]
validated AgNPs’ distribution and silver speciation in freshwater sediments predicted by a simple
one-dimensional diagenetic model, as well as calibrated the model using data collected from the
mesocosm scale. There are few studies about the validation of EFMs for ENMs in mesocosm-scale
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studies, because accurate descriptions of fate processes at the mesocosm-scale are often challenging
owing to the predominance of highly heterogeneous conditions [118,119]. Despite the validation of
other model outcomes or input parameters, EFMs should further be validated at the mesocosm-scale
by comparing PECs to the measurement of ENMs.

This review covers three types of existing exposure models for ENMs that have varied complexity
and spatial and temporal resolutions. In regulatory applicability, the multimedia box models (i.e., the
SimpleBox) have been indicated as the first-tier model in the European Chemical Agency’s (ECHA’s)
guidance document in exposure assessment of chemicals [60]. Given the similarity, the SB4N and other
related box models are likely directly applicable in the regulatory context for ENMs. The MFAMs
has been suggested to be compatible with the material flow concept adopted by ECHA and would
likely be applicable [28]. The site-specific models, such as WASP8, describe in greater detail the local
environment, such as hydrology, and river cross-section with temporal consideration and is traditionally
used to model nutrients and other pollutants in water quality management [120]. This model seems to
align with the high-tier models indicated by the ECHA document that can be used when the refinement
of chemical risk assessment is warranted [60].

5. Summary

The recent development of EFMs and the understanding of emerging ENM fate processes were
comprehensively reviewed. We found that ENM fate processes, such as heteroaggregation and
dissolution, are the most common ones that are considered in recent EFMs. With the strong advances
in emerging ENM fate processes, such as photoreaction and sulfidation, future EFMs should begin to
incorporate and evaluate the relative importance of these emerging processes. Sensitivity analysis
can be a useful tool to evaluate the relative importance of ENM fate processes in EFMs that comprise
multiple concurrent fate and hydrological processes. The consideration of weathered/transformed
ENMs, including ENMs released from products that are embedded in product matrices, also represent
an important aspect in ENMs’ modeling, as these transformed ENMs often have fate and toxic behaviors
distinct from parent ENMs. Recent advances in surface water fate and transport models for ENMs
have significantly enhanced our ability in the aspects mentioned above. Opportunities exist in using
experimentally derived fate parameters and by coupling MFAMs (i.e., ENM environmental release)
and EFMs to improve the accuracy of PECs’ prediction. Nevertheless, further development of EFMs
for ENMs especially regarding model validation is urgently needed.

Funding: Financial support provided by the Ministry of Science and Technology (MOST) of Taiwan under grant
number MOST 109-2923-E-006-003-MY4 is acknowledged. The paper is a part of the European Union Horizon
2020 project NanoInformaTIX (Grant agreement ID: 814426).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. European Commission. RECOMMENDATIONS: COMMISSION RECOMMENDATION of 18 October 2011
on the Definition of Nanomaterial (2011/696/EU). Off. J. Eur. Union 2011, 38–40.

2. Dolez, P.I. Nanomaterials Definitions, Classifications, and Applications. Nanoengineering 2015, 3–40.
[CrossRef]

3. Auffan, M.; Rose, J.; Bottero, J.-Y.; Lowry, G.V.; Jolivet, J.-P.; Wiesner, M.R. Towards a definition of inorganic
nanoparticles from an environmental, health and safety perspective. Nat. Nanotechnol. 2009, 4, 634–641.
[CrossRef] [PubMed]

4. Huang, Y.; Mei, L.; Chen, X.; Wang, Q. Recent Developments in Food Packaging Based on Nanomaterials.
Nanomaterials 2018, 8, 830. [CrossRef] [PubMed]

5. Fytianos, G.; Rahdar, A.; Kyzas, G.Z. Nanomaterials in Cosmetics: Recent Updates. Nanomaterials 2020, 10,
979. [CrossRef] [PubMed]

303



Int. J. Mol. Sci. 2020, 21, 4554

6. AZoNano.com. Nanotechnology and Consumer Products—Opportunities for Nanotechnology in Consumer
Products. Available online: https://www.azonano.com/article.aspx?ArticleID=2364 (accessed on 13 June
2020).

7. Izzyfortiz. Nano-textiles: The Fabric of the Future. Sustainable Nano. Available online: http://sustainable-
nano.com/2018/11/28/nano-textiles/ (accessed on 13 June 2020).

8. Says, S.W.; AZoNano.com. Sport and Nanotechnology: Are the Big Sports Looking to Go Small? Available
online: https://www.azonano.com/article.aspx?ArticleID=4859 (accessed on 13 June 2020).

9. Alvarez, P.J.J.; Chan, C.K.; Elimelech, M.; Halas, N.J.; Villagrán, D. Emerging opportunities for nanotechnology
to enhance water security. Nat. Nanotechnol. 2018, 13, 634–641. [CrossRef]

10. Westerhoff, P.; Alvarez, P.; Li, Q.; Gardea-Torresdey, J.; Zimmerman, J. Overcoming implementation barriers
for nanotechnology in drinking water treatment. Environ. Sci. Nano 2016, 3, 1241–1253. [CrossRef]

11. Mauter, M.S.; Zucker, I.; Perreault, F.; Werber, J.R.; Kim, J.-H.; Elimelech, M. The role of nanotechnology in
tackling global water challenges. Nat. Sustain. 2018, 1, 166–175. [CrossRef]

12. Luo, C.; Ren, X.; Dai, Z.; Zhang, Y.; Qi, X.; Pan, C. Present Perspectives of Advanced Characterization
Techniques in TiO2-Based Photocatalysts. ACS Appl. Mater. Interfaces 2017, 9, 23265–23286. [CrossRef]

13. Azzouz, I.; Habba, Y.G.; Capochichi-Gnambodoe, M.; Marty, F.; Vial, J.; Leprince-Wang, Y.; Bourouina, T.
Zinc oxide nano-enabled microfluidic reactor for water purification and its applicability to volatile organic
compounds. Microsyst. Nanoeng. 2018, 4, 17093. [CrossRef]

14. Singh, R.; Dutta, S. A review on H2 production through photocatalytic reactions using TiO2/TiO2-assisted
catalysts. Fuel 2018, 220, 607–620. [CrossRef]

15. Farooq, U.; Phul, R.; Alshehri, S.M.; Ahmed, J.; Ahmad, T. Electrocatalytic and Enhanced Photocatalytic
Applications of Sodium Niobate Nanoparticles Developed by Citrate Precursor Route. Sci. Rep. 2019, 9,
4488. [CrossRef] [PubMed]

16. Guo, J.; Zeng, H.; Chen, Y. Emerging Nano Drug Delivery Systems Targeting Cancer-Associated Fibroblasts
for Improved Antitumor Effect and Tumor Drug Penetration. Mol. Pharm. 2020, 17, 1028–1048. [CrossRef]
[PubMed]

17. Ashraf, M.; Khan, I.; Usman, M.; Khan, A.; Shah, S.S.; Khan, A.Z.; Saeed, K.; Yaseen, M.; Ehsan, M.F.;
Tahir, M.N.; et al. Hematite and Magnetite Nanostructures for Green and Sustainable Energy Harnessing
and Environmental Pollution Control: A Review. Chem. Res. Toxicol. 2020, 33. [CrossRef] [PubMed]

18. Schneider, G. Antimicrobial silver nanoparticles—Regulatory situation in the European Union. Mater. Today
Proc. 2017, 4, S200–S207. [CrossRef]

19. Potter, P.M.; Navratilova, J.; Rogers, K.R.; Al-Abed, S.R. Transformation of silver nanoparticle consumer
products during simulated usage and disposal. Environ. Sci. Nano 2019, 6, 592–598. [CrossRef]

20. AZoNano.com. Metal Oxide Nanoparticles—Are they Safe? Available online: https://www.azonano.com/
article.aspx?ArticleID=5444 (accessed on 13 June 2020).

21. Ahsan, M.d.A.; Jabbari, V.; Imam, M.A.; Castro, E.; Kim, H.; Curry, M.L.; Valles-Rosales, D.J.; Noveron, J.C.
Nanoscale nickel metal organic framework decorated over graphene oxide and carbon nanotubes for water
remediation. Sci.Total Environ. 2020, 698, 134214. [CrossRef]

22. Ahsan, M.A.; Jabbari, V.; El-Gendy, A.A.; Curry, M.L.; Noveron, J.C. Ultrafast catalytic reduction of
environmental pollutants in water via MOF-derived magnetic Ni and Cu nanoparticles encapsulated in
porous carbon. Appl. Surf. Sci. 2019, 497, 143608. [CrossRef]

23. Camboni, M.; Hanlon, J.; Pérez García, R.; Floyd, P.; European Chemicals Agency. A State of Play
Study of the Market for so Called “Next Generation” Nanomaterials. 2019. Available online: https:
//op.europa.eu/publication/manifestation_identifier/PUB_ED0219746ENN (accessed on 11 March 2020).

24. Calipinar, H.; Ulas, D. Development of Nanotechnology in the World and Nanotechnology Standards in
Turkey. Procedia Comput. Sci. 2019, 158, 1011–1018. [CrossRef]

25. Peng, Z.; Liu, X.; Zhang, W.; Zeng, Z.; Liu, Z.; Zhang, C.; Liu, Y.; Shao, B.; Liang, Q.; Tang, W.; et al. Advances
in the application, toxicity and degradation of carbon nanomaterials in environment: A review. Environ. Int.
2020, 134, 105298. [CrossRef]

26. Romeo, D.; Salieri, B.; Hischier, R.; Nowack, B.; Wick, P. An integrated pathway based on in vitro data for the
human hazard assessment of nanomaterials. Environ. Int. 2020, 137, 105505. [CrossRef] [PubMed]

27. Sayre, P.G.; Steinhäuser, K.G.; van Teunenbroek, T. Methods and data for regulatory risk assessment of
nanomaterials: Questions for an expert consultation. NanoImpact 2017, 8, 20–27. [CrossRef]

304



Int. J. Mol. Sci. 2020, 21, 4554

28. Nowack, B. Evaluation of environmental exposure models for engineered nanomaterials in a regulatory
context. NanoImpact 2017, 8, 38–47. [CrossRef]

29. Gao, X.; Avellan, A.; Laughton, S.; Vaidya, R.; Rodrigues, S.M.; Casman, E.A.; Lowry, G.V. CuO Nanoparticle
Dissolution and Toxicity to Wheat (Triticum aestivum) in Rhizosphere Soil. Environ. Sci. Technol. 2018, 52,
2888–2897. [CrossRef] [PubMed]

30. Hou, W.-C.; Westerhoff, P.; Posner, J.D. Biological accumulation of engineered nanomaterials: A review of
current knowledge. Environ. Sci. Process. Impacts. 2013, 15, 103–122. [CrossRef] [PubMed]

31. Lead, J.R.; Batley, G.E.; Alvarez, P.J.J.; Croteau, M.-N.; Handy, R.D.; McLaughlin, M.J.; Judy, J.D.;
Schirmer, K. Nanomaterials in the environment: Behavior, fate, bioavailability, and effects-An updated
review: Nanomaterials in the environment. Environ. Toxicol. Chem. 2018, 37, 2029–2063. [CrossRef]

32. Johnston, L.J.; Gonzalez-Rojano, N.; Wilkinson, K.J.; Xing, B. Key challenges for evaluation of the safety of
engineered nanomaterials. NanoImpact 2020, 18, 100219. [CrossRef]

33. Dale, A.L.; Casman, E.A.; Lowry, G.V.; Lead, J.R.; Viparelli, E.; Baalousha, M. Modeling Nanomaterial
Environmental Fate in Aquatic Systems. Environ. Sci. Technol. 2015, 49, 2587–2593. [CrossRef]

34. Williams, R.J.; Harrison, S.; Keller, V.; Kuenen, J.; Lofts, S.; Praetorius, A.; Svendsen, C.; Vermeulen, L.C.; van
Wijnen, J. Models for assessing engineered nanomaterial fate and behaviour in the aquatic environment.
Curr. Opin. Environ. Sustain. 2019, 36, 105–115. [CrossRef]

35. Praetorius, A.; Scheringer, M.; Hungerbühler, K. Development of Environmental Fate Models for Engineered
Nanoparticles—A Case Study of TiO2 Nanoparticles in the Rhine River. Environ. Sci. Technol. 2012, 46,
6705–6713. [CrossRef]

36. Meesters, J.A.J.; Koelmans, A.A.; Quik, J.T.K.; Hendriks, A.J.; van de Meent, D. Multimedia Modeling of
Engineered Nanoparticles with SimpleBox4nano: Model Definition and Evaluation. Environ. Sci. Technol.
2014, 48, 5726–5736. [CrossRef] [PubMed]

37. Lowry, G.V.; Gregory, K.B.; Apte, S.C.; Lead, J.R. Transformations of Nanomaterials in the Environment.
Environ. Sci. Technol. 2012, 46, 6893–6899. [CrossRef] [PubMed]

38. Praetorius, A.; Tufenkji, N.; Goss, K.-U.; Scheringer, M.; von der Kammer, F.; Elimelech, M. The road to
nowhere: Equilibrium partition coefficients for nanoparticles. Environ. Sci. Nano 2014, 1, 317–323. [CrossRef]

39. Cornelis, G. Fate descriptors for engineered nanoparticles: The good, the bad, and the ugly. Environ. Sci.
Nano 2015, 2, 19–26. [CrossRef]

40. Baalousha, M.; Cornelis, G.; Kuhlbusch, T.A.J.; Lynch, I.; Nickel, C.; Peijnenburg, W.; van den Brink, N.W.
Modeling nanomaterial fate and uptake in the environment: Current knowledge and future trends. Environ.
Sci. Nano 2016, 3, 323–345. [CrossRef]

41. Bouchard, D.; Knightes, C.; Chang, X.; Avant, B. Simulating Multiwalled Carbon Nanotube Transport in
Surface Water Systems Using the Water Quality Analysis Simulation Program (WASP). Environ. Sci. Technol.
2017, 51, 11174–11184. [CrossRef] [PubMed]

42. Han, Y.; Knightes, C.D.; Bouchard, D.; Zepp, R.; Avant, B.; Hsieh, H.-S.; Chang, X.; Acrey, B.; Henderson, W.M.;
Spear, J. Simulating graphene oxide nanomaterial phototransformation and transport in surface water. Environ.
Sci. Nano 2019, 6, 180–194. [CrossRef]

43. Zou, Y.; Wang, X.; Khan, A.; Wang, P.; Liu, Y.; Alsaedi, A.; Hayat, T.; Wang, X. Environmental Remediation
and Application of Nanoscale Zero-Valent Iron and Its Composites for the Removal of Heavy Metal Ions: A
Review. Environ. Sci. Technol. 2016, 50, 7290–7304. [CrossRef]

44. Krol, M.; Khan, U.T.; Asad, M.A. Factors affecting nano scale zero valent iron (nZVI) travel distance in
heterogeneous groundwater aquifers: A statistical modeling approach. In Proceedings of the AGU Fall
Meeting, Washington, DC, USA, 10–14 December 2018.

45. Asad, M.A.; Krol, M.; Briggs, S. Nano zero valent iron (nZVI) remediation: A COMSOL modelling approach.
In Proceedings of the Canadian Geotechnical Society (CGS) Conference (GeoEdmonton 2018), Edmonton,
AB, Canada, 23–26 September 2018.

46. Yu, Z.; Hu, L.; Lo, I.M.C. Transport of the arsenic (As)-loaded nano zero-valent iron in groundwater-saturated
sand columns: Roles of surface modification and As loading. Chemosphere 2019, 216, 428–436. [CrossRef]

47. Mueller, N.C.; Nowack, B. Exposure Modeling of Engineered Nanoparticles in the Environment. Environ.
Sci. Technol. 2008, 42, 4447–4453. [CrossRef]

305



Int. J. Mol. Sci. 2020, 21, 4554

48. Gottschalk, F.; Scholz, R.W.; Nowack, B. Probabilistic material flow modeling for assessing the environmental
exposure to compounds: Methodology and an application to engineered nano-TiO2 particles. Environ. Model.
Softw. 2010, 25, 320–332. [CrossRef]

49. Sun, T.Y.; Conroy, G.; Donner, E.; Hungerbühler, K.; Lombi, E.; Nowack, B. Probabilistic modelling of
engineered nanomaterial emissions to the environment: A spatio-temporal approach. Environ. Sci. Nano
2015, 2, 340–351. [CrossRef]

50. Bornhöft, N.A.; Sun, T.Y.; Hilty, L.M.; Nowack, B. A dynamic probabilistic material flow modeling method.
Environ. Model. Softw. 2016, 76, 69–80. [CrossRef]

51. Wang, Y.; Nowack, B. Dynamic probabilistic material flow analysis of nano-SiO2, nano iron oxides, nano-CeO2,
nano-Al2O3, and quantum dots in seven European regions. Environ. Pollut. 2018, 235, 589–601. [CrossRef]
[PubMed]

52. Scheringer, M.; Praetorius, A.; Goldberg, E.S. Environmental Fate and Exposure Modeling of Nanomaterials.
Front. Nanosci. 2014, 7, 89–125. [CrossRef]

53. Di Guardo, A.; Gouin, T.; MacLeod, M.; Scheringer, M. Environmental fate and exposure models: Advances
and challenges in 21st century chemical risk assessment. Environ. Sci. Process. Impacts 2018, 20, 58–71.
[CrossRef]

54. Liu, H.H.; Cohen, Y. Multimedia Environmental Distribution of Engineered Nanomaterials. Environ. Sci.
Technol. 2014, 48, 3281–3292. [CrossRef]

55. Meesters, J.A.J.; Quik, J.T.K.; Koelmans, A.A.; Hendriks, A.J.; van de Meent, D. Multimedia environmental
fate and speciation of engineered nanoparticles: A probabilistic modeling approach. Environ. Sci. Nano 2016,
3, 715–727. [CrossRef]

56. Liu, H.H.; Bilal, M.; Lazareva, A.; Keller, A.; Cohen, Y. Simulation tool for assessing the release and
environmental distribution of nanomaterials. Beilstein J. Nanotechnol. 2015, 6, 938–951. [CrossRef]

57. Garner, K.L.; Suh, S.; Keller, A.A. Assessing the Risk of Engineered Nanomaterials in the Environment:
Development and Application of the nanoFate Model. Environ. Sci. Technol. 2017, 51, 5541–5551. [CrossRef]

58. Quik, J.T.K.; de Klein, J.J.M.; Koelmans, A.A. Spatially explicit fate modelling of nanomaterials in natural
waters. Water Res. 2015, 80, 200–208. [CrossRef]

59. Dale, A.L.; Lowry, G.V.; Casman, E.A. Stream Dynamics and Chemical Transformations Control the
Environmental Fate of Silver and Zinc Oxide Nanoparticles in a Watershed-Scale Model. Environ. Sci. Technol.
2015, 49, 7285–7293. [CrossRef] [PubMed]

60. ECHA. Guidance on Information Requirements and Chemical Safety Assessment Chapter R.16: Environmental
Exposure Assessment, Version 3.0—February 2016; ISBN 978-92-9247-775-2. European Chemicals Agency
(ECHA): Helsinki, Finland, 2016.

61. Gottschalk, F.; Sonderer, T.; Scholz, R.W.; Nowack, B. Modeled Environmental Concentrations of Engineered
Nanomaterials (TiO2, ZnO, Ag, CNT, Fullerenes) for Different Regions. Environ. Sci. Technol. 2009, 43,
9216–9222. [CrossRef] [PubMed]

62. Gottschalk, F.; Ort, C.; Scholz, R.W.; Nowack, B. Engineered nanomaterials in rivers—Exposure scenarios
for Switzerland at high spatial and temporal resolution. Environ. Pollut. 2011, 159, 3439–3445. [CrossRef]
[PubMed]

63. Sun, T.Y.; Bornhöft, N.A.; Hungerbühler, K.; Nowack, B. Dynamic Probabilistic Modeling of Environmental
Emissions of Engineered Nanomaterials. Environ. Sci. Technol. 2016, 50, 4701–4711. [CrossRef]

64. Sani-Kast, N.; Scheringer, M.; Slomberg, D.; Labille, J.; Praetorius, A.; Ollivier, P.; Hungerbühler, K. Addressing
the complexity of water chemistry in environmental fate modeling for engineered nanoparticles. Sci. Total.
Environ. 2015, 535, 150–159. [CrossRef]

65. Dale, A.L.; Lowry, G.V.; Casman, E.A. Modeling Nanosilver Transformations in Freshwater Sediments.
Environ. Sci. Technol. 2013, 47, 12920–12928. [CrossRef]

66. Dumont, E.; Johnson, A.C.; Keller, V.D.J.; Williams, R.J. Nano silver and nano zinc-oxide in surface waters
—Exposure estimation for Europe at high spatial and temporal resolution. Environ. Pollut. 2015, 196, 341–349.
[CrossRef]

67. Klein, J.J.M.; de Quik, J.T.K.; Bäuerlein, P.S.; Koelmans, A.A. Towards validation of the NanoDUFLOW
nanoparticle fate model for the river Dommel, The Netherlands. Environ. Sci. Nano 2016, 3, 434–441.
[CrossRef]

306



Int. J. Mol. Sci. 2020, 21, 4554

68. Markus, A.A.; Parsons, J.R.; Roex, E.W.M.; de Voogt, P.; Laane, R.W.P.M. Modelling the transport of engineered
metallic nanoparticles in the river Rhine. Water Res. 2016, 91, 214–224. [CrossRef]

69. Saharia, A.M.; Zhu, Z.; Aich, N.; Baalousha, M.; Atkinson, J.F. Modeling the transport of titanium dioxide
nanomaterials from combined sewer overflows in an urban river. Sci. Total Environ. 2019, 696, 133904.
[CrossRef]

70. Shoemaker, L.; Dai, T.; Koenig, J. TMDL Model Evaluation and Research Needs; EPA/600/R-05/149; National Risk
Management Research Laboratory, Office Of Research And Development, U.S. Environmental Protection
Agency: Cincinnati, OH, USA, 2005.

71. Di Toro, D.M.; Mahony, J.D.; Hansen, D.J.; Berry, W.J. A model of the oxidation of iron and cadmium sulfide
in sediments. Environ. Toxicol. Chem. 1996, 15, 2168–2186. [CrossRef]

72. Hou, W.-C.; Stuart, B.; Howes, R.; Zepp, R.G. Sunlight-Driven Reduction of Silver Ions by Natural Organic
Matter: Formation and Transformation of Silver Nanoparticles. Environ. Sci. Technol. 2013, 47, 7713–7721.
[CrossRef]

73. Singh, A.; Hou, W.-C.; Lin, T.-F.; Zepp, R.G. Roles of Silver–Chloride Complexations in Sunlight-Driven
Formation of Silver Nanoparticles. Environ. Sci. Technol. 2019, 53, 11162–11169. [CrossRef] [PubMed]

74. Elimelech, M.; Gregory, J.; Jia, X.; Williams, R.A. Particle Deposition and Aggregation: Measurement, Modelling
and Simulation; Butterworth-Heinemann: Oxford, UK, 1998.

75. Petosa, A.R.; Jaisi, D.P.; Quevedo, I.R.; Elimelech, M.; Tufenkji, N. Aggregation and Deposition of Engineered
Nanomaterials in Aquatic Environments: Role of Physicochemical Interactions. Environ. Sci. Technol. 2010,
44, 6532–6549. [CrossRef]

76. Quik, J.T.K.; Velzeboer, I.; Wouterse, M.; Koelmans, A.A.; van de Meent, D. Heteroaggregation and
sedimentation rates for nanomaterials in natural waters. Water Res. 2014, 48, 269–279. [CrossRef]

77. Velzeboer, I.; Quik, J.T.K.; van de Meent, D.; Koelmans, A.A. Rapid settling of nanoparticles due to
heteroaggregation with suspended sediment: Nanoparticle settling due to heteroaggregation with sediment.
Environ. Toxicol. Chem. 2014, 33, 1766–1773. [CrossRef]

78. Bouchard, D.; Chang, X.; Chowdhury, I. Heteroaggregation of multiwalled carbon nanotubes with sediments.
Environ. Nanotechnol. Monit. Manag. 2015, 4, 42–50. [CrossRef]

79. Clavier, A.; Praetorius, A.; Stoll, S. Determination of nanoparticle heteroaggregation attachment efficiencies
and rates in presence of natural organic matter monomers. Monte Carlo modelling. Sci. Total Environ. 2019,
650, 530–540. [CrossRef]

80. Praetorius, A.; Badetti, E.; Brunelli, A.; Clavier, A.; Gallego-Urrea, J.A.; Gondikas, A.; Hassellöv, M.;
Hofmann, T.; Mackevica, A.; Marcomini, A.; et al. Strategies for determining heteroaggregation attachment
efficiencies of engineered nanoparticles in aquatic environments. Environ. Sci. Nano 2020, 7, 351–367.
[CrossRef]

81. Zhao, J.; Dai, Y.; Wang, Z.; Ren, W.; Wei, Y.; Cao, X.; Xing, B. Toxicity of GO to Freshwater Algae in the
Presence of Al2 O3 Particles with Different Morphologies: Importance of Heteroaggregation. Environ. Sci.
Technol. 2018, 52, 13448–13456. [CrossRef] [PubMed]

82. Wang, R.; Dang, F.; Liu, C.; Wang, D.-J.; Cui, P.-X.; Yan, H.-J.; Zhou, D.-M. Heteroaggregation and dissolution
of silver nanoparticles by iron oxide colloids under environmentally relevant conditions. Environ. Sci. Nano
2019, 6, 195–206. [CrossRef]

83. Franklin, N.M.; Rogers, N.J.; Apte, S.C.; Batley, G.E.; Gadd, G.E.; Casey, P.S. Comparative Toxicity of
Nanoparticulate ZnO, Bulk ZnO, and ZnCl2 to a Freshwater Microalga (Pseudokirchneriella subcapitata): The
Importance of Particle Solubility. Environ. Sci. Technol. 2007, 41, 8484–8490. [CrossRef]

84. Liu, J.; Hurt, R.H. Ion Release Kinetics and Particle Persistence in Aqueous Nano-Silver Colloids. Environ.
Sci. Technol. 2010, 44, 2169–2175. [CrossRef] [PubMed]

85. Bian, S.-W.; Mudunkotuwa, I.A.; Rupasinghe, T.; Grassian, V.H. Aggregation and Dissolution of 4 nm ZnO
Nanoparticles in Aqueous Environments: Influence of pH, Ionic Strength, Size, and Adsorption of Humic
Acid. Langmuir 2011, 27, 6059–6068. [CrossRef] [PubMed]

86. Peretyazhko, T.S.; Zhang, Q.; Colvin, V.L. Size-Controlled Dissolution of Silver Nanoparticles at Neutral and
Acidic pH Conditions: Kinetics and Size Changes. Environ. Sci. Technol. 2014, 48, 11954–11961. [CrossRef]
[PubMed]

307



Int. J. Mol. Sci. 2020, 21, 4554

87. Hedberg, J.; Blomberg, E.; Odnevall Wallinder, I. In the Search for Nanospecific Effects of Dissolution of
Metallic Nanoparticles at Freshwater-Like Conditions: A Critical Review. Environ. Sci. Technol. 2019, 53,
4030–4044. [CrossRef]

88. Petersen, E.J.; Huang, Q.; Weber, W.J. Relevance of octanol-water distribution measurements to the potential
ecological uptake of multi-walled carbon nanotubes. Environ. Toxicol. Chem. 2010, 29, 1106–1112. [CrossRef]

89. Jafvert, C.T.; Kulkarni, P.P. Buckminsterfullerene’s (C60) Octanol−Water Partition Coefficient (Kow) and
Aqueous Solubility. Environ. Sci. Technol. 2008, 42, 5945–5950. [CrossRef]

90. Kaegi, R.; Voegelin, A.; Sinnet, B.; Zuleeg, S.; Hagendorfer, H.; Burkhardt, M.; Siegrist, H. Behavior of Metallic
Silver Nanoparticles in a Pilot Wastewater Treatment Plant. Environ. Sci. Technol. 2011, 45, 3902–3908.
[CrossRef]

91. Kaegi, R.; Voegelin, A.; Ort, C.; Sinnet, B.; Thalmann, B.; Krismer, J.; Hagendorfer, H.; Elumelu, M.; Mueller, E.
Fate and transformation of silver nanoparticles in urban wastewater systems. Water Res. 2013, 47, 3866–3877.
[CrossRef] [PubMed]

92. Ma, R.; Levard, C.; Judy, J.D.; Unrine, J.M.; Durenkamp, M.; Martin, B.; Jefferson, B.; Lowry, G.V. Fate of Zinc
Oxide and Silver Nanoparticles in a Pilot Wastewater Treatment Plant and in Processed Biosolids. Environ.
Sci. Technol. 2014, 48, 104–112. [CrossRef]

93. Liu, J.; Zhang, F.; Allen, A.J.; Johnston-Peck, A.C.; Pettibone, J.M. Comparing sulfidation kinetics of silver
nanoparticles in simulated media using direct and indirect measurement methods. Nanoscale 2018, 10,
22270–22279. [CrossRef]

94. Liu, J.; Pennell, K.G.; Hurt, R.H. Kinetics and Mechanisms of Nanosilver Oxysulfidation. Environ. Sci.
Technol. 2011, 45, 7345–7353. [CrossRef] [PubMed]

95. Zhang, J.; Guo, W.; Li, Q.; Wang, Z.; Liu, S. The effects and the potential mechanism of environmental
transformation of metal nanoparticles on their toxicity in organisms. Environ. Sci. Nano 2018, 5, 2482–2499.
[CrossRef]

96. He, D.; Garg, S.; Wang, Z.; Li, L.; Rong, H.; Ma, X.; Li, G.; An, T.; Waite, T.D. Silver sulfide nanoparticles
in aqueous environments: Formation, transformation and toxicity. Environ. Sci. Nano 2019, 6, 1674–1687.
[CrossRef]

97. Hou, W.-C.; Jafvert, C.T. Photochemical Transformation of Aqueous C60 Clusters in Sunlight. Environ. Sci.
Technol. 2009, 43, 362–367. [CrossRef]

98. Kong, L.; Tedrow, O.; Chan, Y.F.; Zepp, R.G. Light-Initiated Transformations of Fullerenol in Aqueous Media.
Environ. Sci. Technol. 2009, 43, 9155–9160. [CrossRef]

99. Isaacson, C.W.; Bouchard, D. Asymmetric flow field flow fractionation of aqueous C60 nanoparticles with
size determination by dynamic light scattering and quantification by liquid chromatography atmospheric
pressure photo-ionization mass spectrometry. J. Chromatogr. A 2010, 1217, 1506–1512. [CrossRef]

100. Hou, W.-C.; Huang, S.-H. Photochemical reactivity of aqueous fullerene clusters: C60 versus C70. J. Hazard.
Mater. 2017, 322, 310–317. [CrossRef]

101. Qu, X.; Alvarez, P.J.J.; Li, Q. Photochemical Transformation of Carboxylated Multiwalled Carbon Nanotubes:
Role of Reactive Oxygen Species. Environ. Sci. Technol. 2013, 47, 14080–14088. [CrossRef] [PubMed]

102. Hou, W.-C.; BeigzadehMilani, S.; Jafvert, C.T.; Zepp, R.G. Photoreactivity of Unfunctionalized Single-Wall
Carbon Nanotubes Involving Hydroxyl Radical: Chiral Dependency and Surface Coating Effect. Environ.
Sci. Technol. 2014, 48, 3875–3882. [CrossRef] [PubMed]

103. Chen, C.-Y.; Zepp, R.G. Probing Photosensitization by Functionalized Carbon Nanotubes. Environ. Sci.
Technol. 2015, 49, 13835–13843. [CrossRef] [PubMed]

104. Hou, W.-C.; Chowdhury, I.; Goodwin, D.G.; Henderson, W.M.; Fairbrother, D.H.; Bouchard, D.; Zepp, R.G.
Photochemical Transformation of Graphene Oxide in Sunlight. Environ. Sci. Technol. 2015, 49, 3435–3443.
[CrossRef]

105. Hou, W.-C.; Henderson, W.M.; Chowdhury, I.; Goodwin, D.G., Jr.; Chang, X.; Martin, S.; Fairbrother, D.H.;
Bouchard, D.; Zepp, R.G. The contribution of indirect photolysis to the degradation of graphene oxide in
sunlight. Carbon 2016, 110, 426–437. [CrossRef]

106. Yin, Y.; Liu, J.; Jiang, G. Sunlight-Induced Reduction of Ionic Ag and Au to Metallic Nanoparticles by
Dissolved Organic Matter. ACS Nano 2012, 6, 7910–7919. [CrossRef]

107. Lee, T.-W.; Chen, C.-C.; Chen, C. Chemical Stability and Transformation of Molybdenum Disulfide Nanosheets
in Environmental Media. Environ. Sci. Technol. 2019, 53, 6282–6291. [CrossRef]

308



Int. J. Mol. Sci. 2020, 21, 4554

108. Hou, W.-C.; Kong, L.; Wepasnick, K.A.; Zepp, R.G.; Fairbrother, D.H.; Jafvert, C.T. Photochemistry of
Aqueous C60 Clusters: Wavelength Dependency and Product Characterization. Environ. Sci. Technol. 2010,
44, 8121–8127. [CrossRef]

109. Hou, W.-C.; Lee, P.-L.; Chou, Y.-C.; Wang, Y.-S. Antibacterial property of graphene oxide: The role of
phototransformation. Environ. Sci. Nano 2017, 4, 647–657. [CrossRef]

110. Chowdhury, I.; Hou, W.-C.; Goodwin, D.; Henderson, M.; Zepp, R.G.; Bouchard, D. Sunlight affects
aggregation and deposition of graphene oxide in the aquatic environment. Water Res. 2015, 78, 37–46.
[CrossRef]

111. Fanourakis, S.K.; Peña-Bahamonde, J.; Bandara, P.C.; Rodrigues, D.F. Nano-based adsorbent and photocatalyst
use for pharmaceutical contaminant removal during indirect potable water reuse. NPJ Clean Water 2020, 3, 1.
[CrossRef]

112. Meesters, J.A.J.; Peijnenburg, W.J.G.M.; Hendriks, A.J.; Van de Meent, D.; Quik, J.T.K. A model sensitivity
analysis to determine the most important physicochemical properties driving environmental fate and
exposure of engineered nanoparticles. Environ. Sci. Nano 2019, 6, 2049–2060. [CrossRef]

113. Nowack, B.; David, R.M.; Fissan, H.; Morris, H.; Shatkin, J.A.; Stintz, M.; Zepp, R.; Brouwer, D. Potential
release scenarios for carbon nanotubes used in composites. Environ. Int. 2013, 59, 1–11. [CrossRef]

114. Harper, S.; Wohlleben, W.; Doa, M.; Nowack, B.; Clancy, S.; Canady, R.; Maynard, A. Measuring Nanomaterial
Release from Carbon Nanotube Composites: Review of the State of the Science. J. Phys. Conf. Ser. 2015, 617,
012026. [CrossRef]

115. Wohlleben, W.; Neubauer, N. Quantitative rates of release from weathered nanocomposites are determined
across 5 orders of magnitude by the matrix, modulated by the embedded nanomaterial. NanoImpact 2016, 1,
39–45. [CrossRef]

116. Wohlleben, W.; Kingston, C.; Carter, J.; Sahle-Demessie, E.; Vázquez-Campose, S.; Acrey, B.; Chen, C.-Y.;
Walton, E.; Egenolf, H.; Müller, P.; et al. NanoRelease: Pilot interlaboratory comparison of a weathering
protocol applied to resilient and labile polymers with and without embedded carbon nanotubes. Carbon
2017, 113, 346–360. [CrossRef]

117. Praetorius, A.; Arvidsson, R.; Molander, S.; Scheringer, M. Facing complexity through informed
simplifications: A research agenda for aquatic exposure assessment of nanoparticles. Env. Sci. Process.
Impacts 2013, 15, 161–168. [CrossRef]

118. Geitner, N.K.; Bossa, N.; Wiesner, M.R. Formulation and Validation of a Functional Assay-Driven Model of
Nanoparticle Aquatic Transport. Environ. Sci. Technol. 2019, 53, 3104–3109. [CrossRef]

119. Stegemeier, J.P.; Avellan, A.; Lowry, G.V. Effect of Initial Speciation of Copper- and Silver-Based Nanoparticles
on Their Long-Term Fate and Phytoavailability in Freshwater Wetland Mesocosms. Environ. Sci. Technol.
2017, 51, 12114–12122. [CrossRef]

120. Ambrose, B.; Avant, B.; Han, Y.; Knightes, C.; Wool, T. Water Quality Assessment Simulation Program
(WASP8): Upgrades to the Advanced Toxicant Module for Simulating Dissolved Chemicals, Nanomaterials, and
Solids; EPA/600/R-17/326; Office of Research and Development, National Exposure Research Laboratory, U.S.
Environmental Protection Agency: Washington, DC, USA, 2017.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

309





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

International Journal of Molecular Sciences Editorial Office
E-mail: ijms@mdpi.com

www.mdpi.com/journal/ijms





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03936-749-8 


