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Abstract

The design, manufacture and application of safer products and manufacturing processes have been
important goals over the last decade and will advance in the future under the umbrella of "Green
Chemistry". In this review, we focus on the burgeoning diversity of new engineered nanomaterials
(ENMs) and the prescient need for a nanotoxicology paradigm that quickly identifies potentially
hazardous nanochemistries. Advances in predictive toxicological modeling in the developing
zebrafish offer the most immediate translation to human hazard that is practically achievable with
high throughput approaches. Tranglation in a vertebrate model that is also alow cost aternative to
rodents for hazard prediction has been a desirable but elusive testing paradigm. The utility of
zebrafish, if applied early in the ENM discovery pipeline, could greatly enhance efforts toward
greener and more efficient nanoscience. Early pipeline detection of human and environmental
health impacts will quickly inform decisions in the design and production of safer commercial
ENMs.

1. Introduction

Recent market data indicate that the global chemical industry produced more than 100,000
chemical productsin 2008, sustaining a $2.7 trillion market.> Sources of chemicals are ever
evolving and increasing to meet consumer demands. Along with the deluge of new
chemicals has come increased uncertainty about the potential for new chemical hazard.
Toxicology simply has not matched the pace of chemical innovation. While new chemistries
are generally derivations and expansions of old, toxicological knowledge of the core
moieties of new chemistriesis hardly a sufficient basis for ranking hazard potential .
Seemingly small structural changes can cause what look like disproportionately large
toxicological responses, far beyond what one might have predicted from the change. Thisis
simply because intimate knowledge of the chemical's interaction with target biomoleculesis
inadequate. The more diverse our chemical production becomes, the more biotargets we are
likely to inadvertently hit. And for those chemistriesin mass production, we can inevitably
expect them to make their way into the environment where the complexities of matrix,
oxidation and metabolism, just for starters, make determination of their hazard potential
difficult indeed. For these reasons, concerns over the safety of engineered nanomaterials
(ENMs) have emerged as calls for proactive and predictive toxicological study to define
their potential environmental health and safety of ENMs (nanoEHS), also known as
nanotoxicology.
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ENMs exhibit physicochemical properties that are markedly differ from conventional
macromolecules. Over the last decade, the unique chemical, mechanical and electrical
properties of ENMs have been widely applied to various technol ogies, from consumer
products and environmental remediation, to military science and medicine.2 It is not
surprising that nanotechnology (NT) is the rapid transition from the discovery phase to the
commercialization phase. The number of 1015 NT-based consumer products released into
the market in 2009 was a 379% rise from 2005 (http://www.nanotechproject.org/
consumerproducts). This trend is expected to generate $1 trillion worldwide by 2015.2
ENMs are rapidly being incorporated into an ever longer list of consumer products, but
supporting toxicology for this chemistry has not even begun to keep pace with the
innovation. Yet, it must if we are to avoid repeating past blunders. DDT and PCBs are the
classic examples of miracle chemicals: cheap to manufacture, extremely effective, used
heavily and widely, but with tremendous unforeseen hazards. As their risk to human health
and the environment became evident, the U.S. Congress banned their commercial utility in
1976 under the Toxic Substances Control Act (TSCA).34

Adequately financed and scientifically sound efforts at systematically identifying the hazard
potential of ENMSs, prior to their commercialization, are the regulatory and ENM industry
goals. Though such efforts have not yet been widely implemented, nanotoxicology is rapidly
building alarger repertoire of industry and regulatory stakeholders. On the environmental
health and safety side, there are model precedents for alarge scale nanotoxicology initiative.
For example, Tox21 is a collaboration among multiple federal Agencies - EPA's National
Center for Computational Toxicology, the National Institutes of Environmental Health
Sciences (NIEHS)/National Toxicology Program (NTP), the National Institutes of Health/
National Human Genome Research Institute/NIH Chemical Genomics Center (NCGC), and
the U.S. Food and Drug Administration (FDA) - to develop, validate and trand ate
innovative, high-throughput, mostly /n vitro chemical screening methods to prioritize
substances for further in-depth toxicological evaluation, identify mechanisms of action for
further investigation, and develop predictive models for /n7 vivobiological response (http://
www.epa.gov/nect/dsstox/sdf_tox21s.html). The European Registration, Evaluation,
Authorization, and Restriction of Chemical substances (REACH), isthe European
counterpart to Tox21.2 Right now, these toxicology initiatives center mostly on rapid cell-
based assays, but /n vitroassays are still unlikely to translate well into hazard prediction.
The pressing need remains for efficient vertebrate toxicology, a model with which to address
the backlog of tens of thousands of conventional chemicals and ENMs, and for which assay
results translate effectively and reliably to human hazard.® The backlog is tremendous, but
use of an appropriate model could enable regulatory concernsto bring much of it under their
knowledge umbrella. Doing so would have the obvious secondary benefit of establishing a
large enough quantitative structure-activity relationship (QSAR) database that toxicity
prediction /n si/icowould become an increasingly effective tool.

2. The merits of in vitro and in vivo approaches for chemical hazard

prediction

Over the last decade, great technological leaps in molecular and cellular biology have firmly
established 21st century toxicology as an essential melding of both /n vitroand in vivo
approaches. Hazard potential is based largely on acompound’ s ability to bioaccumulate, and
adsorption, distribution, metabolism, and excretion (ADME) characteristics. These are not
very predictive parameters when generated /n vitro, as the biological space queried is quite
limited and thus, outcomes are not easily trandlatable to a human response. But /17 vitro
models are afar less expensive means of rapidly querying at least some key parts of
biologica space with many chemicals, at multiple doses. The strength of /n vitro approaches
to toxicology is that they are generally adaptable to very high throughput screening efforts
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and, in many cases, they provide direct read out of perturbation in known gene targets or
pathways. In theory, alarge and diverse enough battery of /n vitro assays on many different
human cell types would probe enough biological space to yield hits with very low false
positive and fal se negative rates. The biological space would be truly comprehensive and the
pace of discovery truly faster. When conducted for a structurally diverse array of several
thousand compounds, this approach will allow for the rapid and mechanism-based
prediction of /n vivobiological responses. Thisisakey goal of Tox21: to refine traditional
toxicology assays, develop rapid mechanism-based predictive screens, and improve the
overall utility of datafor making public health decisions.”® The use of diverse human-
derived cell lines has the potential to add benefit of novel biomarker discovery. Biomarkers
of human exposure are highly sought because, once established, they are easily screened in
human popul ations.

The power of the /n vivoapproach isthat, by definition, screening in the whole animal
coversall of biological space. Y et, extrapolating mouse and rat toxicology data - the gold
standard - across dose, species and life stages has traditionally been fraught with uncertainty
because these models did not provide mechanistic information on how and why chemicals
exert toxicity. But this was a function of the model and not inherent to the /n vivo approach.
Huge technological advances in and concomitant declining costs of whole-genome omics
screens have made essentially all of gene space available for query in the whole animal. The
remaining challenges are to anchor whole genome responses to relevant /n vivo endpoints,
and to validate pathway-based predictions with targeted studies in the whole animals.19 The
latter need is also true of /n vitro screening approaches, and, overall, arather daunting
challenge in rodent models. However, thisisfar less of a challenge, indeed underway and
building momentum for at |east a decade, in an alternative vertebrate model, the zebrafish.

3. Green chemistry, Toxicology and Green nanotechnology - Common

Goals

Increased awareness that green chemistry will be ultimately more sustainable, aswell asa
necessity, has focused attention on reducing or eliminating the use and generation of
hazardous substances in the design, manufacture and application of chemical products.11
Figure 1 shows the relationships between toxicology and the 12 principles of Green
Chemistry. Half of the 12 principles (P1, P3, P4, P7, P10 and P12) are related directly to the
field of toxicology. Greener designs and less hazardous syntheses (P3 and P4), while
laudable principles; have to be guided by solid science and practical economics. A strong
commitment to toxicity testing in the right model at every step of development can achieve
both. This also applies to designing for degradation (P7 and P10). The objectives of
toxicology regarding the remaining principles are to reduce waste and to increase materials
efficiency. Collectively, these principles are aimed at reducing the uncertainty of toxicity
caused by any chemicals generated during and after the synthesis process. We note that
nanotoxicology, to be relevant, must also aim to identify which, and understand how, ENM
physicochemical properties determine biological hazards (P3, P4 and P12), thereby guiding
the (re)design of lesstoxic and easily degradable, yet optimally functional ENMs (Figure 2)
(P4, P7 and P10). Predictive vertebrate toxicology, nanotoxicology and green chemistry
principles thus substantially overlap in their goals (Figure 1).

We have established that an alarming lack of toxicological datafor most ENMs has led to
numerous concerns about nanoEHS. Rather than skirting peril while unilaterally forging
ahead with commercialization, this represents a golden opportunity: Both the ENMs
industry and regulatory concerns can partner in leveraging tools like zebrafish and the
peaking interests of federal funding sources to addresses the challenges of nanoEHS, and
dramatically reduce long range liability. The opportunity has been recognized by some NT
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stakeholders, but not enough. For example, the Federal Government developed a National
Nanotechnology Initiative (NNI) - Environmental, Health, and Safety (EHS) Research
Strategy (http://www.nano.gov/sites/default/files/pub_resource/

nni_2011 ehs research_strategy.pdf). It outlines a comprehensive approach to ensuring the
safe, effective and responsible development and use of NT with six core research areas: (1)
Nanomaterial Measurement Infrastructure, (2) Human Exposure Assessment, (3) Human
Health, (4) Environment, (5) Risk Assessment and Risk Management Methods, with
consideration of ethical, legal, and societal implications of NT and (6) Informatics and
Modeling. However, NT industry stakeholders have not yet extensively partnered with the
NNI-EHS research strategy. Much remains to be implemented before smart regulatory
decisions can happen.

The characteristics of ENMs are fundamentally different than the characteristics of
conventional small molecules. Indeed, it is difficult to overstate the degree to which ENM
unique physicochemical behaviors influence their hazard potential, and to understate how
naive the current understanding of nano structure-activity links remains.212-15 A number of
studies with various toxicological approaches are building a knowledge base of nanoEHS.
These studies highlighted that little is known about how ENMs interact with biological
components such as proteins, membranes, phospholipids, endocytic vesicles, organelles,
DNA and biological fluids.1® Furthermore, the environmental fate and transport of ENMs
remain largely unknown so there is much uncertainty regarding the scope of potential ENM
hazard to humans and other organismsin the environment.1” It is noted that Ferry et al.
recently reported the transfer of gold nanoparticles (AuNPs) from the water column to the
marine food web.18 The uses for and production of ENMs have exploded, far outpacing an
effective nanoEHS oversight. Wide reaching and absurdly generalized regulation could be
adopted, but it should never be the objective of nanotoxicology to limit ENM innovation or
use while regulatory concerns, employing obsolete approaches to toxicology, engagein a
futile attempt at catch-up safety assessments. Rather, the goal of nanotoxicology should be
to provide ENM developers with a means to practically and efficiently parallel their R& D
and commercialization efforts with rapid and predictive toxicological assessments. One of
the best available means of doing this is with the zebrafish developmental toxicology model.

4. Zebrafish: A powerful in vivo toxicity model

We have emphasized the importance of arapid and efficient vertebrate model with sufficient
relevance to humans to be a predictive toxicology tool. The embryonic zebrafish (Darvo
rerio) has emerged as the best choice, offering marked advantages over devel opmental
rodent models in both sensitivity to toxins and quicker identification of the toxic
mechanism.19-22 A fast track to identifying developmental toxicity mechanismsis possible
using zebrafish because an induced phenotype, whether morphol ogical, physiological or
behavioral, can quickly be dissected using molecular approaches. Zebrafish are also aviable
alternative model with respect to Replacement, Reduction, and Refinement of animal
toxicity testing.23 Zebrafish are resource-efficient due to their small size, high fecundity and
relatively inexpensive husbandry. A pair of adult zebrafish can produce 200-300 fertile eggs
every week. Gastrulation to the segmentation stage of somitogenesis only takes 24 hours and
development is complete by 72 hours after fertilization. During the first 48 to 60 hours of
development zebrafish embryos are optically clear, allowing observation of chemical-
induced effects in the organs, an enormous advantage over assays of rodent devel opment.
Their small size also trandates into a much smaller requirement of test chemicals for
toxicity evaluation. Figure 3 displays an example of 120 hours post fertilization zebrafish
embryos, with and without developmental defectsin the brain, eye, snout, jaw, somite and
caudal fin. Examples of yolk sac and pericardial edemas and a bent spine are also apparent.
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The versatility of the zebrafish model is further bolstered by the availability of many mutant
lines, diverse and robust transgenic lines and the simplicity of performing transient antisense
RNA knockdowns. The near complete annotation of the genome has enabled the integration
of zebrafish toxicology, genomics and toxicogenomics. With increased through put, it is
now possible to rapidly screen the exposure related phenotypes and identify the gene
expression changes that underlie the effect. Thus, toxicogenomicsis a powerful approach for
uncovering the mechanisms of toxicity by identifying the developmenta pathways perturbed
by toxicants. The availability of many zebrafish mutant lines and transgenic reporter
zebrafish has been enormously powerful for understanding the function of zebrafish genes
and their targets. Transgenic reporter lines expressing a fluorescent protein under the control
of atissue-specific promoter allow easy visualization (even naked-eye during development)
of gene expression patterns and tissue structural changes at any life stage using fluorescence
microscopy. Toxicological evaluation of cadmium?24 and arsenite?> was performed using the
heat shock 70 protein promoter to drive expression of green fluorescent protein (GFP). A
zebrafish line with luciferase-GFP driven by an el ectrophile-responsive element enabled
investigators to describe the mechanism of oxidative stress response to mercury.28

Zebrafish mutations are proven to be useful for uncovering the genetic targets of some
toxicants. Screening mutants against a variety of chemicalsthat elicit a known phenotype
will uncover non-responders to some chemicals which, by definition, are operant via a target
or pathway that includes the mutant gene product. A recent example of this approach isthe
identification of the zebrafish persgphone mutant that is resistant to mechanosensory hair
cell death caused by different aminoglycoside compounds that also cause hair cell death in
humans.2’ For example, a zebrafish aryl hydrocarbon receptor (AHR2) null line was
developed for toxicity assessments of polycyclic aromatic hydrocarbons (PAH) as a means
of distinguishing AHR-dependent from AHR-independent PAH structures.28 Details on
materials and protocols for mutant and transgenic zebrafish are provided on the websites that
include the Zebrafish International Resource Center (ZIRC), Zebrafish Information Network
(ZFIN), Sanger zebrafish sequencing project, ZF-Models, Sanger Zebrafish Mutation
Resource and EuFishBiomed.2°

Gene knockdown using morpholino oligonuclecotides (MOs) is a powerful and rapid means
of transiently suppressing a gene's expression to reveal its function. The developing
zebrafish are particularly suited to this technology.3° MOs are synthetic antisense
oligonuclotides injected into the one cell embryo and evenly dispersed by cell division
throughout the devel oping embryos. MOs are effective until 96 to 120 hours post
fertilization by binding their target mMRNA and either preventing translation of the message
or blocking the correct splicing of the message to its mature form. When a zebrafish
morphant recapitul ates the phenotype of a chemical exposure, by definition atarget gene or
pathway component has been identified. The role of AHR2 and cytochrome P451A
(CYP1A) in PAH toxicity was elucidated in part with transient MO-knockdown zebrafish.31
The use of anuclear factor erythroid 2-related factor 2 (Nrf2) MO in zebrafish identified the
role of Nrf2 in the expression of cytoprotective enzymes of heme oxygenase-1 (HO-1)
against oxidative stress induced by perfluorooctane sulfonate (PFOS) exposure.32

To overcome the transient nature of MO knockdown, stable knockouts are also readily
achievable in zebrafish. Zinc Finger Nuclease (ZFN) targeting3334 and Transcription
Activator-Like Effector Nucleases (TALENSs)3°:36 gre the two most widely used methods of
generating stable knockout zebrafish. These designer nucleases bind to and cleave DNA at
particular target sites, inducing error-prone repair that results in insertion or deletion
mutations. Use of TALENS is the more efficient and precise approach of the two36:37 and
has aready been used to create dozens of zebrafish knockout lines, each available to the
research community.
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The molecular signaling underlying the effects of toxicant perturbations are al highly
tractable with the tools available for zebrafish. These ‘fly and worm-like' approachesin a
vertebrate model have made high throughput toxicology, with human relevance, areality
(Figure 4). It is expected that zebrafish will be the go-to model for addressing the > 40,000
compound backlog of chemicals aready in production while increasingly building a more
predictive knowledgebase.

5. How zebrafish developmental toxicology can drive green
nanotechnology

The Tox21 strategy for screening thousands of toxicants at multiple dosesviaa
comprehensive battery of high throughput /1 vitro assays in many different cell typesis
unprecedented.” Even more unprecedented is that this approach is aready underway in vivo
using zebrafish to screen the developmental toxicity of the EPA ToxCast portfolio of
compounds.38:39 The utility of zebrafish allows whole animal biological space to be probed
and the physical characteristics described render zebrafish assays highly amenable to
automation.© Lam et al. demonstrated that the zebrafish is a desirable model for a high-
throughput chemogenomics.#! The zebrafish embryo toxicity test (ZFET) can aready
substitute for the acute fish test in ecotoxicology.

Toxicologica studiesindicate that the zebrafish is well suited for use in devel oping
nanoEHS.#2-45 George et al. utilized zebrafish as a robust high-throughput platform for
nanoEHS and transformed zebrafish toxicology datainto /1 sifico analyses for hazard
ranking of ENMs through comparison with /7 vitroresults.** Recently, we developed a
rapid and cost-effective automated toxicity screening system from embryo preparation,
exposure to toxicants, digital imaging to developmental toxicity phenotype analysis.*? Using
this system, we quickly anchored a defective eye phenotypic response of devel oping
embryos exposed to AUNPs with relevant transcriptional (MRNA) responses and concluded
that AUNPs perturbed specific developmental pathways required for eye embryogenesis and
pigmentation (manuscript under review).46 Such zebrafish /n vivotoxicity studies for are
rapid and highly effective. More generally, /n vivotoxicity datafor ENMs are extremely
rare. It is estimated that the cost for testing existing ENMs will be $249 million, but could
exceed a $ billion if long-term /n vivotesting becomes a requirement of commercially
producing ENMs.#” The utilization of zebrafish will make it possible to rapidly and
efficiently characterize /n vivotoxicity and predict likely hazards to humans.

Toxicologica studies for nanoEHS will be directed for green nanoscience, safer ENMs
production and efficient synthetic process devel opment. However, there is the gap between
toxicology and material sciences for nanoEHS. To attain green nanoscience, close
interdisciplinary cooperation will be necessary asillustrated in Figure 5. The consistent
testing of well-defined ENM preparationsis acritical first step. Informative QSARs are
impossibleif tight control is not exercised over the formulations under scrutiny. Moreover,
consumers must expect that manufacturer requirements will force adherence to ENM quality
and purity standards for which safety datais already in place.*8 Upon successful synthesis of
well-defined ENMs with the desired core composition, size, shape, surface coating and
surface chemistry, toxicity assessment should immediately follow. Zebrafish developmental
toxicology donein parallel with ENM discovery and development will build insights for the
design of safer novel ENMss, addressing the current uncertainty about safety of ENMs, and
dramatically reducing commercialization liability by avoiding formulations that are later
found to be human and environmental hazards. Two approaches to investigate
nanotoxicology are to examine biomarkers of molecular activity or pathway disruption by
ENMSs /n vivoand determine the specific structural properties of ENMs driving any
observed toxicity. Thisintegration of structure and hazardous activity assessments can then
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be used to guide the selection of ENM core composition, size, shape, surface coating and
surface chemistry with lower hazard potential. In the part of toxicology, the toxicity
methodol ogies optimized for nanoEHS are devel oped to be gradually contiguousto true
exposure scenarios and toxicity. On the other hand, in the part of materials science, the
efficient and economic synthesis processis devised to produce reproducible high purified
ENMs. In our lab we have tested the biological responses of zebrafish embryos exposed to
well-defined, structurally-diverse AUNPs,* finding that their toxicity, uptake and
elimination were dependent on surface chemistry and core size. These findings were
reported to the Safer Nanomaterials and Nanomanufacturing Initiative (SNNI) (http://
www.greennano.org/) as a preliminary step toward cooperative toxicology and materials
science to develop high performance, non-toxic AuUNPs as shown in Figure 2. AUNPs are
already used for a growing range of biomedical applications, such as cancer chemotherapy,
imaging, and gene delivery.*%-51 Despite an intensive body of research on AuNPs,18:51-53
there is still much that we do not understand about the bioactivity AuNPs. Because of their
utility and the precision with which AuNPs are easily engineered, they were an effective
ENM with which begin comprehensive toxicology in the zebrafish model. Table 1
summarizes examples of toxicity results from several types of AUNPsin the zebrafish
embryonic toxicity assay carried out by our laboratory.424546.54 The embryonic toxicities of
AUuNPs were heavily dependent on surface charge modification. Non-functionalized AuNPs
is not toxic. Exposure to positively and negatively charged AuNPs cause embryonic
mortality and malformations; while neutrally charged AuNPs are non-toxic, indicating that
this assay can effectively discriminate between toxic and non-toxic ENMs. Schaeublin et al.
conducted /n vitro assays to evaluate cytoxicity of the same AuNPs as our laboratory using a
human keratinocyte cell line (HaCaT).%® They also found that the surface charged AUNPs
were more toxic than neutral AuNPSs, inducing significant damage in the mitochondrial
membrane not observed with neutral AUNPs.

Comprehensive ENMSs purity evaluations and characterization must be completed in order to
define the physicochemical properties that influence biocompatibility. Impurities, for
example, can often greatly influence toxicity results. Contaminating organic solvents,
catalysts and coating materials used in the synthesis process could cause toxicity falsely
ascribed to the ENMs. For example, a tetrahydrofuran (THF) degradation product was
attributed to toxicity of agqueous Cgg in zebrafish,>8 and cetyltrimethyl-ammoniumbromide
(CTAB), widely used for surface coating of AUNPs, was aso proven to be toxic.?! Finally,
Jakubek et al. demonstrated that small amounts of the catalyst yttrium released form carbon
nanotubes efficiently inhibited calcium ion channels to produce /n vitrotoxicity.>?

Careful characterization of the ENMs in the dry state and also in relevant aqueous biological
fluidsis essential asit is now widely appreciated that the environment greatly influences the
physical properties of ENMs %6:57 |n particular, ENMs tend to rapidly agglomeratein
solution and test media consisting of higher ionic strength, which can unpredictably alter
toxicity. For example, when ENM agglomerates affect bioavailability it is challenging to
interpret toxicological results. We have found that precision engineered functionalized
AUNPs can be generated to maintain their desired sizes in both nanopure water and zebrafish
standard medium, thus we can associate the nanomaterial size and charge to itstoxicity with
great certainty.> Using small-angle X-ray scattering (SAXS) it is now possible to accurately
measure the core sizes of AUNPs in the one nanometer range in solution. These small
particles are difficult to measure using dynamic light scattering (DLS), as DLS s not
efficient for sizesless than 10 nm.#¢ Another approach that we employed to control
agglomerate size during toxicity testing in the zebrafish assay was to dilute the standard
medium. We demonstrated that zebrafish can develop in reduced ionic strength solutions.
We found surprising results using 1.2 nm 3-mercaptopropionic acid-functionalized AUNPs
(1.2 nm 3-MPA-AuNPs) which rapidly agglomerate in standard testing solutions.>* We
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found that the toxicity of 1.2 nm 3-MPA-AuNPs was significantly higher in low ionic
medium where the 1.2 nm 3-MPA-AuNPs remained highly dispersed. This suggests that
thereis a high probability to detect fal se negative response when testing ENMs that tend to
agglomerate. Thisis because the test solution itself can profoundly alter the size, surface
area and charge of the primary test materials, leading to reduced availability and uptake. In
summary, the use of appropriate ENM characterization methods must be applied before and
during the exposure to avoid some of the critical errors madein early days of
nanotoxicology.

Conclusions and future perspectives

The toxicology tools and approaches necessary to evaluate the hazard potentials of ENMs
and solidly support green nanoscience are already available. With intensive application of
the developing zebrafish and advanced /n vitro assays, hanotoxicology will migrate away
from “testing everything” and instead understand the ENM features that influence
biocompatibility and bein a position to predictive biocompatibility. When we achieve
predictive authority, green design, production, use and disposal of ENMs, with close regard
for their environmental health and safety, will be a practical reality.
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Green chemistry Principles

Coordinating with toxicology

Green Nanoscience

P1. Prevention

P2. Atom Economy

P3. Less Hazardous Chemical Synthesis
P4. Designing Safer Chemicals

P5. Safer Solvents and Auxiliaries

P6. Design for Energy Efficiency

P7. Use of Renewable Feedstocks

P8. Reduce Derivatives

P9. Catalysis

P10. Design for Degradation

P11. Real-time Analysis for Pollution Pre-
vention

P12. Inherently Safer Chemistry for Acci-
dent Prevention

—

—

)

Direct Relationship
: P3, P4, P10, P11, P12

« Valid toxicity evaluation of chemical
including their metabolites

« Proactive toxicological data provide the
insights for (re)designing and choosing
chemicals and subsititutes being safer
no or low toxic and easily degradable

« Develop economic and efficient
biomonitoring system for fast and valid
real-time toxicity analysis

« Predict potentials for deliberate or
inadvertent exposure of chemicals to
human and environment

Indirect Relationship
: P1, P2, P5, P6, P7, P8, P9

« Valid toxicity database of chemicals play an
auxiliary role to reduce uncertainty about
their toxicity, helping prevent against waste
and increase the efficiency in the chemical
production and use

« Develop toxicological methodology for nano
materials exhibiting unique physicochemical
properties

« Evaluate physicochemical properties
that influence toxicity of nanomaterials
to aid in (re)desige safer nanomaterials

« Identify the fate of nanomaterials with
respect to degradation and metabolites

—

« Valid toxicity database of chemicals play an

auxiliary role to prevent toxic waste and
develop efficient synthestic process of nano-
materials with safe chemicals

Figure 1.

Relationship between the 12 green chemistry principles and toxicology. The role of
toxicology to attain 12 green chemistry principles are described. PX, where X= principles 1—-

12
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o A
Efficiency
High performance (a) High performance
& ¢ i &
Low toxicity High toxicity
* Physicochemical property tuning
» Core composition replacement
* Chemicals substitution
(b)
Lose promising property
&
Low toxicity
Toxicity
Figure 2.

Efficiency versus Toxicity. When evolving materials having highly efficient functions but
high toxicity, the direction (&) that derive the development of high performance and no or
low toxicity of materialsis more desirable than the direction (b), a collateral loss of initially
promising properties.
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A

Brain cormite Caudal fin
Snout
Jaw
Swim bladder
Heart Yolk sac
Figure 3.

Zebrafish embryo images showing no effect (a) and positive effect (b) on organs at 120
hours post-fertilization (hpf).
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* Developmental toxicity
: phenotype-based chemical screening

*» Organ-specific toxicity
: cardiotoxicity, nephrotoxicity, hepatoxicity,
otoxicity, neurotoxicity (behavioral toxicity)

* Small size

* High fecundity
* Rapid embryogenesis
* Transparency
* High-throughput toxicity testing » Genetic manipulations
 automated analysis * Alternative toxicity testing to mamma-
) ) lian models
+ Toxicogenomics
- integrating genomics and toxicology « Ecotoxicology
) - fish embryos toxicity test (FET),
* Omics alternative to fish acute toxicity test

: transcriptomics, proteomics, metabolomics

Figure4.

The advantages of zebrafish over awide range of toxicology testing including
developmental, organ-specific, high-throughput and integrated mechanistic toxicology
approaches as an alternative animal toxicity model.
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* (re)Design safer nanomaterials
» Characterize physicochemical properties
* Use non-toxic chemicals and reduce waste

LN

wliidefined Nanomateras} Integrated mechanistic toxicity

org

Develop efficient and eco- C g
nomic synthesis process ~y } il
Stabilizing 2 . Groups

\)

Nanoparticle
— Develop toxicity methodology
ﬁ and improve biomonitoring

+» Explore Nano-Bio Interactions (NBI)

* Provide valid toxicity data

* Determine physicochemical properties controlling toxicity
* |dentify toxiclty mechanism

Figureb5.

Interdisciplinary activity between toxicology and materials synthesis. The close reciprocal
feedback is necessary to design and develop chemicals satisfying requirements for the
commercialization (i.e., high performance and no or low toxicity). The exchange of
information can devise and enhance their own technologies such as toxicity methodology
and synthesis process.
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Table 1

Actua toxicity of severa types of gold nanoparticles (AuNPs) in the zebrafish embryonic assay

Gold nanoparticles (AuNPs) General Characteristics Toxicity (mass basis) References
2-mercaptoethanesulfonic acid Ligand stabilized with anionic MES 50% mortality, 45
(MES-AuNPs) Negative surface charge 30% malformation
Coresize: 1.5nm at 250 mg/L
Mercaptoethoxyethoxyethanol Ligand stabilized with neutral MEEE Non-toxic 45
(MEEE-AUNPs) Neutral surface charge
Coresize: 1.5nm
N,N,Ntrimethylammoniumethanethiol  Ligand stabilized with cationic TMAT  50% mortality at 30 mgL 45,46
(TMAT-AuUNPs) Positive surface charge
Coresize: 1.5nm
3-mercaptopropionic acid Ligand stabilized with 3-MPA 75% mortality at 50 mg/L 54
(3-MPA-AuUNPs) Coresize: 1.2 nm
Bare AUNPs Not functionalized Non-toxic 42,46
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