Indian Journal of Nanoscience Vol 3 (1), 19-29, June, 2015 ISSN: 2320-9682

Risk assessment strategies, toxicity testing and policy aspects of
nanomaterials

Blagica Jovanova*?, Renata Slaveska Raicki?, Tatjana Kadifkova Panovska®

L3 Department of Toxicology, Institute of Applied Biochemistry, Faculty of Pharmacy, Ss. Cyril and Methodius University, Majka
Tereza br. 47, 1000, Skopje, R. Macedonia
? Department of Pharmaceutical Technology, Institute of Pharmaceutical Technology, Faculty of Pharmacy, Ss. Cyril and
Methodius University, Majka Tereza br. 47, 1000, Skopje, R. Macedonia
blagicajovanova@hotmail.coml, rera@ff.ukim.edu.mkz, taka@ff.ukim.edu.mk’

Abstract

Background/Objectives: Nanomaterials possess unique properties, but the way they were designed may cause
adverse effects. These adverse effects are issues for the establishment of regulatory frameworks for their safe use.
Materials and Methods: Nanostructures able to interact with biological molecules via several mechanisms. However,
the dramatic benefits of their applications lately create a potential safety concern of their possible effects on human
healthand environment. These potential harms that may follow, lead to the need of a hazard assessment procedure
to determine the safety of nanomaterials. Therefore, two main approaches have been designed: Life Cycle
Assessment (LCA) and chemical Risk Assessment (RA).

Findings: The Risk assessment/Risk management framework developed by the U.S. National Research Council
consists of three components: research, risk assessment and risk management. The aim of this framework is to
collect data in order to determine whether an agent has a potential to cause adverse effect, to define the dose-
response relationship, exposure status and the probability of an exposure event in a population at current exposure
levels. However, current regulatory frameworks are not designed to address nanotechnology research and the
progress of risk assessment research of nanomaterials, because new nanoproducts are arriving on the market
rapidly. Therefore, the current knowledge about the nanomaterials on the market is insufficient, leading to lack of
risk assessment data that can be used to develop any kind of regulation.

Application/Improvements: Toxicity testing is insufficient to reduce the adverse effects of nanomaterials. Tiered risk
management strategy is one of the key steps in establishing a control limit for these unwanted effects.

Keywords: risk assessment, risk management, life cycle assessment, nanomaterials, toxicity testing
1. Introduction

The small size of nanomaterials changes their physical behavior compared to their bulk form, affecting their
solubility, melting point and catalytic properties, which contributes to their greater toxicity [1]. This explains why
nanostructures such as nanoparticles with a large surface area are able to form free radicals through several
mechanisms and lead to disruption of human biological tissues and cells. Moreover, due to their small size,
nanoparticles can easily interact with DNA, RNA and other genetic material, altering genetic information of the cell.
They can also interact with range of proteins altering their function. Their small size also allows them to accumulate
in different tissues, preventing the immune system to recognize the accumulation.

All of the above mentioned interactions increase the risk of potential toxicity of nanomaterials which are already
on the market. Therefore, it is essential to include risk assessment in the procedure for the determination of the
safety of nanomaterials. There are two main approaches for testing the health and environmental impacts of
nanomaterials: Life cycle Assessment (LCA) and chemical Risk Assessment (RA). Several regulatory bodies have used
either one of these approaches or a combination of both, depending on the type of analysis needed [2]. These
findings are based on the available data gained by introducing toxicity testing obtained by in vivo, in vitro and in silico
testing methods.
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Most of the entities and companies which use or produce nanomaterial products seemed not to attribute
enough for the assessment of potential risks of nanomaterials. A survey conducted in 40 companies using
nanomaterials in Germany and Switzerland showed that most of the companies did not give high priority to risk
assessment of nanomaterials and there is a lack of general industrial framework for evaluating the potential toxicity
of these nanomaterials. This leads to increasing of the concern and awareness about the implications on workers,
end users and environment [3].

All of these adverse effects that nanomaterials are capable of inducing are issues for the establishment of
regulatory frameworks for their safe use.

2. Materials and methods

2.1. Approaches for the assessment of potential risks of nanomaterials
2.1.1. Lifecycle assessment (LCA) of NM

LCA is a comprehensive, systematic methodology for testing the potential environmental impacts of a
nanomaterial, attributable to the entire life cycle of a product. This approach enables the assessment of the potential
hazardous effects of the NM throughout all life cycle stages, from raw material extraction and acquisition, through
both energy and material production and manufacturing process, uses and final disposal of the defined product. The
LCA methodology usually covers a broad range of environmental impacts, such as climate change, resource
depletion, toxicological stress on both human health and ecosystems and many others [2]. According to ISO
standards, LCA assessment is conducted in four main phases: (i) Definition of the goal and scope of the study, (ii)
Establishment of an LCA inventory, (iii) Performing Life cycle impact assessment (LCIA) which evaluates the potential
impacts of the system on the environment, (iv) Interpretation of the results from the assessment which would
provide the support for the critical decision-making in relation to the goal and scope of the study [4]. The LCA
approach is adequate to make a comparison between the potential environmental and human health impacts of
different nanomaterials as long as their designed products have the same function due to the fact that LCA as an
assessment method is based on a functional unit of the examined nanomaterials.

Government agencies could also benefit from the LCA assessment in a manner of providing information which
could help in the design of regulations and legislation in regard to occupational health and safety, consumer
protection and environmental protection. Also, LCA results can be used to inform the public of the potential benefits
and risks of nanoproducts. In industry sectors, LCA analysis might help bringing better decisions in regard of the
product’s design, marketing, development and manufacturing. LCA could also provide a sound solid basis for
marketing nanoproducts as environmentally friendly products, which is another benefit for industry stakeholders
[2,4].

This method cannot offer a detailed description of nanomaterials effects, especially in regards to the dose-
response information. However, LCA is a standardized methodology that mostly contributes to giving an overview of
the impacts of nanomaterials in each of their life cycle phases.

2.2. Risk assessment of NM

Risk assessment (RA) is another methodology used for the evaluation of the toxic potential of nanomaterials. This
approach brings the correlation between the specific properties of the nanomaterials with the risks related to human
or environmental exposure and the possible hazardous consequences. A risk assessment includes four general
components:
(A) Exposure assessment that refers to the identification and characterization of the populations exposed;
(B) Hazard assessment, which involves:
(1) Hazard characterization;
(2) Hazard identification;
(C) Final risk assessment based on exposure and hazard assessments.

Unlike LCA, RS is a tool for the hazard evaluation of several nanoproducts in one part of their life cycle at a

time [5].

A variation of this testing method is the Intelligent testing strategy (ITS) which was upgraded in a way that allows
a more accurate and efficient risk analysis. This was accomplished by introducing a more thorough physicochemical
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characterization of nanomaterials in the ITS method, yet the same basic principles as in the traditional risk
assessment approach were retained. Another upgrade to the system was cross-cutting grouping, ranking and
modelling of nanomaterials by common characteristics and ranking them by different parameters such as potential of
exposure or intrinsic toxicity [6].

A new classification of the nanomaterials according their potential toxicity was proposed as an algorithm which
included series of questions about the potential risk and hazard assessment of nanoparticles concerning their
solubility, size distribution, if there is any evidence confirming the toxic, biological and oxidation effects and/or
disruption of genetic and endocrine function from nanoparticles, any evidence confirming the possiblity of
accumulation of nanoparticles in surrounding environment, human/animal organisms and their possible transfer
down the food chains. The RA methodology has also introduced the control banding method that leans upon the
OHB (Occupational Hazard Band) toxicology scale that consists of five levels. According to this scale, nanomaterials
could be rated at OHB level 4 and OHB level 5 that applies for any insufficiently examined chemical [7,8].

Risk assessment strategy could be a quite intricate way to understand all the effects that nanomaterials could
possibly lead to, but on the other hand it also gives a more specific explanation of the potential harms that may
follow.

2.3. Exposure assessment of NM

Physical (i.e. size, shape, surface area, agglomeration state), chemical (i.e. chemical composition, charge,
chemical reactivity), biological (i.e. route of administration, metabolism, excretion, adduction to biological molecules)
and environmental (i.e. presence of microbes, temperature, pH, salinity, acidity, viscosity) factors play a very
important role in the exposure assessment studies of nanomaterials [9].

Exposure in experimental studies is usually expressed as dose on mass/body weight basis, or as concentration.
However, the dose or concentration may not be the best metric to predict the effect of engineered nanomaterials
(ENM). Surface area is considered a more relevant factor [10]. Although occupational exposure may occur via several
routes (such as dermal contact, ingestion, inhalation), the most common exposure studies are those which consider
the inhalation route of exposure, since this is a frequent threat to workers in the occupational settings where
nanomaterials are manipulate and used [11]. In line with this, several models have been suggested for inhalation
studies, but only few of them are optimized as nano-specific models for inhalation in the occupational settings. Nano-
specific models used in exposure studies lack a correlation between the mass concentration of the nanomaterial as a
model output and the actual particle number concentration in the settings of exposure. Examples of nano-specific
refined model systems are Stoffenmanager Nano® (NL) and NanoSafer® (DK). These models provide more
comprehensive exposure assessment compared to other models where only the potential for emission of
nanoparticulate matter is used as a factor in exposure studies. However, in order to develop a quantitative nano-
specific model which will provide exact correlation between the exposure degree and nanoparticle number
concentration, further exposure examinations are needed [9,11,12].

2.4. Hazard assessment of NM
2.4.1. Hazard characterization of NM

First step in a hazard assessment process is a hazard characterization defined by a physical and chemical
examination of the nanomaterial. Physical and chemical properties of the bulk form (if exists) may vary from those of
the nanomaterial, bringing out the indispensability of the physicochemical characterization in the hazard assessment
process [11].

Prior the risk assessment takes place, nanomaterials are being examined and their native physical and chemical
properties, as well as their concentration in the medium are initially being determined using various techniques such
as Energy Dispersive X-ray Analysis (EDS), Atomic Absorption Spectroscopy (AAS), Inductively Coupled Plasma
Spectroscopy (ICPS), Brunauer, Emmett and Teller (BET) technique and Inverse Gas Chromatography (IGC) which can
be used to estimate size and surface area, while Scanning Electron Microscopy (SEM), Transmission Electron
Microscopy (TEM) and Atomic Force Microscopy (AFM) are routinely used for evaluation of size and morphology.
Dynamic Light Scattering (DLS), Zeta Potential and UV-Visible Spectroscopy are routinely performed in solution to
provide size, charge and composition characteristics [1,13].
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However, a physical and chemical characterization of the nanomaterial is insufficient concerning its potential for
toxic effects [11].

Hence, even if it is possible to attain a well-defined physicochemical description of the examined nanomaterial, it
may be insufficient for the following steps in the hazard assessment.

2. 5. Hazard identification of NM
2.5.1. Nanoparticle properties and their cell uptake in hazard identification

Part of the hazard identification step is to examine how the physicochemical properties of the ENMs influence
their uptake via different routes of exposure. Nanoparticles possess a greater surface area per mass than larger
particles of the same compound, making them easier for uptake by cells, leading to their greater activity in the
biological systems, therefore more prone to cause adverse effects. Other ENM characteristics which may influence
their toxicity include size, shape, surface functionalization, surface reactivity (ability for reactive oxygen species
production), solubility, association with biological proteins, binding to receptors, their strong tendency for
agglomeration (mainly by Van der Waals forces, electrostatic forces and simple physical entanglement). One study
showed a positive correlation between the concentration and smaller ENM size with the speed of agglomeration
[10,12].

The nano size of nanoparticles is probably one of the most influential factors for the manifestation of the
predetermined as well as the adverse effects of nanomaterials.

2.5.2. Mechanisms of toxicity of NM

Depending on the biological molecules they encounter in the body fluids or at the body surfaces, nanomaterials
may undergo series of modifications which may alter several native physical and chemical properties through the
processes of degradation/dissolution and aggregation. Therefore, it is essential that these modifications are taken in
consideration when nanotoxicological studies are ongoing [14].

The toxicity of nanomaterials can occur via several mechanisms based on their physicochemical characteristics,
steric orientation, possibility of releasing chemical constituents from the nanomaterial, surface properties, and
possibility to act as vectors for the transport of other toxic chemicals [9]. There are approximately ten mechanisms of
toxicity which include generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS), oxidative
stress, frustrated phagocytosis, changes in protein structure and function, protein unfolding response, immune
response activation, fibrogenesis and tissue remodeling, vascular injury, neurotoxicity, genotoxicity and other
possible mechanisms of toxicity given the wide range of novel NM physicochemical properties [15,16,17,18].

A nanomaterial could also act through more than one mechanism of toxicity, inducing several types of changes in
sensitive tissues. Once the nanoparticle enters the cell, toxicity can occur via one or a combination of several
mechanisms [9].

Four mechanisms have been identified as most common and explained in detail. The first mechanism involves
the release of chemical constituents which lead to toxicity through the release of toxic molecular fragments. The
second mechanism is based on the steric orientation of the nanoparticle and depends on its shape and size. If there
is a possibility for steric interferences, the nanoparticles can interfere with important binding sites for
macromolecules. The third mechanism of toxicity is related to the surface properties of the material, such as
photochemical properties, charge densities and local electric fields. The fourth mechanism of toxicity is based on the
capacity of nanomaterials for transport of other toxic chemicals to sensitive tissues [19].

As above mentioned the most common route of exposure in occupational settings is via inhalation [1].

Most important mechanisms of toxicity via inhalation are:

1) generation of ROS and RNS, causing lipid peroxidation of cellular membranes, DNA and enzyme damage;
2) oxidative stress;

3) ROS-stimulated carcinogenic changes; and

4) inflammation-driven processes which may result in lung mutagenesis and carcinogenesis.

Engineered nanoparticles (ENPs) have the ability to increase the formation of ROS and RNS which may lead to
initiation and promotion of carcinogenic mechanisms or/and genotoxicity. However, this is a long process of
neoplastic changes, and rarely comes to the final stage of carcinogenic development. This is also confirmed with the
little evidence found for the carcinogenic effects of engineered nanoparticles in humans [20].
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To sum up, the mechanisms of toxicity of nanomaterials are in a very tight correlation with their fundamental
characteristics; this means that by manipulating some of their characteristics, it is possible to reduce their toxicity if
the change has been made to the right segment of their structure.

2.5.3. Challenges in risk assessment of NM

There are many challenges regarding the risk assessment of nanomaterials: method of preparation of the NM,
their interaction with the environment where it is found during its life cycle i.e. biological systems, food chain, or
ecosystems where it may be released after use (soil, air, water). Another challenge is the definition of a special
protocol for the identification of specific properties and the design of the appropriate dose metric correlation in
toxicological studies with the sole purpose — risk assessment approaches for nanomaterials [11].

Theoreticians and practitioners of LCA agree that Life Cycle Assessment is the best option at the beginning of a
new product development to identify the main areas of concern. Moreover, it has been recommended a combination
of LCA and RA for the completion of the evaluation process for the potential health and environmental risks of new
nanoproducts.

Although both LCA and RA are successful in giving information about the potential toxicity of nanoproducts,
there are several gaps in the whole examination process using both methods. In the case of LCA, lack of robust data
regarding emissions and exposures that are related to the production process, use and disposal of NM and limited
data regarding the environmental fate, behavior and toxicological impacts of NM are of great significance. Other
oversights are the unclear metrics which were applied in this methodology, the inconsistencies in data sources, the
variability in NM characterization and their purity, as well as the probable inadequacy of the gained results for
application in decision-making processes.

Risk assessment methodology may provide insufficient measured exposure data for NM, lack of validated
exposure estimation models, unclear NM characterization and identification, inappropriate metric(s) for expressing
exposure and hazards, and also unclear applicability of test guidelines and (eco)toxicological studies [2].

2.6. Combination of LCA and RA for an overall risk assessment

The combination of both methodologies could offer a way to overcome the flaws of each approach when applied
separately.

The LICARA project combines Life cycle assessment, Risk assessment and Multi criteria decision analysis to assess
the environmental benefits and risks of new nanoproducts. LCA contributes by observing the full life cycle in
comparison to a reference product, while the RA is used to assess the risks of the hazard and exposure of the
examined nanoproduct, in each processes of its life cycle separately. In some cases, gained benefits and risks of a
nanoproduct are not directly comparable and the uncertainty of the decision making for the safety of that
nanoproduct is overwhelming. Therefore, the LICARA concept includes the MCDA as well, in order to weigh-up the
specific factors that result in certain benefits and risks of the new nanoproduct [21].

Another reason for the combination of LCA and RA approaches is the higher risk of exposure at the workplace
compared to the exposure via the environment. LCA evaluate the toxicity hazards for the environment and the
general population providing very little information available on the risks of workers exposed to NM. Therefore, the
RA approach broadens the scope and includes the safety and social issues in the sustainability assessment and the
impact of nanomaterial risks for both workers and general population [22].

However, full integration of both approaches cannot answer all the questions because of their different scopes
and end results. Therefore, a complementary concept is more desirable, regarding involvement of RA approach
inside every stage of a product’s life cycle, prioritization of data by LCA needed for the RA approach and setting a
hypothetical basis by LCA followed by a more detailed RA analysis [23].

Both methods require technical data and strong expert knowledge, therefore the combination of LCA and RA
together may result in filling in several gaps, but it wouldn’t solve all questions completely. Even though both
strategies have points in favor of and against their application, the Risk Assessment strategy appears as a better
choice as long as the main aim of the study is to elucidate the hazardous effects of a single agent.
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2.6.1. Risk management model for nanotechnology

The objective of risk management is the identification and management of significant risks. It consists of several
key steps, with feedback through a control andmonitoring process [5]. By wider definition, risk management involves
evaluating the extent of risks and deciding on the most appropriate exposure control measures. In general, it involves
research in several areas of interest such as societal and occupational levels. The societal level is relevant for the
rights of workers to have safe and healthy workplace and a right to know about potential hazards. Another aspect is
the responsibility of the employers to provide a healthy and safe workplace for their employees. Therefore, risk
management is an essential part of the clause for the safety of workers at the occupational settings, and includes
hazard, exposure and risk information [24].

Goudarzi has suggested a 10-step qualitative risk management model for nanotechnology (NT) risk managers
which could enable to detect significant risks in a systematic approach [5], as the following:

1) Basic knowledge of the work and adequate consultation between stakeholders, managers and employees

2) Organization of the work into sections, subsections and tasks or process-units according to Work Breakdown
Structure (WBS)

3) Identification of all nanoparticles that are, or will be, used or produced in every work unit and process

4) Identification of the type of nanoparticle (e.g., engineered insoluble nanoparticles in a matrix, or more hazardous
forms such as free nanoparticles)

5) Providing information about the nanomaterials in the Material Safety Data Sheets (MSDS) by the supplier, but if
not available, it is necessary to obtain adequate information from other sources (textbooks, provided standards,
technical reference sources, scientific papers, reports, trade journals, electronic online databases) or experience from
a previous use of similar substances or processes

6) How hazardous are nanoparticles released into the working area? Are persons exposed to hazardous nanoparticles
through respiration, skin, ingestion or eye contact, or is there a possibility of accidental injection into the body?

7) Determining the nature and severity of the hazard and the degree of exposure of people involved in the process

8) In case the assessment shows that there are significant risks to health, further actions should be acquired if
needed

9) The record should be concise and should include: a description of the work unit, name of the assessment team
personnel, date, time and a list of hazardous nanomaterials used or produced in the project unit, a summary of the
process containing a description of normal operations in the project unit (with a note of any changes observed or
anticipated which might affect accuracy of assessment); risk identification, including possible routes of exposure;
procedure for assessment of exposure; the degree of exposure and existing control procedures

10) Review and regulation of the assessment (if needed).

Risk management overlaps with other management processes in most projects, which is usually undertaken as
part of a normal project management [5].

Alongside the physicochemical profiling of the nanomaterials as an essential fragment of an excellent risk
management plan, a structurally managed communication between workers, managers and stakeholders is also one
of the key notes for a successful risk management operation. A step-by-step sequence of initiatives is the most
convenient approach in resolving the hazard issues with nanomaterials that are exploited in many areas.

2.7. Toxicity testing of nanomaterials (NM)
2.7.1. In vivo or in vitro toxicity assays — is one of them a better choice, or both?

Many national and international regulatory agencies are making efforts to develop a tiered strategy for toxicity
tests. These strategies include two stages of testing: first stage refers to in vitro assessment (preliminary screening of
nanoparticles (NP), followed by their benchmarking and selection of those which potentially cause harm) and the
second stage involves in vivo assessment using laboratory animals (toxicity testing of the selected potentially toxic
nanoparticles). According to this concept, in vivo studies contribute to clarifying the toxicity mechanisms and targets
of action at different levels of NM life cycle, in order to improve the overall understanding of the possible adverse
outcomes resulting from the exposure of nanoproducts [25].

A different approach of the above mentioned, is to include in vivo studies as a fundamental tool being essential
for setting the basis of a toxicological experiment. /n vivo studies investigate which organ systems are susceptible to
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the potential toxic effects of the nanomaterials, which somehow gives a direction for the in vitro studies that follow.
Therefore, in vitro studies cannot be assumed to capture the same behavior of NM as in in vivo settings, since the
nanoparticle may experience transformations or interact with biological components (such as proteins) after
absorption. According to the second theory, in vitro studies are useful for more specific examinations, such as
identifying the mechanisms of toxicity and targets of toxicity action on a molecular level [26,27].

Although in vitro data are not a substitute for in vivo studies, their use may contribute to reduce the number of
laboratory animals needed, reveal a general mechanism of toxicity which can give a direction of further assessment
of the potential risk of exposure to nanomaterials using in vivo testing [1,25]. This is highly supported by the 3Rs’
principle, which was described by Russell and Burch in their book Principles of Humane Experimental Technique. The
3Rs’ principle has been endorsed by many government agencies, scientific associations and funding bodies and refers
to the practice to reduce, refine, and replace animal experimentation whenever possible [26].

Therefore, in vivo and in vitro assays cannot independently give concrete results as definite unchangeable facts.
In addition, in vitro experiments must have in vivo validation in order to be useful [27].

Both assays are a useful approach for completing a general picture based on several aspects of the examined
nanomaterial of whether the nanoproduct is toxic, needs to be further examined, or did not show significant toxic
effects and therefore its use is considered relatively safe. The decision of which of these assays may give more
relevant results could not be made, mainly because both assays explain the same dilemma from different aspects
(e.g., in vivo assays could show which organ is affected, while in vitro assays could explain the mechanism of toxic
action).

2.7.2. Limitations of in vivo and in vitro models

Animal models have several limitations which can be grouped in three categories: ethical issues, economic issues
and lack of prediction. Some of the in vivo limitations include the following:
1.No animal model is perfect. This means that part of the variables in animal models are neglected on purpose in
order to achieve a simplified animal model. However, many factors such as differences between species, differences
in the pharmaco- and toxicokinetics of the examined substance, age, sex and group size variations, consecutive stress
in animals and other factors reflect the final results, which sometimes might lead to wrong conclusions;
2. Lethality in acute toxicity may be a side-effect;
3. Economic factors impact on animal use.

In vitro testing includes the following limitations:
1. Transformation or immortalization of the cell lines which may alter the properties of the cells,
2. Selective toxicity in which some cells are more sensitive than others,
3. Difficulties in the isolation of the cells from their natural environment,
4. Difficulties in studying integrated groups of cells or organ systems.
5. Lack of specificity in clarification of the toxicological pathway because multiple stimuli might result in the same
outcome in the same assay, which results in a poor correlation between the biological outcome and specific
nanomaterial properties.

Another disadvantage is that in vitro assays cannot give information regarding the sublethal toxicity doses
[1,15,26,28,29].

2.7.3. Possible alternatives for Ecotoxicity and Nanotoxicity studies

An interesting alternative for the toxicity assessment of engineered nanomaterials are bacteria which are
sensitive to the effects of nanomaterials in their environment. Bacteria residing in water, soils and sediments may be
exposed to engineered nanomaterials, but this effect is actually mutual: As long as ENMs can influence their life
cycles, bacteria could also change ENMs fates. Bacteria are important receptors in Ecological nanotoxicology, but
they are also convenient as test subjects in toxicological screening for rapid hazard identification. However,
experiments about ENMs toxicity using bacteria are very limited and partial, which makes these testing methods only
applicable in ecotoxicological studies for the assessment of ENMs degradation [30].
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A more approachable and cost-effective alternative for the nanotoxicity studies are the in silico methods. Their
integration with in vivo and in vitro approaches is critical, since their development often depends on the input of
either in vitro or in vivo data [31].

2.7.4. In silico methods as additional method for toxicity testing

Biological testing should be based on robust scientific paradigms which can further be used for screening of
multiple toxicants. This represents a predictive toxicological paradigm, defining the in vivo toxic potential by applying
in vitro and in silico methods, instead of costly animal experiments that examine one toxicant at a time. This
paradigm is based on four major requirements:

1. Designing compositional and combinatorial ENM libraries aimed for collecting knowledge about the material
properties and the potential for biological harm.

2. Development of in vitro cellular screening assays

3. Development of HTS (high content throughput screening) and RTS (rapid throughput screening) platforms that are
aimed to assess the material composition and properties

4. Application of in vitro data in the in silico modeling for establishment of QSARs (Quantitative Structure-activity
relationships) and optimization of the hazard ranking for the prioritization of animal experiments [15].

The idea of using in silico methods as a predictive tool for the biological behavior of nanoparticles is associated
with the need of developing an alternative approach which would reduce animal testing, secure early screening,
provide details of toxicity mechanisms and allow more time effective planning of experiments. These methods are
based on the relationship between biological effects of nanoparticles in the organism and their physicochemical
properties. In silico prediction models are able to translate the in vitro outcome into the outcome expected for in vivo
tests [31]. Existing in silico methods include QSAR (Quantitative structure-activity relationship) and QSTR
(Quantitative structure-toxicity relationship) models, expert systems, CADD (computer-aided drug design) models
and ADME models [29,31]. QSAR and QSTR models aim to describe the relationship between the biological activity
(and toxicity) and one or several molecular descriptors associated with the physicochemical properties of the tested
nanomaterial. The most relevant molecular descriptors for the model development are the ones associated with the
mechanism of activity and/or toxicity of the selected nanoparticles [31,32,33].

Although in silico methods have a significant applicability in nanotoxicological researches, they also have several
limitations such as insufficient experimental data about the physicochemical properties, often are based entirely on
correlations even when a molecular descriptor is of no biological significance and often these predictions can be
better than their input if there are random errors [31].

Although in vitro techniques partially replaced in vivo testing strategies, in silico studies are still the stems to
every new toxicity study, since they are based on predictive tools which allow safer, cheaper and faster obtaining of
preliminary results. They are essential for every new toxicity study, yet insufficient when it comes to bringing the
decision about new nanomaterial usage.

3. Results and Discussion

3.1. Regulation and policy platform

World and European organizations, such as: (i) Organization for Economic Co-operation and Development
(OECD), (ii) European Commission (Registration, Evaluation, Authorisation and Restriction of Chemicals legislation —
REACH, NANO Safety Cluster), (iii) European Food Safety Authority (EFSA), (iv) Scientific Committee on Consumer
Products (SCCP), and (v) Environmental Protection Agency (EPA) are taking steps to regulate and describe the
necessary end points that contain information useful in risk assessment of nanomaterials. The largest number of
described experimental and theoretical research protocols can be found in OECD documents. In these documents,
there are few groups of experimental parameters: (1) Nanomaterial Information/Identification; (2) Physical-Chemical
properties and Material Characterization; (3) Environmental Fate; (4)Environmental/Mammalian Toxicology; (5)
Material safety [9].

The Risk assessment/Risk management framework developed by the U.S. National Research Council collects data
to determine whether an agent has a potential to cause adverse effect, to define the dose-response relationship,
exposure status and the probability of an exposure event in a population at current exposure levels. This framework
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consists of three components: research, risk assessment and risk management. The task of the risk assessment
compartment is to evaluate the above mentioned parameters, while the risk management compartment uses the
gained results to regulate the exposure to the examined agent. These results serve to estimate the probability of
occurrence of an adverse effect when a population or part of a population is exposed to the examined agent [10,30].

Regulators and policy-makers have responded to these regulatory issues in different ways. At one end, regulatory
authorities have adopted the “wait-and-see” approach and delayed regulatory action until sufficient knowledge
about risks has become available. At the other end, authorities promoted further research of the potential risks of
new technologies and limit or prevent potential harm from uncertain risks. Which approach is a better choice is still a
question to be answered by regulatory agencies, as it involves a wide range of factors, from political policies to
economic interests [34].

Current regulatory frameworks are not designed to address nanotechnology research and the progress of risk
assessment research of nanomaterials, because new nanoproducts are arriving on the market rapidly. Therefore, the
knowledge we have about nanomaterials is lagging behind the development of new products, leading to lack of risk
assessment data that can be used to develop any kind of regulation at this stage [35].

However, policy-makers and regulatory agencies have started to make progress by developing short-term
regulatory frameworks which contain basic regulatory schemes for the safety of the exposed population. An
additional issue is how to regulate a technology that we know relatively little about in terms of potential risks,
regarding the fact there is a significant knowledge gap between the health and environmental effects on
nanotechnology [35,36].

Many regulatory bodies appear to make efforts for the establishment of a policy platform, while interim this
process of resolving initiation they keep their distance from the real issue. Whether it is a political reason, or plain
economic matter, remains to be clarified by the in time progress achieved in this area of expertise.

4. Conclusion

On the basis of current knowledge about the potential risks and toxicity of nanomaterials, it is obvious that risk
management and toxicity studies are a vital part of the regulative measures for a safer use of nanomaterial products
on the market. Life Cycle Assessment methodology usually provides sufficient data about the environmental impacts
of the examined nanomaterial, while Risk Assessment Methodology is mainly oriented towards the clarification of
the health hazards which conceivably follow after handling nanomaterial products. The results gained from in vivo, in
vitro and in silico assays are highly relevant for the design of a regulatory framework, especially because these
regulatory challenges are best solved by people who already are in contact with the examined nanomaterials, either
as consumers or as researchers. Nanoscientists are a crucial element in the big design of a regulatory network which
will contain relevant and up-to-date information on the safety of nanomaterials. Creating an international NM
database with information on the chemical properties, toxicity and consumer use, would assist in the categorization
of nanomaterials. Both consumers and producers of nanomaterials could provide useful information on that matter.
A legally enforced information duty of the NM producers might be the most effective way to ensure both quality and
safety.
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