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The field of nanotechnology has grown over the last two decades and made the transition from the benchtop to
applied technologies. Nanoscale-sized particles, or nanoparticles, have emerged as promising tools with broad
applications in drug delivery, diagnostics, cosmetics and several other biological and non-biological areas. These
advances lead to questions about nanoparticle safety. Despite considerable efforts to understand the toxicity and
safety of these nanoparticles, many of these questions are not yet fully answered. Nevertheless, these efforts have

identified several approaches to minimize and prevent nanoparticle toxicity to promote safer nanotechnology.

Nanoparticles Safety

| 1. Introduction: Nanoparticles and Nanotechnology

The field of nanotechnology has advanced exponentially in the last decade and many products containing
nanoparticles are now used in various applications such as in food science, cosmetics and pharmaceuticals 1.
Nanoparticles (NPs) are defined as particles with one dimension ranging between 1 and 100 nm. NPs exhibit
different properties depending on their size and surface functionalities 2. The small size and large surface area
account for the extensive use of NPs in various areas such as cosmetics, electronics and both diagnostic and
therapeutic medical applications Bl. The exponential growth and increasing interest in nanotechnology have been
enhanced by the ability to image nanomaterials using techniques with atomic resolution capabilities such as
scanning tunneling microscopy, scanning transmission electron microscopy and tandem electron microscopy 45

(8], Along with the application of NPs, there has been a growth in scientific publications, as shown in Figure 1.

Figure 1. The number of scientific papers published in the last two decades. Papers were identified in Pubmed
database from the year 2000 until 2019 using the key words nanoparticles (green) and safe nanoparticles, toxicity

of NPs (nanopatrticles), risks of NPs (red).
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The exponential growth of nanotechnology has led to studies focusing on the associated risks of NPs and
nanotechnology in general. However, and despite our increased exposure to NPs, information regarding NP safety

is lagging behind as compared to the research on the application of NPs (Figure 1) 2!,

NPs are used as pharmaceutical drug carriers with applications in both diagnostics and therapy. These NPs,
including polymeric NPs, nanoemulsions, liposomes and solid NPs, are suggested to have potential clinical
applications. Their clinical applicability depends on different parameters such as their physical and chemical

properties, drug loading efficiency, drug release and most importantly low or no toxicity of the carrier itself 1,

Despite the potential for clinical application, some studies have suggested that NPs can be toxic. These studies
have demonstrated the ability of NPs to accumulate in cells and induce organ-specific toxicity. These studies,
combined with the ever-increasing human exposure, demonstrate an urgent need for the design of safe NPs and

the development of strict guidelines for their development with regards to toxicity testing.

| 2. Approaches to Produce Non-Cytotoxic Nanoparticles

One promising approach toward decreasing the risk of some NPs, especially lipid-based NPs, is the use of “next-
generation lipids” that combine high potency and biodegradable properties. Martin et al. have developed
biodegradable lipids by incorporating biocleavable ester functions within the hydrophobic alkyl chains. This class of
biodegradable lipids showed rapid elimination from plasma and improved tolerability in preclinical studies with high

in vivo potency 81,

Surface coating strategies are also being suggested as one of the major surface modification strategies to
decrease the risk of NPs and design safer nanotechnology. Surface coating refers to any modification,
functionalization or stabilization applied to NPs in order to selectively alter their properties. The surface of NPs can
be covered with various substances such as polymers in single- or multi-layers that can be either complete or
incomplete &, This is because the coating material, if chosen correctly, provides biocompatibility and affects the
behavior (e.g., colloidal stability) and the fate (e.g., degradation, excretion, accumulation) of NPs following their

administration in the complex environment of biological fluids, cells and organisms.

There are numerous coating materials and coating techniques that are available for NPs. However, the most
important criteria for these coating materials is to maintain high colloidal stability from the production steps of NPs,
including stability in salt- and protein-containing media, such as buffer solutions or cell culture media, to their in
vitro testing in biological cells and in vivo testing in animal models 2. Another advantage of this strategy is that
surface coating is reversible by non-covalent modification. Since bioavailability and potential toxicological effects of
NPs are dependent on their dispersion state, various noncovalent coatings can be used to alter the dispersion
state of NPs to alter their toxicity [29. Coating strategies can be used for various types of NPs including polymeric,
lipid-based and inorganic NPs. Examples of coating materials include polyethylene glycol (PEG),
polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), poly(N—isopropylacrylamide) (PNIPAM), zwitterionic polymers
such as poly(carboxybetaine) (PCB), poly(sulfo-betaine) (PSB) and phosphorylcholine-based copolymers and
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polysaccharides such as dextran and chitosan 22112131 As an example, single-walled and multi-walled carbon
nanotubes (CNTs) have been used in drug delivery as drug nanocarriers, in tissue engineering, water purification
and in sensors 1413 CNTs have been also shown to induce inflammation, fibrosis and promote cancer
progression as a result of their surface chemistry, length and aggregation state 22181, Wang et al. have shown that
surface coating of CNTs using a nonionic triblock copolymer, PF108, improved the dispersion state of CNTs and
reduced their agglomeration, cellular uptake and pro-fibrogenic effects. The authors assessed the protective effects
of PF108 coating against the toxicity of CNTs in vitro using bronchial epithelial BEAS-2B cells and phagocytic THP-
1 cells and in vivo using mice lungs 7. The decrease in toxicity correlated to a decrease in pro-inflammatory
cytokine (IL-1P) production by THP-1 cells and pro-fibrogenic TGF-B1 production by BEAS-2B cells, as compared
to non-coated CNTs. In vivo studies demonstrated that PF108-coated CNTs reduced their deposition in the lung
and protected against pulmonary fibrosis compared to uncoated CNTs. The stability of the PF108 coating on CNTs
was maintained even under acidic lysosomal conditions 2. Another study conducted by Mutlu et al. demonstrated
that CNTs coated with PF108 protected against lung toxicity and were cleared from the lungs after 90 days
compared to non-coated CNTs, which aggregated and induced granulomatous lung inflammation and fibrosis 18,
These studies suggest that surface coating with pluronic F108 (PF108) can provide protection against particle-

induced toxicity and may be an effective strategy for the design of safer NPs.

Doping is a widely used and effective strategy for inorganic NPs. This technique alters the crystal structure of
materials through the addition of impurities to improve chemical and physical properties 129211 Examples of
dopants include aluminum, titanium and iron. These dopants, when incorporated evenly into the nanoparticles,
have shown the ability to alter the density of reactive chemical entities on the surface of NPs and therefore reduce
the binding energy of metal ions to oxygen 22231, Doping of NPs can decrease NP dissolution and cause a

reduction in toxic ions released, and therefore alter the reactive surfaces, resulting in a decrease in ROS
generation [231241(25],

Doping has increased the potential use of inorganic NPs in nanomedicine. Inorganic NPs have been studied
extensively; however, they also display significant toxicity to healthy cells and organs, which limits their clinical
applications B28l. Doping has been shown to improve the antimicrobial potential of silver-based NPs, which, when

doped with titanium oxide (TiO,), enhanced their antibacterial activities against Escherichia coli and Bacillus subtilis
2]

Flame spray pyrolysis (FSP) is a well-established technique used in NP doping. FSP uses a rapid combustion
method, liquid precursor, self-sustaining flame with a high local temperature and large temperature gradient that
allow for the synthesis of homogenous crystalline nanoscale materials 28, Even though ZnO NPs have wide
industrial applications, such as in cosmetics (e.g., sunscreens) and electronics 22 ZnO-induced pulmonary
inflammations have been reported in humans. This phenomenon is known as “metal fume fever” that takes place
when welders are exposed to metal fumes containing high concentrations of ZnO 9. This suggests that reduction
of dissolution of ZnO could possibly decrease these toxic effects B, George et al. (2010) synthesized Fe-doped
ZnO NPs by FSP and assessed their cytotoxicity in vitro using RAW 264.7 and BEAS-2B mammalian cells and

found that ZnO dissolution was decreased, which correlated to reduced cytotoxicity 22, In vivo studies showed the
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reduced toxicity of Fe-doped ZnO nanoparticles in zebrafish embryos and rodent lungs 24, While doping seems to
be promising in reducing toxic effects of NPs, further studies are needed to determine if doping has any

interference with the efficacy of encapsulated drugs and therefore their clinical applications.

Other modifications of surface properties of NPs that have been suggested to reduce their risk include alteration of
charge density and hydrophobicity, which is reported to improve the efficacy of some NPs in biomedical
applications including targeted drug delivery 32831341851 Adjustment of surface chemistry properties of NPs can be
achieved by covalent binding of functional groups such as anionic, nonionic and cationic groups onto their surface
(35](36](371[38][391[40] | j et al. (2013) synthesized and assessed the toxicity of CNTs functionalized with anionic,
nonionic and cationic surface groups in vitro and in vivo. CNTs with the anionic groups (carboxylate and
polyethylene glycol), displayed the lowest pro-fibrogenic effects and uptake in THP-1 and BEAS-2B cells 7,
Cationic CNTs interact with anionic groups on cell membranes, which appears to enhance their cellular uptake 411
(421431 When Goodman et al. (2004) compared the toxicity of gold NPs with cationic functional groups (ammonium
groups) in comparison to NPs with anionic groups (carboxylate group), their data showed reduced cytotoxicity and
cellular uptake with anionic NPs 4], These studies suggest that changing the surface properties of CNTs and gold

nanoparticles with anionic groups could potentially decrease their toxicity.

The hypothesis that altering the surface properties of NPs can reduce their toxicity is further supported by studies
with iron oxide NPs, whose toxicity is attributed to the release of hydroxyl radicals resulting from reactions at their
surface #8, Surface functionalization of iron oxide NPs with organic compounds such as aldehyde, carboxyl and
amino groups, stabilized the high chemical activity of these NPs, which resulted in a decrease in toxicity while
increasing their biological compatibility [£81471148][49]

One common theme amongst techniques to reduce or prevent the toxicity of NPs is the modification of
physicochemical properties of NPs, such as dissolution and release of toxic metal ions and agglomeration (Figure
2). However, further studies are needed to assess the effectiveness of these strategies under different exposure
conditions and environments. This is especially needed due to the increasing number of new NPs being developed
and their expanded use in the fields of biomedical application, drug delivery, diagnosis and imaging. There is also a
need to develop well-thought-out and standardized procedures for synthesizing NPs that are suited for their
different applications. One caveat to this is that many techniques for NP manufacturing and synthesis are based on
studies conducted under non-GLP (Good Laboratory Practices)/non-GMP (Good Manufacturing Practices)
environments, using small scale batches. As such, large scale-up production of NPs can create unforeseen
impurities, necessitating a re-evaluation of safety protocols as well as assessment of finalized products. A further
issue complicating the assessment of the toxicity of NPs is their potential toxicity in combination with drugs and

other materials, which has received minimal attention.
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Figure 2. Strategies for safer nanoparticles. Effective strategies start from choosing the right physicochemical
properties of NPs. Once studies show potential risks then alternative strategies may include modifications of the

composition or surface functionalities in addition to other strategies discussed in the text.
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