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Abstract: 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 nanopar-

ticle 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 sev-

eral approaches to minimize and prevent nanoparticle toxicity to promote safer nanotechnology. 

This review summarizes our current knowledge on nanoparticles, their toxic effects, their interac-

tions with mammalian cells and finally current approaches to minimizing their toxicity. 
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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 de-

pending 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 [3]. The exponential growth and in-

creasing interest in nanotechnology have been enhanced by the ability to image nano-

materials using techniques with atomic resolution capabilities such as scanning tunneling 

microscopy, scanning transmission electron microscopy and tandem electron microscopy 

[4–6]. Along with the application of NPs, there has been a growth in scientific publica-

tions, as shown in Figure 1.  

The exponential growth of nanotechnology has led to studies focusing on the associ-

ated 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) [3].  

Citation: Najahi-Missaoui, W.;  

Arnold, R.D.; Cummings, B.S. Safe 

Nanoparticles: Are We There Yet? 

Int. J. Mol. Sci. 2021, 22, 385. 

https://doi.org/10.3390/ijms22010385 

Received: 20 November 2020 

Accepted: 27 December 2020 

Published: 31 December 2020 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and insti-

tutional affiliations. 

 

Copyright: © 2020 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://cre-

ativecommons.org/licenses/by/4.0/). 



Int. J. Mol. Sci. 2021, 22, 385 2 of 22 
 

 

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 (nanoparticles), risks of NPs (red). 

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 de-

pends on different parameters such as their physical and chemical properties, drug load-

ing efficiency, drug release and most importantly low or no toxicity of the carrier itself [7].  

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 hu-

man exposure, demonstrate an urgent need for the design of safe NPs and the develop-

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

This review briefly introduces the reader to the major types of NPs and their various 

biomedical applications. The reader is referred to recent publications for a more complete 

review of the types and application of NPs [3]. This review then summarizes the current 

understanding of NPs’ cellular interactions and their current toxicological status. The last 

section of this review identifies key properties of NPs that correspond to decreased tox-

icity and presents approaches toward producing safer NPs to further facilitate the use of 

nanotechnology. 

2. Nanoparticles and Their Applications 

2.1. Polymer-Based Nanoparticles 

Polymeric nanoparticles (PNP) are used widely as drug carriers for controlled and 

sustained release. The encapsulated entity can be attached to the surface of a nanosphere 

or nanocapsule, or incorporated into a matrix or shell of the polymer [8]. Two commonly 

used polymers are poly lactic glycolic acid (PLGA) and chitosan, which have both been 

FDA approved for clinical use, partially due to the fact that they are biocompatible and 

biodegradable [9–11]. 
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2.2. Solid Nanoparticles: Iron Oxide, Gold and Silver Nanoparticles 

Solid NPs include iron oxide, gold, silver and other metal-based NPs. Iron oxide NPs 

are produced by conjugating an organic core of magnetite (Fe3O4) or maghemite (Fe2O3) 

to a biocompatible polymer. Iron oxide NPs have attracted great interest in the last decade, 

primarily because of their superparamagnetic properties [12,13]. Iron oxide NPs are used 

in biosensors in combination with magnetic resonance imaging (MRI), targeted drug and 

gene delivery and magnetic fluid hyperthermia [14]. In addition, iron oxide NPs have 

been used in various diagnostic and imaging techniques because of their unique optical 

properties that enable them to act as biosensors in living cells [15,16].  

Depending on their size, shape and surface properties, gold NPs have been suggested 

for use in cancer diagnosis, therapy and radiotherapy [17,18]. Gold NPs can even be used 

to develop theranostic systems where diagnosis, imaging and therapeutics can be com-

bined for improved therapy [19,20]. Gold NPs were shown to have reduced toxicity as 

compared to other solid NPs; however, a full understanding of their toxicity profile is still 

lacking [21].  

Silver NPs are another class of solid NPs that have received some attention. This in-

cludes the use of silver NPs as biosensors because of their optical properties and ability to 

absorb and scatter light. Silver NPs are heavily used in electronic devices, textiles, wound 

dressings, antimicrobial coatings and biomedical devices [22,23]. 

2.3. Carbon-Based Nanoparticles 

Carbon-based NPs are being increasingly used in various biomedical applications 

such as drug delivery, gene therapy and imaging. Carbon nanotubes (CNTs), a major class 

of these NPs, include single-walled (SWCNTs) and multi-walled (MWCNTs) types. CNTs’ 

unique physiochemical properties make them strong candidates for various applications 

in biomedical fields, such as drug and gene delivery, biosensors and tissue engineering 

applications [24–27]. They also display high stability and have specific surface chemistry 

that allows for increased drug loading capacity. However, the safety of CNTs is still ques-

tionable as they have been shown to be toxic to healthy tissues following chronic exposure 

[27–30].  

2.4. Lipid-Based Nanoparticles  

Liposomes are the classic example of vesicular lipid-based NPs. Liposomes consist 

of a phospholipid and cholesterol bilayer that entraps an aqueous core, as first described 

in 1965 [31]. Liposomes are one of the most commonly used drug delivery systems, with 

several currently FDA-approved formulations in use and many more in clinical or pre-

clinical trials [32,33]. Liposomes have been used for drug, nutraceutical and biologic-

based delivery and can exhibit high encapsulation efficiency and extended circulation 

time. These properties enable liposomes to accumulate at specific sites of disease, such as 

tumors, where the endothelial layer is discontinuous, a functional lymphatic system is 

lacking and liposomes accumulate passively via the enhanced permeability and retention 

effect (EPR) [34,35]. Early conventional liposomes had limitations such as short half-life 

and rapid systemic clearance following their opsonization and clearance by the reticulo-

endothelial system (RES). However, the conjugation of polymers such as polyethylene 

glycol (PEG) or PEGylation of liposomes, and the use of saturated high-phase transition 

lipids, resulted in the generation of sterically stabilized liposomes or “StealthTM lipo-

somes” (SL), with prolonged half-life and increased stability [36–38]. The long systemic 

circulation time of StealthTM liposomes allows for altered biodistribution and greater ac-

cumulation in solid tumors, compared to conventional formulations [39,40]. Among their 

advantages, liposomes and other lipid-based NPs have been shown to have the least toxic 

effects for in vivo applications [7]. 
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2.5. Nanoemulsions 

Nanoemulsions (NE) have been commonly used in the delivery of vaccines and anti-

cancer agents. NEs are colloidal dispersions that can be used as drug carriers of molecules 

with limited water solubility [41]. NEs are usually composed of either oil nanodroplets 

dispersed in water or water nanodroplets dispersed in oil. Surfactants are typically in-

cluded to enhance their stability. However, a key limitation of these carriers is that they 

are thermodynamically unstable if their size exceeds 500 nm. In contrast, NEs in the range 

of 20 to 200 nm are more thermodynamically stable [42,43].  

NEs are suggested to be suitable for various administration routes including paren-

teral, transdermal and ocular, mostly due to their ability to protect encapsulated drugs 

from enzymatic degradation and hydrolysis [44]. NEs, like many of the NPs discussed 

above, can be modified by conjugating them to different ligands to target macromolecules 

selectively expressed in specific diseases such as cancer. For example, ligand-conjugated 

NEs, which can target receptors whose expression is increased in certain cancers, have 

been shown to have enhanced uptake into cancer cells, facilitating reduction in tumor 

growth [45]. 

2.6. Nanoparticles in Biomedical Applications  

Various NPs including liposomes, iron oxide NPs and polymeric NPs are being 

tested in clinical and preclinical studies for drug and gene delivery with the goal to im-

prove their site-specific delivery [46–48]. Many drugs with therapeutic efficacy unfortu-

nately have poor aqueous solubility and their encapsulation in NPs can improve their 

stability by minimizing precipitation and reducing the need for toxic cosolvents. NPs can 

also alter rates of drug metabolism and clearance and therefore improve drug efficacy [49–

51]. For example, the FDA approved doxorubicin liposomes Doxil® (Centocor Ortho Bio-

tech, Horsham, PA, USA) for the treatment of metastatic breast cancer and Kaposi’s sar-

coma. These nanoparticles have significantly increased efficacy compared to free drug 

[52,53].  

Conventional or first generation NPs do not display specific cell targeting, however, 

targeting moieties can be conjugated to NPs to enhance delivery to specific cells. As men-

tioned above, NPs can be actively targeted to different disease sites by conjugating them 

to specific ligands capable of recognizing and binding to membrane proteins known to be 

overexpressed in various pathologies, such as in cancer [54].  

NPs are also used as gene delivery systems and have shown efficacy in replacing 

specific target diseased genes involved in cancer, certain viral infections and other genetic 

disorders. Unfortunately, cationic NPs can cause immunological responses that limit their 

use [55–57]. Additionally, NPs have been used in cellular imaging to detect cellular 

changes in vitro and in vivo [58]. NPs can be conjugated with moieties such as antibodies 

and other ligands to increase their targeting efficiency [2].  

Despite their promising efficacy as drug or gene carriers, there are fewer NPs in clin-

ical use than one would predict based on the wide preclinical studies. This is mainly be-

cause of potential toxicity by mechanisms that are not fully understood, which is espe-

cially true for NPs being administered chronically [59]. 

3. Mechanisms of Nanoparticles Toxicity 

Like any drug or chemical, the toxicity of NPs is dependent on the route of admin-

istration and their exposure [3]. Exposure to NPs may occur through ingestion, injection, 

inhalation and skin contact (Figure 2). The organ-specific toxicity following exposure to 

NPs depends on the route of administration and their systemic distribution. Some expo-

sures are unintentional, such as in pulmonary inhalation of NPs in the environment or 

manufacturing places. Exposure through the lungs can result in inflammatory reactions, 

fibrosis and necrosis of lung tissues [60,61]. Other exposures are intentional, such as ap-

plication of skin products or drug administration via ingestion or injection.  
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Once they reach the blood circulation, NPs can be distributed and can accumulate in 

different organs such as the liver, spleen, lungs and kidneys. Some studies suggest that 

NPs may also accumulate in the brain if they are small enough (< 10 nm) and/or the blood 

brain barrier is not intact. However, there is still a lack of evidence of nanoparticle 

transcytosis [62,63]. A common property of most of these organs is their leaky blood ves-

sels, which is also true for tumors. This leaky vasculature enhances the accumulation of 

NPs because of the EPR effect [64,65]. Accumulation of NPs in specific organs also de-

pends on their physical and chemical properties. In addition, aggregation of NPs may 

affect their biodistribution and organ deposition. Recent studies using different animal 

models showed that NPs accumulate in different organs, interact with cellular macromol-

ecules and cause oxidative stress [66,67]. NP distribution depends on their surface area to 

size ratio, which also mediates their propensity to accumulate in different tissues and or-

gans [68,69].  

. 

Figure 2. Routes of exposure to NPs and their distribution to organs in the human body. Exposure to NPs may be through 

lungs, injection, ingestion or skin absorption. Distribution organs include liver, spleen and kidney. The brain is suggested 

as a potential target for NP distribution, however direct evidence is still lacking. 

Much of what we know about NPs’ toxicity and distribution comes from studies per-

formed using short-term exposures. As such, there are fewer studies assessing the toxic 

effects of NPs following chronic exposure. In addition, the pharmacokinetics of NPs as 
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drug delivery systems are not well studied [65,70]. Most studies focus only on the phar-

macokinetics of the encapsulated drugs, as opposed to the drug carriers themselves. This 

creates a strong need for more studies on the toxicokinetics of NPs as carriers in blood and 

different organs [59]. 

The mechanisms mediating the toxicity of NPs in their target organs include the gen-

eration of reactive oxygen species (ROS), DNA damage, modification of protein structures 

and functions and disruption of membrane integrity (Figure 3). NP properties that appear 

to facilitate these mechanisms include large surface areas that facilitate molecular interac-

tion in the target sites.  

After acute systemic exposure, solid NPs such as metal-containing or metal oxide 

NPs have been shown to cause oxidative stress, inflammation and DNA damage [71,72]. 

These NPs have been shown to induce oxidative stress in the liver, spleen and kidneys 

and inhibit the effects of antioxidants [73–75]. NP-induced ROS result, in part, from mito-

chondrial dysfunction and activation of stress-related cell signaling pathways, as well as 

DNA damage, that results in cell cycle arrest and apoptosis (Figure 3) [74,76]. Other stud-

ies have suggested that NP-induced oxidative stress may result from modification of cat-

alase functions and protein oxidation. Some NPs, like titanium dioxide, have been shown 

to induce the release of nitric acid and glutamic acid in the brains of mice [77,78]. Titanium 

dioxide NPs have also been suggested to activate inflammatory signaling pathways via c-

Src, p38 MAP kinase and NF-κB pathways, and to increase the release of inflammatory 

cytokines from macrophages after their accumulation in macrophage-rich organs, such as 

the liver and spleen [79–82].  

Some NPs have been suggested to induce epigenetic modifications, such as modifi-

cations in the methylation status of DNA and post-translational changes of histones, in 

addition to chromatin remodeling and RNA methylation. However, more studies are 

needed to verify and explain the mechanisms and the biological effects of these epigenetic 

modifications [83–86].  
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Figure 3. Cell–nanoparticle interactions and mechanism of NP toxicity. Following cellular uptake of NPs, NPs go through 

lysosomal pathways and result into release of reactive oxygen species and/or reactive metal ions causing mitochondrial 

dysfunction and DNA damage. 

4. The Effect of NP Properties on Their Toxicity  

The toxicity of NPs is dependent on their biophysical properties including size, sur-

face area, surface charge and aggregation state (Figure 4) [59]. These properties have been 

shown to affect distribution and deposition of NPs in different organ systems and alter 

their molecular interactions with various proteins and other macromolecules [87].  

NPs’ size plays an important role in their entry route, cellular uptake and overall 

toxicity. Some studies suggest a direct correlation between the size of NPs and their dis-

tribution and the level of ROS generation in the kidneys [88,89]. This size-dependent tox-

icity has also been shown in the liver. Silver NPs with a size of 10 nm exhibited higher 

tissue distribution and caused more serious toxic effects in the liver compared to larger 

NPs (40 and 100 nm) [90,91].  
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Along with their size, the shape of NPs can also affect their distribution, deposition 

and clearance. Long fibrous particles, such as single-walled nanotubes, are difficult for the 

body to clear and therefore exhibit high organ deposition [92]. 

The surface chemistry of NPs can affect their pharmacokinetics. Charged NPs tend 

to exhibit higher accumulation in target organs than uncharged NPs. The ionic forms of 

zinc oxide NPs were shown to accumulate more in organs like liver, lungs and kidneys 

following oral or intravenous administration compared to uncharged NPs [93].  

The conjugation of polysaccharides was also shown to enhance the accumulation of 

NPs in the brain, liver and spleen, which correlated to their toxicity in these organs [94]. 

On the other hand, modification of NP surface properties using different coating materials 

can be used to reduce their potential toxicity. Polyethylene glycol (PEG) has been shown 

to reduce the toxicity of NPs by altering their interactions with proteins. However, it 

should be noted that increasing the amount of PEGylation may alter NPs’ cellular uptake 

and their efficacy as drug delivery systems [95,96].  

 

Figure 4. Physicochemical properties of nanoparticles that dictate their toxicities. Size, surface modification, surface 

charge, composition, shape and aggregation state of NPs are key factors in dictating NPs distribution in different organ 

systems following their exposure. 
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5. Nanoparticle–Cell Interactions: Uptake of Nanoparticles into Cells  

The primary determinate of NP efficacy or toxicity is their ability to interact with the 

cell. Just as with target organ toxicity, the size of NPs plays a major role in their cellular 

interaction and also determines their systemic circulation half-life and their biodistribu-

tion [97]. NPs cellular uptake differs from that of small molecules and understanding 

these differences is critical to understanding and hopefully limiting NP cellular toxicity 

[98]. Factors influencing NP–cell interactions and uptake are most likely related to the 

physicochemical properties of NPs and the biophysical properties of cell membranes. It is 

important to know the mechanism of NP cellular uptake and the relationship between 

their physical–chemical properties and their toxicity. This can dictate the fate of NPs and 

help understand their potential toxic effects and therefore help design efficient and safe 

NPs [99]. 

Endocytosis appears to be the major pathway of cellular uptake of NPs (Figure 3). 

Once taken up by cells, NPs have been suggested to remain in the intracellular compart-

ments for weeks or even months [100,101]. Despite this knowledge, the contribution of 

endocytosis to the cellular toxicity of NPs is not well understood. Endocytosis of NPs is 

energy-dependent and usually facilitated by their binding to membrane receptors such as 

integrins or growth factor receptors. The extent of endocytosis depends on the size of NPs 

and since smaller NPs are more likely to be internalized inside cells than larger NPs, they 

are more likely to cause cellular toxicity. In addition to size, surface chemistry, concentra-

tion, time of exposure and clearance of NPs can all modulate the extent of cellular endo-

cytosis and toxicity of NPs [98,102]. Endocytosis of NPs can happen via different mecha-

nisms. These include phagocytosis, pinocytosis, clathrin-dependent endocytosis, caveo-

lae-dependent endocytosis and clathrin/caveolae independent endocytosis [103–106]. 

Studies have shown that the shape of NPs can affect their systemic circulation time and 

therefore delay their cellular uptake. For example, Champion et al. have shown that when 

compared to spherical polymeric NPs, non-spherical NPs exhibit less phagocytotic uptake 

by macrophages and therefore longer circulation time [107]. NPs can also be internalized 

through membrane translocation or simple diffusion, which are energy-independent 

mechanisms depending on the concentration gradient of NPs in addition to their size and 

lipophilicity [108]. Cellular interactions and uptake of NPs can be affected by the extent 

of NP modification. Gold nanoparticles with amino acids such as aspartate, glycine, leu-

cine, lysine and serine conjugated to their surface were shown to adsorb serum albumin. 

Albumin adsorption decreased intracellular uptake of these NPs and improved their bio-

compatibility compared to gold NPs with no conjugated amino acids [109]. 

Within cells, NPs have been found free in the cytoplasm or enclosed by a membrane 

[110,111] (Figure 3). A study by Verma et al. showed the role of surface coatings on the 

cellular uptake of gold NPs. Hydrophilic gold NPs were enclosed by a membrane during 

the cellular uptake, while partially hydrophobic NPs were shown without surrounding 

membranes in the cells [112]. Once inside the cells, some NPs undergo the endosomal/ly-

sosomal pathways and the different cytoplasmic networks. Despite this knowledge, the 

mechanisms dictating the distribution of different NPs to intracellular compartments and 

the effect of this distribution on NP toxicity are not fully understood. However, it is be-

lieved that the extent of cellular retention may be major factor in NP toxicity. Therefore, 

limiting how long NPs reside intracellularly while maintaining the efficacy of encapsu-

lated drugs is a key factor in reducing their toxicity [74,113].  

6. Acute Toxic Effects of Nanoparticles After Cellular Uptake 

Much of our knowledge about the toxicity of NPs and their cellular uptake comes 

from diagnostic and therapeutic studies designed to treat human diseases. As mentioned 

above, these studies show that the toxic effects of NPs are dependent on their size, shape, 

their chemical composition and their extent of agglomeration (Figure 4) [114–116]. These 

studies also suggest that the toxic responses of NPs should be assessed by normalizing 



Int. J. Mol. Sci. 2021, 22, 385 10 of 22 
 

 

them with their uptake and their state of agglomeration, as opposed to their initial dose. 

Crystallinity and composition should also be considered when assessing NP toxicity, both 

of which should be correlated to particle size distribution [117]. 

Like all drugs, the dissolution of NPs can affect acute toxicity. Unlike polymeric NPs 

or lipid-based NPs, inorganic NPs such as metal oxide NPs including zinc, iron and silver 

oxide NPs, are believed to dissolve after exposure, and it is believed that the release of 

free ions associated with these inorganic NPs contributes to their toxicity (Figure 3). Stud-

ies show that insoluble nanoparticles of ceria (cerium oxide), titania (titanium dioxide) 

and zirconia (zirconium dioxide) showed no measurable toxic response when used in hu-

man mesothelioma cells following six days of exposure at concentrations up to 30 ppm 

(μg/mL). In contrast, soluble nanoparticles of iron oxide and zinc oxide were toxic at sim-

ilar concentrations after three days of exposure [117]. This study is supported by several 

others suggesting that the solubility of inorganic NPs is a key property in assessing their 

acute toxicity [118,119].  

Following their cellular uptake, NPs are observed in lysosomes where the acidic pH 

of 5.5 assists in their degradation and dissolution to release potentially toxic heavy metal 

ions. These ions have been suggested to damage the cell by various mechanisms such as 

ROS formation and inactivation of enzymes (Figure 3) [118,120]. This hypothesis is sup-

ported by numerous studies showing that NPs increase the number of free radicals inside 

cells in a dose-dependent manner. The generation of free radicals can result from either a 

reduction or a catalytic process. This poses a great concern as catalytically active NPs can 

generate radicals repeatedly, until they are degraded or removed from the body. There-

fore, catalytically active NPs pose a significant concern when used chronically, a very un-

der-studied area as many studies focus typically on acute toxicity [121,122].  

7. Nanoparticle Toxicity Following Chronic Exposure 

Acute toxicity assessment of NPs is not sufficient to evaluate their safety for many 

reasons. First of all, exposure to NPs is a continuous daily process, such as exposure of 

workers in the manufacturing sector, or exposure through daily applied cosmetics. Sec-

ondly, the dissolution or degradation of NPs may take a significant amount of time, pos-

sibly much longer than the elimination of the therapeutic they are carrying. Further, the 

dissolution or degradation products of NPs may themselves be toxic. Finally, the biodis-

tribution and accumulation of NPs may change over time [123]. This creates the need for 

further studies regarding the chronic exposure outcomes of NPs. These should include 

studies assessing the chronic use of NPs in humans both in clinical and industry settings, 

as well as those assessing bioaccumulation in the environment. Chronic exposure condi-

tions need to be studied differently from acute exposure since they could involve several 

steps that cannot be simulated in a single-step acute toxicological exposure [123,124].  

This is supported by several studies examining the possible chronic toxicity of NPs. 

For example, studies led by Poland and Kane showed that carbon nanotubes administered 

into mice via the abdominal cavity caused asbestos-like pathogenicity [125,126]. Another 

study showed later that long-term exposure to multi-walled carbon nanotubes can pro-

mote breast cancer metastasis [127]. Chronic exposure to nanoparticles can cause geno-

toxicity, carcinogenesis and embryotoxicity (developmental toxicity) [123]. Chronic oral 

administration of aluminum oxide nanoparticles and zinc oxide nanoparticles into rats 

daily for 75 days caused hepato-renal toxicities and suppression of the hepatic expression 

of mtTFA and PGC-1α proteins [128]. Chronic exposure (21 days) of the planktonic crus-

tacean Daphnia magna to gold NPs caused mortality of parental females, impaired devel-

opment and decreased reproductive fitness manifested by reduction of the total offspring 

and aborted eggs [129]. Li et al. (2018) showed impairment of the transcription of key 

genes involved in DNA damage/repair, antioxidation and apoptosis, such as p53, PDRP, 

SOD, CAT and GST, in the marine mollusk Mytilus galloprovincialis following chronic 

exposure to zinc oxide NPs [130]. After a 12 week inhalation experiment in rats exposed 
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to titanium dioxide NPs, Oberdorster and his group reported inflammation, lung injury 

and impairment of alveolar macrophage function [131].  

Chronic studies of NP toxicity should endeavor to cover all of the toxicology obser-

vations (hematology, analysis of organs and tissues, genetic analysis). Further, such stud-

ies should use proper power analysis to ensure that an efficient number of animals are 

used to enhance the rigor of the data. In some cases, such as those assessing the carcino-

genicity of NPs, studies may need to be conducted over the life-time of the animals stud-

ied (typically 2 years for rodents) [123]. In addition, as with all in vivo chronic toxicity 

studies, route of exposure, dose, frequency and duration of exposure, animal age and sex 

need to be considered, along with understanding the physicochemical properties of the 

NPs involved, including their composition, size, shape, charge, aggregation status and 

degradation [88,132]. 

8. How Safe Are Nanoparticles and How Can We Make Safe Nanoparticles?  

The above studies demonstrate the growing concern about the toxicity of NPs and 

stresses the need to consider NP toxicity during their initial design, whether this be for 

industrial or clinical use. One approach being used in the design of safer NPs can be high-

lighted by recent developments in structured nanoemulsions and solid lipid nanoparti-

cles. These nanoparticles are being formulated using food grade ingredients that have 

been generally recognized as safe (GRAS) by the FDA, including lipids, proteins, polysac-

charides and surfactants [133]. Studies have also shown that many toxic effects of NPs are 

associated with solid or metal-containing NPs. Thus, efforts are being made to limit their 

use. Other approaches are discussed below.  

8.1. Defining The Risk of Nanoparticles  

A practical approach to achieve safer nanotechnology would be to classify potential 

risks of different NPs. Classification would be based on current toxicological assays as-

sessing acute toxic effects and classification based on potential long-term effects. This ap-

proach has the benefit that current toxicological assays used for chemicals can also be used 

for degradable NPs that have short residence times in the human body or the environ-

ment. These assays assess toxic responses of the NPs as well as their degradation products.  

Unfortunately, many toxicological assays cannot accurately predict toxic effects after 

chronic exposure and assays for NPs with long residence times are needed to more accu-

rately predict potentially adverse long-term effects. This approach is hampered by the fact 

that the residence times for many NPs are not known, especially in humans. This necessi-

tates the need to consider the circulation of NPs in the body or environment during their 

initial testing [59,134].  

This also necessitates the need to assess the risk of persistent NPs differently than 

those for degradable NPs. Persistent NPs would be those that stay in the mammalian body 

or in the environment for a prolonged time. Unfortunately, there is a gap in the knowledge 

with regards to the chronic effect of persistent NPs. As such, some have proposed that 

persistent NPs must be considered as “potentially hazardous” and should be handled 

with special care [135]. 

Degradable NPs are those that are either degraded or metabolized fairly quickly in 

the body. As such they do not reside in and have brief interaction with cells. Therefore, 

they have shorter times of exposure and their degradation or metabolic products can be 

evaluated with currently used standard methods, similar to that used for chemicals.  

Whether or not NPs are persistent or degradable, it is crucial to emphasize that the 

pharmacokinetic properties of NPs such as their distribution and elimination should be 

taken into account [136]. Unfortunately, many approaches to determining the pharmaco-

kinetic properties of NPs were designed for single chemical entities. As such, these ap-

proaches may not be accurate for NPs. This creates a critical need to develop standard 

methods to assess NP pharmacokinetics for therapeutic and other purposes, especially 

after long-term/chronic exposures.  
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8.2. 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 biode-

gradable properties. Martin et al. have developed biodegradable lipids by incorporating 

biocleavable ester functions within the hydrophobic alkyl chains. This class of biode-

gradable lipids showed rapid elimination from plasma and improved tolerability in pre-

clinical studies with high in vivo potency [137].  

Surface coating strategies are also being suggested as one of the major surface modi-

fication strategies to decrease the risk of NPs and design safer nanotechnology. Surface 

coating refers to any modification, functionalization or stabilization applied to NPs in or-

der 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 in-

complete [138]. This is because the coating material, if chosen correctly, provides biocom-

patibility and affects the behavior (e.g., colloidal stability) and the fate (e.g., degradation, 

excretion, accumulation) of NPs following their administration in the complex environ-

ment 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 pro-

tein-containing media, such as buffer solutions or cell culture media, to their in vitro test-

ing in biological cells and in vivo testing in animal models [138]. Another advantage of this 

strategy is that surface coating is reversible by non-covalent modification. Since bioavail-

ability 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 [139]. 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–isopropylacryla-

mide) (PNIPAM), zwitterionic polymers such as poly(carboxybetaine) (PCB), poly(sulfo-

betaine) (PSB) and phosphorylcholine-based copolymers and polysaccharides such as 

dextran and chitosan [138,140–142]. As an example, single-walled and multi-walled car-

bon nanotubes (CNTs) have been used in drug delivery as drug nanocarriers, in tissue 

engineering, water purification and in sensors [143,144]. CNTs have been also shown to 

induce inflammation, fibrosis and promote cancer progression as a result of their surface 

chemistry, length and aggregation state [144,145]. 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 [146]. The decrease in toxicity correlated to a decrease in pro-inflamma-

tory cytokine (IL-1β) production by THP-1 cells and pro-fibrogenic TGF-β1 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 fibro-

sis compared to uncoated CNTs. The stability of the PF108 coating on CNTs was main-

tained even under acidic lysosomal conditions [146]. 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 [147]. 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 al-

ters the crystal structure of materials through the addition of impurities to improve chem-

ical and physical properties [148–150]. Examples of dopants include aluminum, titanium 

and iron. These dopants, when incorporated evenly into the nanoparticles, have shown 
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the ability to alter the density of reactive chemical entities on the surface of NPs and there-

fore reduce the binding energy of metal ions to oxygen [151,152]. Doping of NPs can de-

crease NP dissolution and cause a reduction in toxic ions released, and therefore alter the 

reactive surfaces, resulting in a decrease in ROS generation [152–154].  

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 [3,155]. Doping has been 

shown to improve the antimicrobial potential of silver-based NPs, which, when doped 

with titanium oxide (TiO2), enhanced their antibacterial activities against Escherichia coli 

and Bacillus subtilis [156].  

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 [157]. Even though ZnO NPs have wide industrial appli-

cations, such as in cosmetics (e.g., sunscreens) and electronics [158], ZnO-induced pulmo-

nary 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 [159]. This suggests that reduction of dissolution of ZnO could pos-

sibly decrease these toxic effects [160]. 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 cytotox-

icity [151]. In vivo studies showed the reduced toxicity of Fe-doped ZnO nanoparticles in 

zebrafish embryos and rodent lungs [153]. While doping seems to be promising in reduc-

ing toxic effects of NPs, further studies are needed to determine if doping has any inter-

ference 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 de-

livery [161–164]. 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 [164–169]. Li et al. (2013) synthesized and assessed the toxicity of CNTs func-

tionalized 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 [166]. Cationic CNTs interact 

with anionic groups on cell membranes, which appears to enhance their cellular uptake 

[170–172]. When Goodman et al. (2004) compared the toxicity of gold NPs with cationic 

functional groups (ammonium groups) in comparison to NPs with anionic groups (car-

boxylate group), their data showed reduced cytotoxicity and cellular uptake with anionic 

NPs [173]. 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 re-

lease of hydroxyl radicals resulting from reactions at their surface [174]. Surface function-

alization 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 de-

crease in toxicity while increasing their biological compatibility [13,175–177].  

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 5). However, further studies are needed to 

assess the effectiveness of these strategies under different exposure conditions and envi-

ronments. This is especially needed due to the increasing number of new NPs being de-

veloped 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 
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procedures for synthesizing NPs that are suited for their different applications. One ca-

veat 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 Manu-

facturing Practices) environments, using small scale batches. As such, large scale-up pro-

duction 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.  

 

Figure 5. 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. 

8.3. Safe Nanoparticles in the Clinic 

It is estimated that about 20% of the NPs rejected during clinical trials are because of 

safety reasons. The approval process of NPs for human consumption requires assessment 

of NPs’ fate and toxicity. This is usually accomplished through different pre-clinical and 

clinical phases and approval is granted by specific regulatory agencies such as the Food 

and Drug Administration (FDA) or European Medicines Agency (EMA). One challenge 

of this process is that these agencies may not agree in their assessments of both efficacy 

and safety of NPs. This requires that standards for safety assessment are established [178].  

Cancer therapy remains the major application of NPs and it is interesting that most 

of the strategies for producing safer NPs discussed above resulted in NPs that failed in 

several pre-clinical studies. Further, most of the NPs approved or currently in clinical tri-

als are soft NPs including lipid-based, micelles or polymeric NPs. Among the strategies 

employed to reduce NP toxicity in the clinic, surface coating using polyethylene glycol 

(PEG) is the most commonly used method [179]. However, even those NPs approved for 

clinical use may still develop toxicity. The best example is the liposomal formulation of 
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doxorubicin, Doxil® (Centocor Ortho Biotech, Horsham, PA, USA), which showed efficacy 

in the treatment of recurrent breast cancer and Kaposi’s sarcoma. However, Doxil® has 

been associated with the development of skin disorder known as “hand-foot syndrome” 

and recent studies reported that patients have developed cutaneous squamous cell carci-

noma following a repetitive treatment with the pegylated liposomal doxorubicin formu-

lation [179,180]. It is not clear though if these toxicities are related to the drug doxorubicin, 

to the liposomal carriers, or both. While generally considered non-toxic, the use of PEG 

has raised concerns. The development of antibodies and the immune response to PEG has 

been observed clinically, but further research is needed [181]. Nonetheless, these findings 

highlight the urgent need for studies assessing the long-term effect and toxicity of treat-

ments with NPs.  

It is possible that a complete safety profile of all NPs may never be achieved and that 

unforeseen potential toxicities may not appear until the NP products are in the market 

and used in patient therapies. This is true of all drugs and not exclusive to NPs. Enhanced 

collaboration between academic and basic science researchers and pharmaceutical indus-

tries may help facilitate greater advances and facilitate enhanced testing and safety. 

9. Conclusion 

With the application of nanotechnology experiencing log-phase growth, the impact 

of NPs on cellular and animal models needs to keep pace. Complete toxicological profiling 

of NPs and development of structure–activity relationships will help identify the key 

physical or chemical properties of NPs that cause their toxicity and help design safer strat-

egies to minimize NP toxicity by optimizing their physicochemical properties while max-

imizing their biological efficacies [151,154,182]. Current data on the toxicity of NPs in 

mammalian cells and tissues suggest that studies are needed to focus on gaining addi-

tional insights underlying their toxicity, as well as developing strategies to minimize and 

prevent the toxicity of NPs. Such strategies need to take in consideration both acute and 

also chronic exposures to NPs and different exposure routes and environments. Further, 

dissolution of NPs can have a major effect on their toxicity and soluble NPs appear to be 

toxic compared to insoluble NPs. Studies have shown that stabilized metal oxide NPs 

have decreased toxicity compared to non-modified NPs. Future work also should focus 

on the fate of NPs in biological systems and how organisms react to the long-term expo-

sure of NPs. Finally, it is important to acknowledge the difficulty in identifying effective 

strategies to produce safer NPs, until a comprehensive understanding of the toxicological 

status of existing NPs is completed.  
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NPs nanoparticles 

PNPs polymeric nanoparticles 

PLGA poly-lactic glycolic acid 

FDA Food and Drug Administration 

EMA European Medicines Agency 

MRI magnetic resonance imaging 

CNT carbon nanotubes 

SWCNTs single-walled carbon nanotubes 

MWCNTs multi-walled carbon nanotubes 

EPR enhanced permeability effect 
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RES reticuloendothelial system 

PEG polyethylene glycol 

NE nanoemulsions 

ROS reactive oxygen species 

DDT dichlorodiphenyltrichloroethane 

GLP good laboratory practice 

GMP good manufacturing practice 

GRAS generally recognized as safe 

TiO2 titanium oxide 

FSP flame spray pyrolysis 

ZnO zinc oxide 

References 

1. Kumar, V.; Kumari, A.; Guleria, P.; Yadav, S.K. Evaluating the toxicity of selected types of nanochemicals. Rev. Environ. Contam. 

Toxicol. 2012, 215, 39–121. 

2. Gwinn, M.R.; Vallyathan, V. Nanoparticles: Health effects--pros and cons. Environ. Health Perspect. 2006, 114, 1818–1825. 

3. Missaoui, W.N.; Arnold, R.D.; Cummings, B.S. Toxicological status of nanoparticles: What we know and what we don’t know. 

Chem. Biol. Interact. 2018, 295, 1–12. 

4. Sharma, S.; Jaiswal, S.; Duffy, B.; Jaiswal, A.K. Nanostructured Materials for Food Applications: Spectroscopy, Microscopy and 

Physical Properties. Bioengineering (Basel) 2019, 6. 

5. Jin, S.E.; Bae, J.W.; Hong, S. Multiscale observation of biological interactions of nanocarriers: From nano to macro. Microsc. Res. 

Tech. 2010, 73, 813–823. 

6. Banerjee, R.; Katsenovich, Y.; Lagos, L.; McIintosh, M.; Zhang, X.; Li, C.Z. Nanomedicine: Magnetic nanoparticles and their 

biomedical applications. Curr. Med. Chem. 2010, 17, 3120–3141. 

7. Puri, A.; Loomis, K.; Smith, B.; Lee, J.H.; Yavlovich, A.; Heldman, E.; Blumenthal, R. Lipid-based nanoparticles as pharmaceu-

tical drug carriers: From concepts to clinic. Crit. Rev. Ther. Drug Carr. Syst. 2009, 26, 523–580. 

8. Vauthier, C.; Bouchemal, K. Methods for the preparation and manufacture of polymeric nanoparticles. Pharm. Res. 2009, 26, 

1025–1058. 

9. Wang, Y.; Li, P.; Truong-Dinh Tran, T.; Zhang, J.; Kong, L. Manufacturing Techniques and Surface Engineering of Polymer 

Based Nanoparticles for Targeted Drug Delivery to Cancer. Nanomaterials (Basel) 2016, 6. 

10. Soppimath, K.S.; Aminabhavi, T.M.; Kulkarni, A.R.; Rudzinski, W.E. Biodegradable polymeric nanoparticles as drug delivery 

devices. J. Control Release 2001, 70, 1–20. 

11. Ahmed, T.A.; Aljaeid, B.M. Preparation, characterization, and potential application of chitosan, chitosan derivatives, and chi-

tosan metal nanoparticles in pharmaceutical drug delivery. Drug Des. Devel. Ther. 2016, 10, 483–507. 

12. Xie, J.; Chen, K.; Huang, J.; Lee, S.; Wang, J.; Gao, J.; Li, X.; Chen, X. PET/NIRF/MRI triple functional iron oxide nanoparticles. 

Biomaterials 2010, 31, 3016–3022. 

13. Wu, W.; Wu, Z.; Yu, T.; Jiang, C.; Kim, W.S. Recent progress on magnetic iron oxide nanoparticles: Synthesis, surface functional 

strategies and biomedical applications. Sci. Technol. Adv. Mater 2015, 16, 023501. 

14. Wu, W.; Jiang, C.Z.; Roy, V.A. Designed synthesis and surface engineering strategies of magnetic iron oxide nanoparticles for 

biomedical applications. Nanoscale 2016, 8, 19421–19474. 

15. Kumar, D.; Saini, N.; Jain, N.; Sareen, R.; Pandit, V. Gold nanoparticles: An era in bionanotechnology. Expert Opin. Drug Deliv. 

2013, 10, 397–409. 

16. Sanvicens, N.; Marco, M.P. Multifunctional nanoparticles--properties and prospects for their use in human medicine. Trends 

Biotechnol. 2008, 26, 425–433. 

17. Stuchinskaya, T.; Moreno, M.; Cook, M.J.; Edwards, D.R.; Russell, D.A. Targeted photodynamic therapy of breast cancer cells 

using antibody-phthalocyanine-gold nanoparticle conjugates. Photochem. Photobiol. Sci. 2011, 10, 822–831. 

18. Brown, S.D.; Nativo, P.; Smith, J.A.; Stirling, D.; Edwards, P.R.; Venugopal, B.; Flint, D.J.; Plumb, J.A.; Graham, D.; Wheate, N.J. 

Gold nanoparticles for the improved anticancer drug delivery of the active component of oxaliplatin. J. Am. Chem. Soc. 2010, 

132, 4678–4684. 

19. Ashraf, S.; Pelaz, B.; del Pino, P.; Carril, M.; Escudero, A.; Parak, W.J.; Soliman, M.G.; Zhang, Q.; Carrillo-Carrion, C. Gold-Based 

Nanomaterials for Applications in Nanomedicine. Topics Curr. Chemistry 2016, 370, 169–202. 

20. Han, G.; Ghosh, P.; Rotello, V.M. Multi-functional gold nanoparticles for drug delivery. Adv. Exp. Med. Biol. 2007, 620, 48–56. 

21. Connor, E.E.; Mwamuka, J.; Gole, A.; Murphy, C.J.; Wyatt, M.D. Gold nanoparticles are taken up by human cells but do not 

cause acute cytotoxicity. Small 2005, 1, 325–327. 

22. Li, W.R.; Xie, X.B.; Shi, Q.S.; Zeng, H.Y.; Ou-Yang, Y.S.; Chen, Y.B. Antibacterial activity and mechanism of silver nanoparticles 

on Escherichia coli. Appl. Microbiol. Biotechnol. 2010, 85, 1115–1122. 

23. Deshmukh, S.P.; Patil, S.M.; Mullani, S.B.; Delekar, S.D. Silver nanoparticles as an effective disinfectant: A review. Mater Sci. 

Eng. C Mater Biol. Appl. 2019, 97, 954–965. 



Int. J. Mol. Sci. 2021, 22, 385 17 of 22 
 

 

24. Serpell, C.J.; Kostarelos, K.; Davis, B.G. Can Carbon Nanotubes Deliver on Their Promise in Biology? Harnessing Unique Prop-

erties for Unparalleled Applications. ACS Central Sci. 2016, 2, 190–200. 

25. Klumpp, C.; Kostarelos, K.; Prato, M.; Bianco, A. Functionalized carbon nanotubes as emerging nanovectors for the delivery of 

therapeutics. Biochim. Biophys. Acta 2006, 1758, 404–412. 

26. Chaudhari, A.A.; Ashmore, D.; Nath, S.D.; Kate, K.; Dennis, V.; Singh, S.R.; Owen, D.R.; Palazzo, C.; Arnold, R.D.; Miller, M.E.; 

et al. A novel covalent approach to bio-conjugate silver coated single walled carbon nanotubes with antimicrobial peptide. J. 

Nanobiotechnol. 2016, 14, 58. 

27. Alshehri, R.; Ilyas, A.M.; Hasan, A.; Arnaout, A.; Ahmed, F.; Memic, A. Carbon Nanotubes in Biomedical Applications: Factors, 

Mechanisms, and Remedies of Toxicity. J. Med. Chem. 2016, 59, 8149–8167. 

28. Zhang, Y.; Petibone, D.; Xu, Y.; Mahmood, M.; Karmakar, A.; Casciano, D.; Ali, S.; Biris, A.S. Toxicity and efficacy of carbon 

nanotubes and graphene: The utility of carbon-based nanoparticles in nanomedicine. Drug Metab. Rev. 2014, 46, 232–246. 

29. Kolosnjaj, J.; Szwarc, H.; Moussa, F. Toxicity studies of carbon nanotubes. Adv. Exp. Med. Biol. 2007, 620, 181–204. 

30. Lam, C.W.; James, J.T.; McCluskey, R.; Arepalli, S.; Hunter, R.L. A review of carbon nanotube toxicity and assessment of poten-

tial occupational and environmental health risks. Crit. Rev. Toxicol. 2006, 36, 189–217. 

31. Bangham, A.D.; Standish, M.M.; Watkins, J.C. Diffusion of univalent ions across the lamellae of swollen phospholipids. J. Mol. 

Biol. 1965, 13, 238–252. 

32. Bozzuto, G.; Molinari, A. Liposomes as nanomedical devices. Int. J. Nanomed. 2015, 10, 975–999. 

33. Al-Azayzih, A.; Missaoui, W.N.; Cummings, B.S.; Somanath, P.R. Liposome-mediated delivery of the p21 activated kinase-1 

(PAK-1) inhibitor IPA-3 limits prostate tumor growth in vivo. Nanomedicine 2016, 12, 1231–1239. 

34. Fenske, D.B.; Cullis, P.R. Liposomal nanomedicines. Expert Opin. Drug Deliv. 2008, 5, 25–44. 

35. Fenske, D.B.; Chonn, A.; Cullis, P.R. Liposomal nanomedicines: An emerging field. Toxicol. Pathol. 2008, 36, 21–29. 

36. Laverman, P.; Brouwers, A.H.; Dams, E.T.; Oyen, W.J.; Storm, G.; van Rooijen, N.; Corstens, F.H.; Boerman, O.C. Preclinical and 

clinical evidence for disappearance of long-circulating characteristics of polyethylene glycol liposomes at low lipid dose. J. 

Pharmacol. Exp. Ther. 2000, 293, 996–1001. 

37. Lasic, D.D.; Martin, F.J.; Gabizon, A.; Huang, S.K.; Papahadjopoulos, D. Sterically stabilized liposomes: A hypothesis on the 

molecular origin of the extended circulation times. Biochim. Biophys. Acta 1991, 1070, 187–192. 

38. Sharma, U.S.; Sharma, A.; Chau, R.I.; Straubinger, R.M. Liposome-mediated therapy of intracranial brain tumors in a rat model. 

Pharm. Res. 1997, 14, 992–998. 

39. Yuan, F.; Leunig, M.; Huang, S.K.; Berk, D.A.; Papahadjopoulos, D.; Jain, R.K. Microvascular permeability and interstitial pen-

etration of sterically stabilized (stealth) liposomes in a human tumor xenograft. Cancer Res. 1994, 54, 3352–3356. 

40. Mock, J.N.; Costyn, L.J.; Wilding, S.L.; Arnold, R.D.; Cummings, B.S. Evidence for distinct mechanisms of uptake and antitumor 

activity of secretory phospholipase A2 responsive liposome in prostate cancer. Integr. Biol. Quant. Biosci. Nano Macro 2013, 5, 

172–182. 

41. Ganta, S.; Talekar, M.; Singh, A.; Coleman, T.P.; Amiji, M.M. Nanoemulsions in translational research-opportunities and chal-

lenges in targeted cancer therapy. AAPS Pharm. Sci. Tech. 2014, 15, 694–708. 

42. Rai, V.K.; Mishra, N.; Yadav, K.S.; Yadav, N.P. Nanoemulsion as pharmaceutical carrier for dermal and transdermal drug de-

livery: Formulation development, stability issues, basic considerations and applications. J. Control Release 2017, 270, 203–225. 

43. Jaiswal, M.; Dudhe, R.; Sharma, P.K. Nanoemulsion: An advanced mode of drug delivery system. 3 Biotech 2015, 5, 123–127. 

44. Mundada, V.; Patel, M.; Sawant, K. Submicron Emulsions and Their Applications in Oral Delivery. Crit. Rev. Ther. Drug Carr. 

Syst. 2016, 33, 265–308. 

45. Sanchez-Lopez, E.; Guerra, M.; Dias-Ferreira, J.; Lopez-Machado, A.; Ettcheto, M.; Cano, A.; Espina, M.; Camins, A.; Garcia, 

M.L.; Souto, E.B. Current Applications of Nanoemulsions in Cancer Therapeutics. Nanomaterials (Basel) 2019, 9. 

46. Moghimi, S.M.; Hunter, A.C.; Murray, J.C. Nanomedicine: Current status and future prospects. FASEB J. Off. Publ. Fed. Am. Soc. 

Exp. Biol. 2005, 19, 311–330. 

47. Sabnis, S.; Sabnis, N.A.; Raut, S.; Lacko, A.G. Superparamagnetic reconstituted high-density lipoprotein nanocarriers for mag-

netically guided drug delivery. Int. J. Nanomed. 2017, 12, 1453–1464. 

48. Nagesh, P.K.B.; Johnson, N.R.; Boya, V.K.N.; Chowdhury, P.; Othman, S.F.; Khalilzad-Sharghi, V.; Hafeez, B.B.; Ganju, A.; Khan, 

S.; Behrman, S.W.; et al. PSMA targeted docetaxel-loaded superparamagnetic iron oxide nanoparticles for prostate cancer. Col-

loids Surf B Biointerfaces 2016, 144, 8–20. 

49. Bao, W.; Liu, R.; Wang, Y.; Wang, F.; Xia, G.; Zhang, H.; Li, X.; Yin, H.; Chen, B. PLGA-PLL-PEG-Tf-based targeted nanoparticles 

drug delivery system enhance antitumor efficacy via intrinsic apoptosis pathway. Int. J. Nanomed. 2015, 10, 557–566. 

50. Broz, P.; Ben-Haim, N.; Grzelakowski, M.; Marsch, S.; Meier, W.; Hunziker, P. Inhibition of macrophage phagocytotic activity 

by a receptor-targeted polymer vesicle-based drug delivery formulation of pravastatin. J. Cardiovasc. Pharmacol. 2008, 51, 246–

252. 

51. Botella, P.; Abasolo, I.; Fernandez, Y.; Muniesa, C.; Miranda, S.; Quesada, M.; Ruiz, J.; Schwartz, S., Jr.; Corma, A. Surface-

modified silica nanoparticles for tumor-targeted delivery of camptothecin and its biological evaluation. J. Control Release 2011, 

156, 246–257. 

52. Allen, T.M.; Cullis, P.R. Drug delivery systems: Entering the mainstream. Science (New York, N.Y.) 2004, 303, 1818–1822. 

53. Gabizon, A.; Shmeeda, H.; Barenholz, Y. Pharmacokinetics of pegylated liposomal Doxorubicin: Review of animal and human 

studies. Clin. Pharmacokinet. 2003, 42, 419–436. 



Int. J. Mol. Sci. 2021, 22, 385 18 of 22 
 

 

54. Reddy, J.A.; Allagadda, V.M.; Leamon, C.P. Targeting therapeutic and imaging agents to folate receptor positive tumors. Curr. 

Pharm. Biotechnol. 2005, 6, 131–150. 

55. Gopalan, B.; Ito, I.; Branch, C.D.; Stephens, C.; Roth, J.A.; Ramesh, R. Nanoparticle based systemic gene therapy for lung cancer: 

Molecular mechanisms and strategies to suppress nanoparticle-mediated inflammatory response. Technol. Cancer Res. Treat. 

2004, 3, 647–657. 

56. Prabha, S.; Labhasetwar, V. Nanoparticle-mediated wild-type p53 gene delivery results in sustained antiproliferative activity 

in breast cancer cells. Mol. Pharm. 2004, 1, 211–219. 

57. Kaul, G.; Amiji, M. Tumor-targeted gene delivery using poly(ethylene glycol)-modified gelatin nanoparticles: In vitro and in 

vivo studies. Pharm. Res. 2005, 22, 951–961. 

58. Niemeyer, C.M.; Adler, M.; Lenhert, S.; Gao, S.; Fuchs, H.; Chi, L. Nucleic acid supercoiling as a means for ionic switching of 

DNA--nanoparticle networks. Chembiochem. Eur. J. Chem. Biol. 2001, 2, 260–264. 

59. Wu, T.; Tang, M. Review of the effects of manufactured nanoparticles on mammalian target organs. J. Appl. Toxicol. 2018, 38, 

25–40. 

60. Shi, H.; Magaye, R.; Castranova, V.; Zhao, J. Titanium dioxide nanoparticles: A review of current toxicological data. Part Fibre 

Toxicol. 2013, 10, 15. 

61. Inoue, K.; Takano, H. Aggravating impact of nanoparticles on immune-mediated pulmonary inflammation. Sci. World J. 2011, 

11, 382–390. 

62. Liao, C.; Li, Y.; Tjong, S.C. Bactericidal and Cytotoxic Properties of Silver Nanoparticles. Int. J. Mol. Sci. 2019, 20. 

63. Tang, W.; Fan, W.; Lau, J.; Deng, L.; Shen, Z.; Chen, X. Emerging blood-brain-barrier-crossing nanotechnology for brain cancer 

theranostics. Chem. Soc. Rev. 2019, 48, 2967–3014. 

64. He, X.; Zhang, H.; Ma, Y.; Bai, W.; Zhang, Z.; Lu, K.; Ding, Y.; Zhao, Y.; Chai, Z. Lung deposition and extrapulmonary translo-

cation of nano-ceria after intratracheal instillation. Nanotechnology 2010, 21, 285103. 

65. Desai, N. Challenges in development of nanoparticle-based therapeutics. AAPS J. 2012, 14, 282–295. 

66. Dick, C.A.; Brown, D.M.; Donaldson, K.; Stone, V. The role of free radicals in the toxic and inflammatory effects of four different 

ultrafine particle types. Inhal. Toxicol. 2003, 15, 39–52. 

67. Donaldson, K.; Stone, V.; Tran, C.L.; Kreyling, W.; Borm, P.J. Nanotoxicology. Occup. Environ. Med. 2004, 61, 727–728. 

68. Isama, K. [In vitro safety evaluation of nanomaterials--cellular response to metal oxide nanoparticles]. Yakugaku Zasshi J. Pharm. 

Soc. Jpn. 2014, 134, 731–735. 

69. Almeida, J.P.; Chen, A.L.; Foster, A.; Drezek, R. In vivo biodistribution of nanoparticles. Nanomedicine (Lond) 2011, 6, 815–835. 

70. Onoue, S.; Yamada, S.; Chan, H.K. Nanodrugs: Pharmacokinetics and safety. Int. J. Nanomed. 2014, 9, 1025–1037. 

71. Nemmar, A.; Yuvaraju, P.; Beegam, S.; Yasin, J.; Kazzam, E.E.; Ali, B.H. Oxidative stress, inflammation, and DNA damage in 

multiple organs of mice acutely exposed to amorphous silica nanoparticles. Int. J. Nanomed. 2016, 11, 919–928. 

72. Tran, C.L.; Buchanan, D.; Cullen, R.T.; Searl, A.; Jones, A.D.; Donaldson, K. Inhalation of poorly soluble particles. II. Influence 

Of particle surface area on inflammation and clearance. Inhal. Toxicol. 2000, 12, 1113–1126. 

73. Couto, D.; Freitas, M.; Costa, V.M.; Chiste, R.C.; Almeida, A.; Lopez-Quintela, M.A.; Rivas, J.; Freitas, P.; Silva, P.; Carvalho, F.; 

et al. Biodistribution of polyacrylic acid-coated iron oxide nanoparticles is associated with proinflammatory activation and liver 

toxicity. J. Appl. Toxicol. JAT 2016, 36, 1321–1331. 

74. Teodoro, J.S.; Silva, R.; Varela, A.T.; Duarte, F.V.; Rolo, A.P.; Hussain, S.; Palmeira, C.M. Low-dose, subchronic exposure to 

silver nanoparticles causes mitochondrial alterations in Sprague-Dawley rats. Nanomedicine (Lond) 2016, 11, 1359–1375. 

75. Shrivastava, R.; Raza, S.; Yadav, A.; Kushwaha, P.; Flora, S.J. Effects of sub-acute exposure to TiO2, ZnO and Al2O3 nanoparti-

cles on oxidative stress and histological changes in mouse liver and brain. Drug Chem. Toxicol. 2014, 37, 336–347. 

76. Khanna, P.; Ong, C.; Bay, B.H.; Baeg, G.H. Nanotoxicity: An Interplay of Oxidative Stress, Inflammation and Cell Death. Nano-

materials (Basel, Switz.) 2015, 5, 1163–1180. 

77. Wang, J.; Chen, C.; Liu, Y.; Jiao, F.; Li, W.; Lao, F.; Li, Y.; Li, B.; Ge, C.; Zhou, G.; et al. Potential neurological lesion after nasal 

instillation of TiO(2) nanoparticles in the anatase and rutile crystal phases. Toxicol. Lett. 2008, 183, 72–80. 

78. Ze, Y.; Zheng, L.; Zhao, X.; Gui, S.; Sang, X.; Su, J.; Guan, N.; Zhu, L.; Sheng, L.; Hu, R.; et al. Molecular mechanism of titanium 

dioxide nanoparticles-induced oxidative injury in the brain of mice. Chemosphere 2013, 92, 1183–1189. 

79. Manshian, B.B.; Poelmans, J.; Saini, S.; Pokhrel, S.; Grez, J.J.; Himmelreich, U.; Madler, L.; Soenen, S.J. Nanoparticle-induced 

inflammation can increase tumor malignancy. Acta Biomater 2017. 

80. Pandey, R.K.; Prajapati, V.K. Molecular and immunological toxic effects of nanoparticles. Int. J. Biol. Macromol. 2017. 

81. Roy, R.; Kumar, S.; Tripathi, A.; Das, M.; Dwivedi, P.D. Interactive threats of nanoparticles to the biological system. Immunol. 

Lett. 2014, 158, 79–87. 

82. Moon, C.; Park, H.J.; Choi, Y.H.; Park, E.M.; Castranova, V.; Kang, J.L. Pulmonary inflammation after intraperitoneal admin-

istration of ultrafine titanium dioxide (TiO2) at rest or in lungs primed with lipopolysaccharide. J. Toxicol. Environ. Health Part 

A 2010, 73, 396–409. 

83. Sierra, M.I.; Valdes, A.; Fernandez, A.F.; Torrecillas, R.; Fraga, M.F. The effect of exposure to nanoparticles and nanomaterials 

on the mammalian epigenome. Int. J. Nanomed. 2016, 11, 6297–6306. 

84. Shyamasundar, S.; Ng, C.T.; Yung, L.Y.; Dheen, S.T.; Bay, B.H. Epigenetic mechanisms in nanomaterial-induced toxicity. Epige-

nomics 2015, 7, 395–411. 



Int. J. Mol. Sci. 2021, 22, 385 19 of 22 
 

 

85. Smolkova, B.; El Yamani, N.; Collins, A.R.; Gutleb, A.C.; Dusinska, M. Nanoparticles in food. Epigenetic changes induced by 

nanomaterials and possible impact on health. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. Res. Assoc. 2015, 77, 64–73. 

86. Stoccoro, A.; Karlsson, H.L.; Coppede, F.; Migliore, L. Epigenetic effects of nano-sized materials. Toxicology 2013, 313, 3–14. 

87. Kreyling, W.G.; Semmler-Behnke, M.; Seitz, J.; Scymczak, W.; Wenk, A.; Mayer, P.; Takenaka, S.; Oberdorster, G. Size depend-

ence of the translocation of inhaled iridium and carbon nanoparticle aggregates from the lung of rats to the blood and secondary 

target organs. Inhal. Toxicol. 2009, 21 (Suppl. 1), 55–60. 

88. Elsaesser, A.; Howard, C.V. Toxicology of nanoparticles. Adv. Drug Deliv. Rev. 2012, 64, 129–137. 

89. Sharifi, S.; Behzadi, S.; Laurent, S.; Forrest, M.L.; Stroeve, P.; Mahmoudi, M. Toxicity of nanomaterials. Chem. Soc. Rev. 2012, 41, 

2323–2343. 

90. Wu, T.; Tang, M. Toxicity of quantum dots on respiratory system. Inhal. Toxicol. 2014, 26, 128–139. 

91. Recordati, C.; De Maglie, M.; Bianchessi, S.; Argentiere, S.; Cella, C.; Mattiello, S.; Cubadda, F.; Aureli, F.; D’Amato, M.; Raggi, 

A.; et al. Tissue distribution and acute toxicity of silver after single intravenous administration in mice: Nano-specific and size-

dependent effects. Part Fibre Toxicol. 2016, 13, 12. 

92. Zoroddu, M.A.; Medici, S.; Ledda, A.; Nurchi, V.M.; Lachowicz, J.I.; Peana, M. Toxicity of nanoparticles. Curr. Med. Chem. 2014, 

21, 3837–3853. 

93. Paek, H.J.; Lee, Y.J.; Chung, H.E.; Yoo, N.H.; Lee, J.A.; Kim, M.K.; Lee, J.K.; Jeong, J.; Choi, S.J. Modulation of the pharmacoki-

netics of zinc oxide nanoparticles and their fates in vivo. Nanoscale 2013, 5, 11416–11427. 

94. Shegokar, R.; Singh, K.K. Surface modified nevirapine nanosuspensions for viral reservoir targeting: In vitro and in vivo eval-

uation. Int. J. Pharm. 2011, 421, 341–352. 

95. Simpson, C.A.; Salleng, K.J.; Cliffel, D.E.; Feldheim, D.L. In vivo toxicity, biodistribution, and clearance of glutathione-coated 

gold nanoparticles. Nanomedicine 2013, 9, 257–263. 

96. Buzea, C.; Pacheco, II.; Robbie, K. Nanomaterials and nanoparticles: Sources and toxicity. Biointerphases 2007, 2, Mr17–Mr71. 

97. Hoshyar, N.; Gray, S.; Han, H.; Bao, G. The effect of nanoparticle size on in vivo pharmacokinetics and cellular interaction. 

Nanomedicine (Lond) 2016, 11, 673–692. 

98. Adjei, I.M.; Sharma, B.; Labhasetwar, V. Nanoparticles: Cellular uptake and cytotoxicity. Adv. Exp. Med. Biol. 2014, 811, 73–91. 

99. Manzanares, D.; Ceña, V. Endocytosis: The Nanoparticle and Submicron Nanocompounds Gateway into the Cell. Pharmaceutics 

2020, 12. 

100. Tang, H.; Feng, X.; Zhang, T.; Dai, Y.; Zhou, Z.; Chen, H.; Liu, L.; Li, X.; Zhuang, T.; Liu, X.; et al. Stability, Pharmacokinetics, 

Biodistribution and Safety Assessment of Folate-Conjugated Pullulan Acetate Nanoparticles as Cervical Cancer Targeted Drug 

Carriers. J. Nanosci. Nanotechnol. 2015, 15, 6405–6412. 

101. Sutunkova, M.P.; Katsnelson, B.A.; Privalova, L.I.; Gurvich, V.B.; Konysheva, L.K.; Shur, V.Y.; Shishkina, E.V.; Minigalieva, I.A.; 

Solovjeva, S.N.; Grebenkina, S.V.; et al. On the contribution of the phagocytosis and the solubilization to the iron oxide nano-

particles retention in and elimination from lungs under long-term inhalation exposure. Toxicology 2016, 363–364, 19–28. 

102. Platel, A.; Carpentier, R.; Becart, E.; Mordacq, G.; Betbeder, D.; Nesslany, F. Influence of the surface charge of PLGA nanopar-

ticles on their in vitro genotoxicity, cytotoxicity, ROS production and endocytosis. J. Appl. Toxicol. 2016, 36, 434–444. 

103. Behzadi, S.; Serpooshan, V.; Tao, W.; Hamaly, M.A.; Alkawareek, M.Y.; Dreaden, E.C.; Brown, D.; Alkilany, A.M.; Farokhzad, 

O.C.; Mahmoudi, M. Cellular uptake of nanoparticles: Journey inside the cell. Chem. Soc. Rev. 2017, 46, 4218–4244. 

104. Papini, E.; Tavano, R.; Mancin, F. Opsonins and Dysopsonins of Nanoparticles: Facts, Concepts, and Methodological Guidelines. 

Front. Immunol. 2020, 11, 567365. 

105. Nelemans, L.C.; Gurevich, L. Drug Delivery with Polymeric Nanocarriers-Cellular Uptake Mechanisms. Materials (Basel) 2020, 

13. 

106. Patel, S.; Kim, J.; Herrera, M.; Mukherjee, A.; Kabanov, A.V.; Sahay, G. Brief update on endocytosis of nanomedicines. Adv. 

Drug Deliv. Rev. 2019, 144, 90–111. 

107. Champion, J.A.; Mitragotri, S. Shape induced inhibition of phagocytosis of polymer particles. Pharm. Res. 2009, 26, 244–249. 

108. Borbás, E.; Sinkó, B.; Tsinman, O.; Tsinman, K.; Kiserdei, É.; Démuth, B.; Balogh, A.; Bodák, B.; Domokos, A.; Dargó, G.; Balogh, 

G.T.; et al. Investigation and Mathematical Description of the Real Driving Force of Passive Transport of Drug Molecules from 

Supersaturated Solutions. Mol. Pharm. 2016, 13, 3816–3826. 

109. Cai, H.; Yao, P. Gold nanoparticles with different amino acid surfaces: Serum albumin adsorption, intracellular uptake and 

cytotoxicity. Colloids Surf B Biointerfaces 2014, 123, 900–906. 

110. Chithrani, B.D.; Ghazani, A.A.; Chan, W.C. Determining the size and shape dependence of gold nanoparticle uptake into mam-

malian cells. Nano Lett. 2006, 6, 662–668. 

111. Nativo, P.; Prior, I.A.; Brust, M. Uptake and intracellular fate of surface-modified gold nanoparticles. ACS Nano 2008, 2, 1639–

1644. 

112. Verma, A.; Uzun, O.; Hu, Y.; Hu, Y.; Han, H.S.; Watson, N.; Chen, S.; Irvine, D.J.; Stellacci, F. Surface-structure-regulated cell-

membrane penetration by monolayer-protected nanoparticles. Nat. Mater. 2008, 7, 588–595. 

113. Shang, L.; Nienhaus, K.; Nienhaus, G.U. Engineered nanoparticles interacting with cells: Size matters. J. Nanobiotechnol. 2014, 

12, 5. 

114. Lewinski, N.; Colvin, V.; Drezek, R. Cytotoxicity of nanoparticles. Small 2008, 4, 26–49. 

115. Wick, P.; Manser, P.; Limbach, L.K.; Dettlaff-Weglikowska, U.; Krumeich, F.; Roth, S.; Stark, W.J.; Bruinink, A. The degree and 

kind of agglomeration affect carbon nanotube cytotoxicity. Toxicol. Lett. 2007, 168, 121–131. 



Int. J. Mol. Sci. 2021, 22, 385 20 of 22 
 

 

116. Limbach, L.K.; Li, Y.; Grass, R.N.; Brunner, T.J.; Hintermann, M.A.; Muller, M.; Gunther, D.; Stark, W.J. Oxide nanoparticle 

uptake in human lung fibroblasts: Effects of particle size, agglomeration, and diffusion at low concentrations. Environ. Sci. Tech-

nol. 2005, 39, 9370–9376. 

117. Brunner, T.J.; Wick, P.; Manser, P.; Spohn, P.; Grass, R.N.; Limbach, L.K.; Bruinink, A.; Stark, W.J. In vitro cytotoxicity of oxide 

nanoparticles: Comparison to asbestos, silica, and the effect of particle solubility. Environ. Sci. Technol. 2006, 40, 4374–4381. 

118. 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. 

119. Xia, T.; Kovochich, M.; Liong, M.; Madler, L.; Gilbert, B.; Shi, H.; Yeh, J.I.; Zink, J.I.; Nel, A.E. Comparison of the mechanism of 

toxicity of zinc oxide and cerium oxide nanoparticles based on dissolution and oxidative stress properties. ACS Nano 2008, 2, 

2121–2134. 

120. Karlsson, H.L.; Cronholm, P.; Gustafsson, J.; Moller, L. Copper oxide nanoparticles are highly toxic: A comparison between 

metal oxide nanoparticles and carbon nanotubes. Chem. Res. Toxicol. 2008, 21, 1726–1732. 

121. Sayes, C.M.; Gobin, A.M.; Ausman, K.D.; Mendez, J.; West, J.L.; Colvin, V.L. Nano-C60 cytotoxicity is due to lipid peroxidation. 

Biomaterials 2005, 26, 7587–7595. 

122. Long, T.C.; Saleh, N.; Tilton, R.D.; Lowry, G.V.; Veronesi, B. Titanium dioxide (P25) produces reactive oxygen species in im-

mortalized brain microglia (BV2): Implications for nanoparticle neurotoxicity. Environ. Sci. Technol. 2006, 40, 4346–4352. 

123. Mohammadpour, R.; Dobrovolskaia, M.A.; Cheney, D.L.; Greish, K.F.; Ghandehari, H. Subchronic and chronic toxicity evalua-

tion of inorganic nanoparticles for delivery applications. Adv. Drug Deliv. Rev. 2019, 144, 112–132. 

124. Oberdörster, G. Safety assessment for nanotechnology and nanomedicine: Concepts of nanotoxicology. J. Int. Med. 2010, 267, 

89–105. 

125. Poland, C.A.; Duffin, R.; Kinloch, I.; Maynard, A.; Wallace, W.A.; Seaton, A.; Stone, V.; Brown, S.; Macnee, W.; Donaldson, K. 

Carbon nanotubes introduced into the abdominal cavity of mice show asbestos-like pathogenicity in a pilot study. Nat. Nano-

technol. 2008, 3, 423–428. 

126. Kane, A.B.; Hurt, R.H. Nanotoxicology: The asbestos analogy revisited. Nat. Nanotechnol. 2008, 3, 378–379. 

127. Lu, X.; Zhu, Y.; Bai, R.; Wu, Z.; Qian, W.; Yang, L.; Cai, R.; Yan, H.; Li, T.; Pandey, V.; et al. Long-term pulmonary exposure to 

multi-walled carbon nanotubes promotes breast cancer metastatic cascades. Nat. Nanotechnol. 2019, 14, 719–727. 

128. Yousef, M.I.; Mutar, T.F.; Kamel, M.A.E. Hepato-renal toxicity of oral sub-chronic exposure to aluminum oxide and/or zinc 

oxide nanoparticles in rats. Toxicol. Rep. 2019, 6, 336–346. 

129. Pacheco, A.; Martins, A.; Guilhermino, L. Toxicological interactions induced by chronic exposure to gold nanoparticles and 

microplastics mixtures in Daphnia magna. Sci. Total Environ. 2018, 628–629, 474–483. 

130. Li, J.; Schiavo, S.; Xiangli, D.; Rametta, G.; Miglietta, M.L.; Oliviero, M.; Changwen, W.; Manzo, S. Early ecotoxic effects of ZnO 

nanoparticle chronic exposure in Mytilus galloprovincialis revealed by transcription of apoptosis and antioxidant-related genes. 

Ecotoxicology 2018, 27, 369–384. 

131. Oberdörster, G.; Ferin, J.; Lehnert, B.E. Correlation between particle size, in vivo particle persistence, and lung injury. Environ. 

Health Perspect. 1994, 102 (Suppl. 5), 173–179. 

132. Arora, S.; Rajwade, J.M.; Paknikar, K.M. Nanotoxicology and in vitro studies: The need of the hour. Toxicol. Appl. Pharmacol. 

2012, 258, 151–165. 

133. McClements, D.J. Emulsion design to improve the delivery of functional lipophilic components. Annu. Rev. Food Sci. Technol. 

2010, 1, 241–269. 

134. Mortezaee, K.; Najafi, M.; Samadian, H.; Barabadi, H.; Azarnezhad, A.; Ahmadi, A. Redox interactions and genotoxicity of 

metal-based nanoparticles: A comprehensive review. Chem. Biol. Interact 2019, 312, 108814. 

135. Dobrovolskaia, M.A.; Germolec, D.R.; Weaver, J.L. Evaluation of nanoparticle immunotoxicity. Nat. Nanotechnol. 2009, 4, 411–

414. 

136. Ravindran, S.; Suthar, J.K.; Rokade, R.; Deshpande, P.; Singh, P.; Pratinidhi, A.; Khambadkhar, R.; Utekar, S. Pharmacokinetics, 

Metabolism, Distribution and Permeability of Nanomedicine. Curr. Drug Metab. 2018, 19, 327–334. 

137. Maier, M.A.; Jayaraman, M.; Matsuda, S.; Liu, J.; Barros, S.; Querbes, W.; Tam, Y.K.; Ansell, S.M.; Kumar, V.; Qin, J.; et al. 

Biodegradable lipids enabling rapidly eliminated lipid nanoparticles for systemic delivery of RNAi therapeutics. Mol. Ther. 

2013, 21, 1570–1578. 

138. Schubert, J.; Chanana, M. Coating Matters: Review on Colloidal Stability of Nanoparticles with Biocompatible Coatings in Bio-

logical Media, Living Cells and Organisms. Curr. Med. Chem. 2018, 25, 4553–4586. 

139. Wang, X.; Xia, T.; Ntim, S.A.; Ji, Z.; Lin, S.; Meng, H.; Chung, C.H.; George, S.; Zhang, H.; Wang, M.; et al. Dispersal state of 

multiwalled carbon nanotubes elicits profibrogenic cellular responses that correlate with fibrogenesis biomarkers and fibrosis 

in the murine lung. ACS Nano 2011, 5, 9772–9787. 

140. Schlenoff, J.B. Zwitteration: Coating surfaces with zwitterionic functionality to reduce nonspecific adsorption. Langmuir 2014, 

30, 9625–9636. 

141. Pombo García, K.; Zarschler, K.; Barbaro, L.; Barreto, J.A.; O’Malley, W.; Spiccia, L.; Stephan, H.; Graham, B. Zwitterionic-coated 

“stealth” nanoparticles for biomedical applications: Recent advances in countering biomolecular corona formation and uptake 

by the mononuclear phagocyte system. Small 2014, 10, 2516–2529. 



Int. J. Mol. Sci. 2021, 22, 385 21 of 22 
 

 

142. Shen, C.R.; Wu, S.T.; Tsai, Z.T.; Wang, J.J.; Yen, T.C.; Tsai, J.S.; Shih, M.F.; Liu, C.L. Characterization of quaternized chitosantem. 

ionic-coated “stealth” nanoparticles forel potential magnetic resonance imaging contrast agent for cell tracking. Polym. Int. 2011, 

60, 945–950. 

143. De Volder, M.F.; Tawfick, S.H.; Baughman, R.H.; Hart, A.J. Carbon nanotubes: Present and future commercial applications. 

Science 2013, 339, 535–539. 

144. Tang, S.; Tang, Y.; Zhong, L.; Murat, K.; Asan, G.; Yu, J.; Jian, R.; Wang, C.; Zhou, P. Short- and long-term toxicities of multi-

walled carbon nanotubes in vivo and in vitro. J. Appl. Toxicol. 2012, 32, 900–912. 

145. Boyles, M.S.; Young, L.; Brown, D.M.; MacCalman, L.; Cowie, H.; Moisala, A.; Smail, F.; Smith, P.J.; Proudfoot, L.; Windle, A.H.; 

et al. Multi-walled carbon nanotube induced frustrated phagocytosis, cytotoxicity and pro-inflammatory conditions in macro-

phages are length dependent and greater than that of asbestos. Toxicol. Vitro 2015, 29, 1513–1528. 

146. Wang, X.; Xia, T.; Duch, M.C.; Ji, Z.; Zhang, H.; Li, R.; Sun, B.; Lin, S.; Meng, H.; Liao, Y.P.; Wang, M.; Song, T.B.; Yang, Y.; 

Hersam, M.C.; Nel, A.E. Pluronic F108 coating decreases the lung fibrosis potential of multiwall carbon nanotubes by reducing 

lysosomal injury. Nano Lett. 2012, 12, 3050–3061. 

147. Mutlu, G.M.; Budinger, G.R.; Green, A.A.; Urich, D.; Soberanes, S.; Chiarella, S.E.; Alheid, G.F.; McCrimmon, D.R.; Szleifer, I.; 

Hersam, M.C. Biocompatible nanoscale dispersion of single-walled carbon nanotubes minimizes in vivo pulmonary toxicity. 

Nano Lett. 2010, 10, 1664–1670. 

148. Rao, G.T.; Babu, B.; Stella, R.J.; Manjari, V.P.; Ravikumar, R.V. Spectral investigations on undoped and Cu(2)(+) doped ZnO-

CdS composite nanopowders. Spectrochim. Acta A Mol. Biomol. Spectrosc 2015, 139, 86–93. 

149. Adeleye, A.S.; Pokhrel, S.; Madler, L.; Keller, A.A. Influence of nanoparticle doping on the colloidal stability and toxicity of 

copper oxide nanoparticles in synthetic and natural waters. Water Res. 2018, 132, 12–22. 

150. Ahmad, J.; Siddiqui, M.A.; Akhtar, M.J.; Alhadlaq, H.A.; Alshamsan, A.; Khan, S.T.; Wahab, R.; Al-Khedhairy, A.A.; Al-Salim, 

A.; Musarrat, J.; et al. Copper doping enhanced the oxidative stress-mediated cytotoxicity of TiO2 nanoparticles in A549 cells. 

Hum. Exp. Toxicol. 2018, 37, 496–507. 

151. George, S.; Pokhrel, S.; Xia, T.; Gilbert, B.; Ji, Z.; Schowalter, M.; Rosenauer, A.; Damoiseaux, R.; Bradley, K.A.; Madler, L.; et al. 

Use of a rapid cytotoxicity screening approach to engineer a safer zinc oxide nanoparticle through iron doping. ACS Nano 2010, 

4, 15–29. 

152. Sun, B.; Pokhrel, S.; Dunphy, D.R.; Zhang, H.; Ji, Z.; Wang, X.; Wang, M.; Liao, Y.P.; Chang, C.H.; Dong, J.; et al. Reduction of 

Acute Inflammatory Effects of Fumed Silica Nanoparticles in the Lung by Adjusting Silanol Display through Calcination and 

Metal Doping. ACS Nano 2015, 9, 9357–9372. 

153. Xia, T.; Zhao, Y.; Sager, T.; George, S.; Pokhrel, S.; Li, N.; Schoenfeld, D.; Meng, H.; Lin, S.; Wang, X.; et al. Decreased dissolution 

of ZnO by iron doping yields nanoparticles with reduced toxicity in the rodent lung and zebrafish embryos. ACS Nano 2011, 5, 

1223–1235. 

154. Naatz, H.; Lin, S.; Li, R.; Jiang, W.; Ji, Z.; Chang, C.H.; Koser, J.; Thoming, J.; Xia, T.; Nel, A.E.; et al. Safe-by-Design CuO Nano-

particles via Fe-Doping, Cu-O Bond Length Variation, and Biological Assessment in Cells and Zebrafish Embryos. ACS Nano 

2017, 11, 501–515. 

155. Yang, G.; Phua, S.Z.F.; Bindra, A.K.; Zhao, Y. Degradability and Clearance of Inorganic Nanoparticles for Biomedical Applica-

tions. Adv. Mater 2019, 31, e1805730. 

156. Yuan, Y.; Ding, J.; Xu, J.; Deng, J.; Guo, J. TiO2 nanoparticles co-doped with silver and nitrogen for antibacterial application. J. 

Nanosci. Nanotechnol. 2010, 10, 4868–4874. 

157. Teoh, W.Y.; Amal, R.; Madler, L. Flame spray pyrolysis: An enabling technology for nanoparticles design and fabrication. Na-

noscale 2010, 2, 1324–1347. 

158. 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. 

159. Liu, J.; Feng, X.; Wei, L.; Chen, L.; Song, B.; Shao, L. The toxicology of ion-shedding zinc oxide nanoparticles. Crit. Rev. Toxicol. 

2016, 46, 348–384. 

160. Wang, D.; Lin, Z.; Wang, T.; Yao, Z.; Qin, M.; Zheng, S.; Lu, W. Where does the toxicity of metal oxide nanoparticles come from: 

The nanoparticles, the ions, or a combination of both? J. Hazard. Mater 2016, 308, 328–334. 

161. Hola, K.; Markova, Z.; Zoppellaro, G.; Tucek, J.; Zboril, R. Tailored functionalization of iron oxide nanoparticles for MRI, drug 

delivery, magnetic separation and immobilization of biosubstances. Biotechnol. Adv. 2015, 33, 1162–1176. 

162. Mout, R.; Moyano, D.F.; Rana, S.; Rotello, V.M. Surface functionalization of nanoparticles for nanomedicine. Chem. Soc. Rev. 

2012, 41, 2539–2544. 

163. Paramasivam, G.; Kayambu, N.; Rabel, A.M.; Sundramoorthy, A.K.; Sundaramurthy, A. Anisotropic noble metal nanoparticles: 

Synthesis, surface functionalization and applications in biosensing, bioimaging, drug delivery and theranostics. Acta Biomater. 

2017, 49, 45–65. 

164. Nicol, J.R.; Dixon, D.; Coulter, J.A. Gold nanoparticle surface functionalization: A necessary requirement in the development of 

novel nanotherapeutics. Nanomedicine (Lond) 2015, 10, 1315–1326. 

165. Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat. Bio-

technol. 2015, 33, 941–951. 



Int. J. Mol. Sci. 2021, 22, 385 22 of 22 
 

 

166. Li, R.; Wang, X.; Ji, Z.; Sun, B.; Zhang, H.; Chang, C.H.; Lin, S.; Meng, H.; Liao, Y.P.; Wang, M.; et al. Surface charge and cellular 

processing of covalently functionalized multiwall carbon nanotubes determine pulmonary toxicity. ACS Nano 2013, 7, 2352–

2368. 

167. Nel, A.E.; Madler, L.; Velegol, D.; Xia, T.; Hoek, E.M.; Somasundaran, P.; Klaessig, F.; Castranova, V.; Thompson, M. Under-

standing biophysicochemical interactions at the nano-bio interface. Nat. Mater. 2009, 8, 543–557. 

168. Atale, S.S.; Dyawanapelly, S.; Jagtap, D.D.; Jain, R.; Dandekar, P. Understanding the nano-bio interactions using real-time sur-

face plasmon resonance tool. Int. J. Biol. Macromol. 2019, 123, 97–107. 

169. Cai, P.; Zhang, X.; Wang, M.; Wu, Y.L.; Chen, X. Combinatorial Nano-Bio Interfaces. ACS Nano 2018, 12, 5078–5084. 

170. Zhu, M.; Nie, G.; Meng, H.; Xia, T.; Nel, A.; Zhao, Y. Physicochemical properties determine nanomaterial cellular uptake, 

transport, and fate. Acc. Chem. Res. 2013, 46, 622–631. 

171. Kettiger, H.; Schipanski, A.; Wick, P.; Huwyler, J. Engineered nanomaterial uptake and tissue distribution: From cell to organ-

ism. Int. J. Nanomed. 2013, 8, 3255–3269. 

172. Zarska, M.; Novotny, F.; Havel, F.; Sramek, M.; Babelova, A.; Benada, O.; Novotny, M.; Saran, H.; Kuca, K.; Musilek, K.; et al. 

Two-Step Mechanism of Cellular Uptake of Cationic Gold Nanoparticles Modified by (16-Mercaptohexadecyl)trimethylammo-

nium Bromide. Bioconjug. Chem. 2016, 27, 2558–2574. 

173. Goodman, C.M.; McCusker, C.D.; Yilmaz, T.; Rotello, V.M. Toxicity of gold nanoparticles functionalized with cationic and ani-

onic side chains. Bioconjug. Chem. 2004, 15, 897–900. 

174. Voinov, M.A.; Sosa Pagan, J.O.; Morrison, E.; Smirnova, T.I.; Smirnov, A.I. Surface-mediated production of hydroxyl radicals 

as a mechanism of iron oxide nanoparticle biotoxicity. J. Am. Chem. Soc. 2011, 133, 35–41. 

175. Thomas, R.; Park, I.K.; Jeong, Y.Y. Magnetic iron oxide nanoparticles for multimodal imaging and therapy of cancer. Int. J. Mol. 

Sci. 2013, 14, 15910–15930. 

176. Wu, W.; He, Q.; Jiang, C. Magnetic iron oxide nanoparticles: Synthesis and surface functionalization strategies. Nanoscale Res. 

Lett. 2008, 3, 397–415. 

177. Cardoso, V.F.; Francesko, A.; Ribeiro, C.; Banobre-Lopez, M.; Martins, P.; Lanceros-Mendez, S. Advances in Magnetic Nano-

particles for Biomedical Applications. Adv. Health Mater 2018, 7. 

178. Schütz, C.A.; Juillerat-Jeanneret, L.; Mueller, H.; Lynch, I.; Riediker, M. Therapeutic nanoparticles in clinics and under clinical 

evaluation. Nanomedicine (Lond) 2013, 8, 449–467. 

179. Anselmo, A.C.; Mitragotri, S. Nanoparticles in the clinic: An update. Bioeng. Transl. Med. 2019, 4, e10143. 

180. Pease, D.F.; Peterson, B.A.; Gilles, S.; Hordinsky, M.K.; Bohjanen, K.A.; Skubitz, K.M. Development of cutaneous squamous cell 

carcinoma after prolonged exposure to pegylated liposomal doxorubicin and hand-foot syndrome: A newly recognized toxicity. 

Cancer Chemother. Pharmacol. 2019, 84, 217–221. 

181. Kozma, G.T.; Shimizu, T.; Ishida, T.; Szebeni, J. Anti-PEG antibodies: Properties, formation, testing and role in adverse immune 

reactions to PEGylated nano-biopharmaceuticals. Adv. Drug Deliv. Rev. 2020, 154–155, 163–175. 

182. Hwang, R.; Mirshafiee, V.; Zhu, Y.; Xia, T. Current approaches for safer design of engineered nanomaterials. Ecotoxicol. Environ. 

Saf. 2018, 166, 294–300. 

 


