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Abstract

Nanomedicine involves the use of nanoparticles for therapeutic and diagnostic purposes. During 

the past two decades, a growing number of nanomedicines have received regulatory approval and 

many more show promise for future clinical translation. In this context, it is important to evaluate 

the safety of nanoparticles in order to achieve biocompatibility and desired activity. However, it is 

unwarranted to make generalized statements regarding the safety of nanoparticles, since the field 

of nanomedicine comprises a multitude of different manufactured nanoparticles made from 

various materials. Indeed, several nanotherapeutics that are currently approved, such as Doxil and 

Abraxane, exhibit fewer side effects than their small molecule counterparts, while other 

nanoparticles (e.g. metallic and carbon-based particles) tend to display toxicity. However, the 

hazardous nature of certain nanomedicines could be exploited for the ablation of diseased tissue, if 

selective targeting can be achieved. This review discusses the mechanisms for molecular, cellular, 

organ, and immune system toxicity, which can be observed with a subset of nanoparticles. 

Strategies for improving the safety of nanoparticles by surface modification and pretreatment with 

immunomodulators are also discussed. Additionally, important considerations for nanoparticle 

safety assessment are reviewed. In regards to clinical application, stricter regulations for the 

approval of nanomedicines might not be required. Rather, safety evaluation assays should be 

adjusted to be more appropriate for engineered nanoparticles.
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Graphical Abstract

This mini-review addresses the safety considerations for nanoparticles in medicine.
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 1. Introduction

The field of nanomedicine encompasses the utilization of nanoparticles for diagnostic and 

therapeutic purposes. In general, nanoparticles are used as delivery vehicles for imaging and 

therapeutic agents, e.g. small molecules, proteins, peptides, and nucleic acids. Numerous 

materials have been employed to construct such nanoparticles, including lipids [1, 2], metal 

[3, 4], silicon and silica [5–7], polymers [8], proteins [9], and carbon [10–12]. To date, a 

plethora of nano-based drugs has been designed to treat various diseases such as 

neurological disorders, diabetes, cancer, infectious diseases, and allergy [13, 14]. 

Accordingly, many nanotherapeutics have made it to clinical trials and several have gained 
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regulatory approval [15, 16]. The major categories of nanomedicines that are clinically 

approved are lipid, polymer, and protein-based particles. For instance, 14 liposomal drugs 

are available on the USA, European or Chinese markets, while over 20 are enrolled in 

clinical trials [17–19].

Nanocarriers can protect the payload from degradation and enable sustained and controlled 

drug release. Furthermore, nanoparticles have the potential to decrease clearance and 

improve accumulation of drugs in diseased tissue, thereby increasing therapeutic efficacy 

and reducing side effects. The body contains several barriers that must be overcome for a 

drug to reach an intended location [20]. These barriers include, immunological clearance, 

renal clearance, enzymatic and mechanical degradation, vascular endothelium, the 

extracellular matrix, the cell membrane, the lysosome, and membrane pumps. In essence, the 

properties of nanoparticles can be optimized to overcome such obstacles. In particular, 

nanoplatforms enable a multifaceted approach, where various materials and compartments 

can be combined to efficiently combat the challenges of targeted delivery. For example, the 

multistage vector, which sequentially releases cargo, is well equipped to handle the various 

in vivo conditions and compartments that are encountered upon systemic injection [21]. 

Furthermore, certain nanoparticles have unique electrical and optical properties that can be 

employed for therapeutic purposes. For instance, metal nanoparticles combined with 

external energy can be used to thermally ablate diseased tissue. As an illustration, gold 

nanoparticles can be heated with infrared light [22] and radio waves [23], while iron oxide 

particles can generate heat when placed in a magnetic field [24].

Taken together, these advantages suggest that nanoparticles could be effectively used to 

combat several diseases. Since the field of nanomedicince displays great promise, it is 

imperative to also develop safety tests that can accurately predict the potential toxicity of 

nanotherapeutics. Especially since nanoparticles exhibit distinct and unique properties that 

cannot be predicted from analyzing the bulk material, suitable assays for evaluation of 

nanoparticle toxicity should be taken into practice. Nevertheless, it may not be necessary to 

establish stricter guidelines for the approval of nanoparticles, as compared to small molecule 

drugs. Rather, the methods for assessing safety may in certain cases be different. Moreover, 

as nanoparticles are solely defined by size criteria and encompass a large quantity of 

particles with different composition and morphology, general statements regarding the safety 

or toxicity of nano-sized objects are impossible to make. This review will examine how 

nanoparticles can be used to lower drug toxicity and the major mechanisms by which certain 

nanoparticles exert toxicity. Furthermore, the safety assessment of nanoparticles will be 

discussed.

 2. Reduction of drug toxicity through nanomedicine

The earliest nanotherapeutics were approved based on similar efficacy, but lower toxicity 

than their free-drug counterparts. The first nanomedicine to gain clinical approval was Doxil, 

which is a liposomal formulation of doxorubicin. Doxil was approved by the US Food and 

Drug Administration (FDA) in 1995 for AIDS-related Kaposi's sarcoma, and has since then 

been approved for other cancers, e.g. multiple myeloma [25]. The main advantage of Doxil 

in comparison to free-doxorubicin is reduced cardiotoxicity [25]. In essence, nanoparticles 
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can cause fewer side effects by improving the accumulation of drugs in diseased tissue, 

thereby reducing the dose required to achieve therapeutic efficacy. As an illustration, less 

than 0.01% of the injected dose of agents in the angstrom size range (e.g. antibodies) 

typically accumulates in the target region [26], while the same value is approximately 1–5% 

for nanoparticles [27]. The major mechanism for increased deposition of nanoparticles in 

tumor tissue is the enhanced permeability and retention (EPR) effect. Whereas small 

molecules can freely pass through the vasculature of any tissue, the movement of 

nanoparticles is more restrictive. The EPR effect arises primarily due to differences between 

the vasculature of tumors and normal tissue [28, 29]. Namely, cancer blood vessels have 

larger fenestrations, thereby permitting improved access of nanoparticles to tumor tissue. 

However, it is important to note that the EPR effect may not be present in all human tumors, 

and large heterogeneity is likely to exist between patients and cancer types [30].

Another mechanism by which nanoparticles can reduce drug toxicity is associated with the 

administration of hydrophobic therapeutics. Namely, nanoparticles can serve as an 

alternative to toxic solubilizing agents [31–33]. Indeed, harmful solvents have been used 

extensively in vitro and in vivo to permit the delivery of non-water-soluble drugs. For 

instance, dimethyl sulfoxide (DMSO) is usually the first agent of choice for cell culture [34, 

35]. However, DMSO has displayed toxicity in multiple studies [36–39]. Moreover, several 

clinically approved hydrophobic drugs are formulated with toxic agents. Examples include 

paclitaxel and docetaxel, which are administered with a polyethoxylated castor oil 

(Cremophor EL) and dehydrated ethanol mixture [40], and polysorbate 80 (Tween 80) [41], 

respectively. Patients may require treatment with antihistamines and corticosteroids to 

alleviate side effects arising form these solubilizing agents [42]. Consequently, nanoparticles 

represent a better alternative for the administration of poorly water-soluble drugs. For 

instance, the nanotherapeutic Abraxane, which consists of protein-bound paclitaxel, was 

approved by the FDA in 2005 for pretreated metastatic breast cancer, and has since then also 

been approved for the treatment of other cancers [43]. Accordingly, higher doses of 

Abraxane in comparison to Chremophor El-based paclitaxel can be tolerated by patients 

[44]. In conclusion, nanoparticles can decrease the toxicity of drugs by improving the 

biodistribution profile or by eliminating the need for harmful solubilizing agents.

 3. Toxicity of nanoparticles in medicine

There are certain categories of nanoparticles that have frequently been reported to have 

cytotoxic effects. For example, carbon-based nanoparticles have displayed toxicity in 

multiple in vitro and in vivo assays, although conflicting results exist [45–47]. In particular, 

carbon nanotubes have been shown to induce mesothelioma, thereby mimicking the toxicity 

of asbestos, a naturally occurring carcinogenic mineral fiber [48, 49]. Accordingly, the 

harmful effects of carbon nanotubes may not be a consequence of the actual material, but 

rather the shape [50], demonstrating that the safety of nanoparticles is highly dependent on 

particle morphology. Likewise, the size of nanoparticles may also be a determining factor for 

biocompatibility. For instance, gold nanoparticles with a diameter of 1.4 nm where found to 

be toxic, while the same particles with a diameter of 15 nm did not display toxicity [51]. In 

addition to gold nanoparticles, other metal-based particles have also demonstrated cytotoxic 

effects. For instance several studies have revealed cytotoxic effects of silver nanoparticles 
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[52, 53]. Moreover, iron oxide particles have also been found to exhibit harmful 

characteristics both in vitro and in vivo [54–56], mainly due to the generation of reactive 

oxygen species (ROS) [57].

The hazardous properties of certain nanoparticles do not necessarily hinder them from being 

used for medical purposes. Although a nanoparticle that simultaneously displays 

biocompatibility and ability to deliver drugs to a tissue of interest is usually considered 

optimal, harmful nanoparticles could also be utilized. Namely, the toxic properties of 

nanoparticles could be directly harnessed to ablate diseased tissue, thereby eliminating the 

need for a drug component. Nevertheless, this approach would require selective targeting of 

nanoparticles, in order to spare healthy tissue from damage. Additionally, the harmful effects 

of pristine nanoparticles can be reduced using several approaches, such as surface 

modification [58]. As an illustration, the addition of hydroxyl groups to gadolinium fullerene 

particles prevented the generation of ROS, thereby reducing toxicity [11, 59, 60]. Similarly, 

a polymer coating on the surface of iron oxide nanoparticles dramatically improved cell 

viability [61].

 4. Mechanisms of nanoparticle toxicity

The toxicity of certain nanoparticles can be manifested at the molecular, cellular, and tissue 

level (Figure 1). Indeed, as nanoparticles move through the body they can be exposed to 

different biological microenvironments, including the blood, the extracellular matrix, the 

cytoplasm, and cellular organelles. Consequently, the interactions that occur at the nano-bio 

interface may impact the function of biomolecules, cellular components and tissue 

structures. As described in the previous section, certain nanoparticles are prone to elicit a 

toxic response. The mechanisms by which such nanoparticles cause toxicity will be outlined 

in the next sections.

 4.1. Molecular toxicity of nanomedicines

Upon entering the body, nanoparticles instantaneously interact with the biological 

environment. Namely, biomolecules that are present in biological fluids form a coat around 

the particle surface, due to the high surface free energy of nanoparticles [62]. This coating, 

termed the protein corona, is believed to consist of a soft and hard layer. (Figure 2) [63]. The 

hard layer is tightly associated with the nanoparticle, while the soft layer is more dynamic. 

The characteristics of nanoparticles can influence the composition of the hard corona [64, 

65], which has been shown to contain more than 100 different proteins [66, 67]. Notably, the 

presence of a protein corona can drastically change nanoparticle properties, such as shape, 

size, and charge [62]. For example, protein interactions can increase [67–70] or decrease 

[71] the size of nanoparticles, and typically cause the zeta potential to become more anionic 

[67].

In addition to changes in nanoparticle characteristics, endogenous biomolecules that are 

exposed to the nanoparticle interface may also undergo structural and functional alterations. 

Such changes can have important implications for the safety of nanoparticles [62, 72, 73]. 

Previously, it has been shown that certain nanoparticles induce structural alterations in 

proteins, such as albumin [74], cytochrome c [75], and ribonuclease A [76]. In general, the 

Wolfram et al. Page 5

Curr Drug Targets. Author manuscript; available in PMC 2016 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ability of nanoparticles to cause protein unfolding is correlated with increased particle size 

[77–79]. Accordingly, the lower surface curvature of larger nanoparticles increases the 

protein interaction surface, subsequently causing more alterations in protein structure. 

Inevitably, conformational changes may compromise protein function. For example, binding 

of transferrin to iron oxide nanoparticles was shown to irreversibly change the structure and 

function of this protein, resulting in the premature release of iron [80]. Therefore, it is 

possible that intravenously injected iron oxide nanoparticles could permanently damage iron 

transport. Nanoparticles have also been found to cause unfolding of fibrinogen, consequently 

stimulating inflammatory signaling pathways [81]. Another safety concern is nanoparticle-

induced protein aggregation, which can take place as proteins are tightly clustered together 

on the nanoparticle surface. As an illustration, the rate of β2-microglobulin fibril formation 

in an acidic environment was increased in the presence of nanoparticles [82]. Such fibrillar 

aggregates could potentially give rise to pathological conditions, as amyloid formation has 

been linked to several diseases [83]. However, it is unclear whether β2-microglobulin 

fibrillation would take place in an in vivo environment, since multiple proteins compete for 

binding to the nanoparticle surface, thereby decreasing the likelihood that identical proteins 

come in close contact with each other.

In this context, it is worth noting that while the protein corona may give rise to abnormal 

protein structures, nanoparticle toxicity is usually decreased in the presence of a protein 

layer [84, 85]. Correspondingly, as the density of the protein coat increases, the toxicity 

decreases [84]. One explanation for this protective effect is that coated nanoparticles have 

less affinity for membrane proteins, thereby preserving cell membrane integrity [84, 86, 87]. 

Moreover, the protein corona has also been found to prevent nanoparticle-induced platelet 

activation and hemolysis [67]. Taken together, the initial contact between nanoparticles and 

proteins in biological fluids reduces further interactions with biomolecules that are part of 

tissue structures. Therefore, while the formation of a protein corona may cause damage to 

some circulating proteins, it generally mitigates the overall toxicity of nanomedicines.

 4.2. Cellular toxicity of nanomedicines

Nanoparticles may also elicit toxicity by disrupting various membranes within the cell. 

When membrane integrity is compromised the content inside the membrane-surrounded 

compartments can leak out. Such leakage is likely to trigger cell stress and interfere with cell 

and organelle function. For instance, several nanoparticles have been shown to cause 

disruption of the lysosome membrane, e.g. titanium dioxide [88], zinc oxide [89], 

polystyrene [90], and polycation particles [8]. A major consequence of lysosomal damage is 

the release of protons, iron, and hydrolytic enzymes, which can result in oxidative stress, 

endoplasmic reticulum (ER) stress, mitochondrial dysfunction, and protein aggregation [91]. 

Previously it was thought that the proton sponge effect was the major mechanism by which 

polycations escape from the lysosome [92]. The proton sponge hypothesis postulates that 

polycations can cause osmotic swelling and subsequent lysosome rupture, due to their 

capability to buffer protons and trigger an influx of chloride anions and water. However, 

recent evidence suggests that osmotic pressure cannot be solely responsible for lysosomal 

escape. Indeed, even when polycations have maximum proton sequestering capability, the 

generated osmotic pressure would only cause the area of the membrane to expand by ~2.3%, 
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which is not enough to cause lysosomal rupture [93]. It is possible that the expansion of the 

cell membrane could make it easier for polycation chains to protrude the lipid bilayer, 

consequently generating holes in the membrane. Another mechanism that may cause 

nanoparticle-induced lysosome disruption is the generation of ROS, as oxidative stress has 

previously been linked to lysosomal membrane permeabilization [94]. Nevertheless, as most 

nanoparticles become entrapped in the lysosome following endocytosis [95], it is usually 

necessary that they escape from the lysosome in order to exert therapeutic activity in the 

correct cellular location. Therefore, it is critical to find a balance between endosomal escape 

and toxicity. Alternatively, nanoparticles may impair lysosomal function without 

compromising the membrane. For example, gold nanoparticles were found to alkalize the 

lysosome compartment, thereby causing accumulation of autophagosomes [96].

In addition, polyethylenimine (PEI), which is frequently incorporated into polymeric 

nanoparticles, was shown to damage the mitochondrial membrane, causing leakage of 

protons and inhibition of cytochrome c oxidase activity [97]. Consequently, the activity of 

the electron transport system and the synthesis of adenosine triphosphate (ATP) were 

suppressed. The proposed mechanism for mitochondrial protrusion is the formation of pores 

in the mitochondrial membrane [97]. It is also possible that other organelles, such as the ER, 

could be disrupted as a result of nanoparticle exposure.

In summary, a major cause of nanoparticle cytotoxicity is damage to lipid membranes, 

which serve to compartmentalize cellular components. Loss of endomembrane integrity is 

likely to disrupt homeostasis within a cell. Another proposed mechanism for nanoparticle-

induced toxicity is the generation of ROS, which can damage DNA, proteins, and lipids. 

Nanoparticles can cause formation of ROS directly through catalyzing free radical reactions 

or indirectly by interfering with cellular homeostasis [98]. The presence of ROS can further 

cause damage to several organelles, e.g. the ER, as has been demonstrated with zinc oxide 

nanoparticles [99]. In addition, nanoparticle-induced ROS can sensitize cells to other forms 

of stress [100]. As a result of acquired cellular damage, nanoparticles can induce different 

pathways of programmed cell death, including apoptosis, regulated necrosis, and autophagic 

cell death [101]. Factors such as the nanoparticle size [51, 52], dose [102], incubation period 

[102], and charge [103] can impact which of these pathways become activated. Nevertheless, 

the different cell death pathways are tightly associated with each other, making it difficult to 

precisely pinpoint the mode of death. Inevitably, different cell lines also respond in varying 

ways to nanoparticle-induced cell death [52, 104].

 4.3. Tissue toxicity of nanomedicines

It is foreseeable that nanoparticle-induced damage elicited upon cells and endogenous 

biomolecules could affect the function of entire organs. There are some examples in the 

literature of incidents where nanoparticles have caused harm to tissues. Such damage can be 

traced back to molecular and cellular defects triggered by nanoparticle exposure. In general, 

the organs that are affected the most are the ones which have the highest levels of 

nanoparticle accumulation, e.g. the lungs following intratracheal installation and the liver 

following intravenous injection. For instance, the deposition of carbon nanotubes in the 

lungs resulted in lung inflammation [105, 106]. Moreover, positively charged lipid 
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nanoparticles injected into the blood were found to cause hepatotoxicity, which was evident 

from the increased presence of liver enzymes in the blood [107]. The suggested mechanism 

for cytotoxicity was nanoparticle-mediated activation of the immune system trough toll-like 

receptor (TLR) signaling. Additional ways in which nanoparticles elicit immune reactions 

will be discussed in the next section.

 5. Immunological responses to nanomedicines

A major challenge in nanomedicine is unwanted immunological recognition. Following 

intravenous injection, nanoparticles accumulate primarily in the spleen and liver [108, 109]. 

Indeed, macrophages in these organs recognize and engulf nanoparticles as they pass 

through the circulation. These phagocytic cells make up the reticuloendothelial system, 

which is responsible for eliminating foreign bodies. The process of recognition and 

clearance of nanoparticles relies on the interplay between opsonins and macrophages. 

Opsonins are immunostimulatory plasma proteins that bind to the surface of foreign 

particles, thereby marking them for phagocytosis. The most common opsonins are 

immunoglobulins and complement proteins. Immunoglobulins can trigger nanoparticle 

engulfment by binding directly to macrophages or by activating the complement system 

[110]. In essence, the purpose of the complement system is to recognize foreign 

microparticles and nanoparticles. This recognition relies heavily on identifying surface 

patterns, since bacteria and viruses usually express repetitive surface units [111, 112]. 

Therefore, nanoparticle-induced complement activation is also dependent on the same 

principle, suggesting that a uniform nanoparticle surface could be unbeneficial [111]. Along 

with surface morphology, the size, composition, charge, and shape of nanoparticles also 

influence immunological recognition [111]. For example, larger size, increased cholesterol 

content, and cationic or anionic charge have been related to liposome-induced complement 

activation [113]. Furthermore, there also exists a correlation between nanoparticle 

hydrophobicity and immunological activation [114], which likely stems from the recognition 

of hydrophobic molecules as damage associated-patterns [115]. In fact, the disruption of 

cells causes hydrophobic cellular components to become revealed, thereby alarming the 

immune system of the occurred damage. In addition to foreign materials, endogenous 

plasma proteins that have undergone nanoparticle-induced conformational changes can also 

activate the complement system [62]. As previously discussed, proteins that bind to the 

surface of nanoparticles may become misfolded, causing the immune system to mistake 

them for foreign bodies. For instance, one study speculated that polymeric nanoparticles 

where activating the complement system, due to conformational changes in albumin [116]. 

Once nanoparticles have been covered by opsonins, they are internalized by immune cells 

through non-specific interactions or through binding to Fc receptors [110, 117]. Moreover, 

certain nanomaterials can directly stimulate the immune system through interactions with 

TLRs [118, 119]. Although TLRs and the complement system can function independently to 

induce immune reactions, they may also act synergistically to enhance inflammatory 

responses [120].

Macrophage-mediated clearance results in decreased accumulation of nanoparticles in the 

target tissue, consequently lowering therapeutic efficacy. However, complement fragments 

can also stimulate other immune cells and vascular endothelial cells, causing the production 
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of proinflammatory and vasoactive agents [121]. Therefore, nanoparticle-induced 

complement activation could also have more serious consequences, such as adverse 

inflammatory reactions [122]. Indeed, hypersensitivity to the nanotherapeutic Doxil, 

manifested by e.g. skin reactions, hypotension, hypertension, respiratory issues or pain, has 

been reported in humans [123] and pigs [124]. These reactions were believed to be caused 

by activation of the complement system. Another clinically approved nanotherapeutic that 

has displayed complement-induced adverse reactions in patients is Taxol, which is 

administered as a micellar formulation [113]. It is worth stressing that several small 

molecule drugs also cause immunological hypersensitivity reactions through non-

complement mediated pathways [125]. Therefore, these observations do not necessarily 

indicate that nanotherapeutics are more immunogenic than conventional drugs, rather they 

suggest that the main mechanisms for immune activation could be different. Furthermore, 

stimulation of TLRs may also cause adverse immune reactions, as certain TLR agonists have 

been found to trigger excessive production of proinflammatory cytokines, thereby giving rise 

to a cytokine storm [126]. Correspondingly, cationic liposomes where found to initiate the 

release of proinflammatory cytokines in a TLR4-dependent manner [107].

Going forward, it is imperative to develop in vitro assays that can accurately predict 

nanoparticle-induced immunotoxicity. In an attempt to understand how nanoparticles 

interact with an in vivo environment, numerous studies have identified the major proteins 

that bind to the surface of nanoparticles upon exposure to serum or plasma [66, 67, 127–

129]. In these studies, complement proteins have consistently been reported as one of the 

main compositional elements of the protein corona. Nevertheless, the mere presence of 

complement proteins on the nanoparticle surface offers little information about 

immunological activity. Accordingly, activated complement proteins that initially bind to the 

nanoparticle surface may be released in the fluid phase [111]. Hence, a complete analysis of 

complement activation should encompass examination of the nanoparticle surface and the 

fluid phase. Furthermore, in several protein corona studies, blood coagulation has been 

prevented through the use of ethylenediaminetetraacetic acid (EDTA) [66, 70, 129], which is 

also an inhibitor of complement activation [130]. Consequently, the unintentional 

suppression of the complement system causes disparity between experimental and in vivo 
conditions. An example of a more informative way of predicting immune activation is the 

use of an enzyme-linked immunosorbent assay (ELISA) to measure the production of 

complement activation products in the fluid phase following incubation of nanoparticles 

with serum or heparin-treated plasma samples. For instance, studies using this method have 

shown that pegylated liposomes [124], carbon nanotubes [131], and polystyrene particles 

[132] elicit complement activation in vitro. Another way to predict nanoparticle-induced 

immune reactions is the measurement of cytokine production in human peripheral blood 

mononucleated cells (PBMCs) [133]. In particular, cytokines such as interferon gamma 

(IFN-γ), tumor necrosis factor (TNF-α), and interleukin 12 (IL-12) are indicators of 

inflammatory responses. Moreover, immunological adverse drug reactions have previously 

been linked to distinct individual differences on the genome level [134]. The ability to 

identify individuals who are sensitive to the infusion of nanoparticles would be useful for 

avoiding adverse reactions in the clinic [135].
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Fortunately, there are several ways in which immunological activation can be partially 

prevented. The most common way of decreasing immunological recognition is the use of 

antifouling agents, which reduce protein binding. For example, polyethylene glycol (PEG) is 

a stealth polymer, which has been widely used in various nanodelivery systems [8, 31, 32, 

136]. Nevertheless, the coating of nanoparticles with PEG does not provide complete 

protection from protein binding [132, 137]. In some respects, the stealth effect can be 

optimized by regulating the density of PEG chains. For instance, by increasing the density of 

PEG on a liposome surface the conformation changes from a mushroom to a brush structure, 

thereby exhibiting greater protection from protein binding (Figure 3) [138]. Despite the 

benefits of pegylation, PEG may also cause immunological reactions. In certain cases, PEG 

has paradoxically been found to activate the complement system when incubated with 

human serum [139]. Moreover, repeated injections of pegylated nanoparticles can cause the 

formation of anti-PEG antibodies, which results in the accelerated blood clearance (ABC) 

phenomenon that causes rapid removal of particles from the circulation [140].

Besides the use of antifouling agents, other strategies have also been developed to prevent 

immunological activation. For example, in vitro studies indicate that lipoproteins, such as 

high-density lipoprotein (HDL) and low-density lipoprotein (LDL), are able to prevent 

complement activation caused by polymeric nanostructures, presumably through their 

interactions with these nanoparticles [141]. Likewise, these lipoproteins suppress 

complement activation by cholesterol-rich liposomes in vitro, and mitigate adverse reactions 

following intravenous injection of these nanoparticles in vivo [142]. Along with lipoproteins, 

it has been suggested that inhibitors of the complement system could be used to reduce 

immunological recognition of nanoparticles [122]. These inhibitors could be conjugated to 

the nanoparticle surface or administered prior to nanoparticle injection. One study 

demonstrated that Doxil-induced hypersensitivity reactions in pigs could be reduced through 

pretreatment with complement inhibitors [124]. Although these strategies are in the early 

stages of development, they provide promising opportunities for improving the safety of 

nanotherapeutics. Furthermore, biomimetic approaches for immunological disguise may 

prove useful in designing non-immunogenic nanoparticles. Indeed, pathogenic organisms 

can evade complement activation through multiple mechanisms, such as inhibiting or 

enzymatically degrading complement proteins and interfering with complement regulation 

[143].

In this context, it is worth emphasizing that the immunological recognition of nanoparticles 

can also be utilized for therapeutic purposes. Numerous nanoparticles have been shown to 

stimulate the immune system, thereby providing tools for implementing immunotherapy 

[144–147]. For instance, poly(methyl vinyl ether-co-maleic anhydride) nanoparticles were 

shown to improve the survival of mice exposed to a bacterial infection, through binding to 

various TLRs, causing subsequent stimulation of CD8+ T-cells [119]. Additionally, 

polyethylenimine nanoparticles with untargeted small interfering RNA (siRNA), triggered 

therapeutic antitumor activity through stimulation of TLR5, resulting in increased survival of 

tumor-bearing mice [148]. Besides TLR activation, complement fragments may also serve as 

immune adjuvants [149]. This phenomenon was exploited in a study, where nanoparticle-

induced complement activation conferred immunity to a model antigen conjugated to the 

nanoparticle [150].
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 6. Methodological considerations for safety assessment of 

nanomedicines

When evaluating the cytotoxicity of nanoparticles in vitro, it is important to select assays 

that are suitable for such applications. The majority of available safety tests have been 

developed for conventional therapeutic agents. However, nanoparticles behave differently 

than small molecules, due to their distinct size and surface properties. In particular, nano-

sized objects can aggregate, sediment, and display different diffusion dynamics. Therefore, 

nanoparticles may be unsuitable for test conditions or they may interfere with test results. 

For example, the Ames test that uses bacteria to measure the mutagenicity of compounds is 

not particularly fitting for nanoparticles. One study demonstrated that nanofibers that 

displayed genotoxicity in a mammalian assay, failed to do so in the Ames test [151]. 

Previously, the suitability of the Ames test for nano-objects has been questioned, due to the 

presumed inability of nanoparticles to penetrate the bacterial membrane [152]. However, in 

the aforementioned case, the nanofibers were detected inside the bacteria, suggesting that 

other factors are responsible for decreased sensitivity of the Ames test to nanoparticles. In 

addition, carbon nanotubes have been found to interact with the tetrazolium salt in the MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, thereby interfering 

with accurate viability measurements [153]. Namely, while four other viability tests revealed 

that carbon nanotubes do not elicit toxicity under the reported conditions, the MTT assay 

showed a 60% reduction in viability. The proposed mechanism for this disparity is that 

carbon nanotubes clump together with formazan crystals produced in the MTT assay, thus 

preventing their solubilization and accurate colorimetric readings. Given that nanoparticles 

may in certain cases interfere with in vitro assays, a good practice is to conduct multiple 

toxicity tests in parallel, to confirm safety assessment results.

Besides selecting suitable assays for nanoparticles, another important point to consider is the 

use of appropriate doses. A major criticism directed towards in vitro nanoparticle 

cytotoxicity studies is the use of inappropriately high concentrations that are not achievable 

in vivo, thereby giving a false impression of potential toxicity [154]. For instance, titanium 

dioxide nanoparticles were found to damage cultured brain microglia cells at a dose of 25 

µg/ml [155]. However, if these particles are inhaled at high concentration for several hours, 

even the epithelial cells in the lung will not be exposed to this dose [156]. Similarly, several 

in vivo measurements of nanoparticle toxicity have also employed doses that are excessively 

high. As an illustration, one study found that carbon nanotubes were carcinogenic when 

administered intravenously at a dose of ~ 3 mg/mouse (1.46 ml blood volume) [157], 

corresponding to more than 10 g/human (5 L blood volume). Notably, even this 

concentration of blood glucose is considered toxic [158]. Furthermore, in regards to 

nanoparticle dosing, it is also important to take into account that different cell types display 

varying rates of nanoparticle uptake. It should not be assumed that nanoparticles would be 

equally distributed in cells covering a given surface area in vivo. Indeed, macrophages will 

rapidly engulf most of the particles, causing other cell types to be exposed to lower 

nanoparticle doses than would be expected by measuring the nanoparticle amount per 

surface area. Therefore, it can be challenging to correlate in vitro nanoparticle exposure 

doses to in vivo conditions. Yet another point of consideration for nanoparticle safety 
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assessment is the purity of the sample. For instance, some carbon nanotube preparations 

contain high amounts of hazardous metals, which can impact toxicity measurements [159–

161].

One approach to improve in vitro toxicology assays is the use of 3D cultures, which closer 

mimic tissue architecture and also enable co-culturing of different cell types [162]. In fact, 

one study revealed that nanoparticles showed similar heterogeneous distribution patterns in 

3D culture and in vivo, while conventional 2D models displayed a uniform distribution 

[163]. Accordingly, several studies have showed that nanoparticles exhibit lower toxicity in 

3D models in comparison to monolayer cultures [164–166]. Moreover, dynamic flow 

models can also be implemented to give a more realistic depiction of nanoparticle 

interactions with endothelial cells [162]. As can be expected, nanoparticles under flow 

conditions have less contact time with cells, thereby affecting intracellular uptake kinetics 

[167, 168]. By virtue of this, one study found that the toxicity of nanoparticles was reduced 

under flow conditions in comparison to static cultures [169]. For detailed information about 

various cell-based assays used for safety assessment of nanoparticles please refer to reviews 

by Joris et al. [162] and Stone et al. [170]. In summary, caution must be taken to identify the 

appropriate safety assessment assays, nanoparticle doses, and sample purity, to gain valuable 

insight into the potential toxicity of nanoparticles.

 7. Regulatory aspects of nanomedicine

We believe that it may not be necessary to institute stricter guidelines for the approval of 

nanotherapeutics as compared to conventional drugs. Rather, the appropriate assays for 

safety assessment should be identified. In particular, it would be time and cost efficient to 

develop in vitro nanoparticle assays that can accurately predict in vivo toxicity. In some 

cases, such assay could be identical to those used for conventional drugs, while in other 

cases, adjustments to safety tests may be required. Notably, prior to drug approval, the 

characterization process for nanoparticles is likely to be more laborious in comparison to 

conventional drugs, since nanoparticles display additional physicochemical properties, such 

as surface area, shape, and drug release. In this regard, the design of safe and effective 

nanoparticles could be facilitated by the development of high throughput screening 

platforms and safety assessment tests that would yield predictive information about 

structure-activity relationships [171]. Nanoparticle safety libraries that link physicochemical 

characteristics to hazard potential could increase overall understanding of nanoparticle 

safety and provide guidance for the initial phases of nanoparticle design. Although detailed 

information about the physical properties of nanoparticles is important for understanding the 

mechanisms for toxicity and therapeutic efficacy, it is the concrete safety tests that will 

ultimately determine whether a nanotherapeutic is suitable for clinical applications. In this 

context, it would be challenging to identify toxic side effects that are only specific for 

nanotherapeutics or small molecule drugs. For instance, while small molecule drugs can 

easily penetrate the blood brain barrier, potentially causing neurological effects, certain 

nanoparticles can also accumulate in brain tissue. Similarly, while immunological activation 

remains a major problem for nanoparticles, several small molecule drugs can cause adverse 

immune reactions.
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With this in mind, it may not be warranted to adhere to a stricter approval process for 

nanotherapeutics in comparison to conventional drugs. Given that different therapeutics 

regardless of size have a huge variety of biological effects, a regulatory framework that can 

be used for the assessment of small molecule drugs or biologics should be sufficient for 

nanoparticles. Indeed, the display of nanodimensions does not constitute a safety risk by 

itself. Notably, the majority of biological components, such as cellular organelles, proteins, 

and nucleic acids are in the nano size range. However, one area of the regulatory process 

where nanotherapeutics may require different guidelines is the approval of ‘nanosimilars’. 

Whereas generic small molecule drugs can relatively easily be reproduced, biologics and 

nanoparticles display increased complexity that is difficult to replicate, unless the identical 

materials and manufacturing procedures are used. Since small changes in nanoparticle 

properties could change the biological impact, it is debatable whether nanoparticles should 

be permitted to undergo accelerated approval based on bioequivalence [172]. Furthermore, it 

is anticipated that precision medicine will play an important role in the future for the 

approval of all therapeutics, regardless of category. Namely, the genome, epigenome, 

transcriptome, proteome, and metabolome could be used to predict drug responses, in order 

to avoid hypersensitivity reactions and select patients that are likely to benefit from therapy 

[173].

 8. Conclusions

The field of nanomedicine is equally, if not more, diverse to the field of small molecule 

drugs. It would be unwarranted to make general statements about the potential toxicity of 

small molecule drugs, as they are useful for various purposes, ranging from placebo drugs 

(e.g. sugar molecules) to euthanasia drugs (death-inducing molecules). Therefore, the same 

notion of avoiding generalization also applies to nanoparticles. Many of the 

nanotherapeutics that are currently used in the clinic, such as Abraxane and Doxil, actually 

serve to reduce the toxicity of the encapsulated drugs. On the contrary, a small subset of 

nanoparticles that are currently undergoing preclinical investigation, e.g. carbon and metal-

based nanoparticles, typically display cytotoxic properties. The harmful effects of these 

particles are mainly based on ROS generation, disruption of cellular compartments, and 

immune reactions. Nevertheless, the inherent toxic properties of such nanoparticles could be 

exploited to ablate diseased tissue, as long as healthy organs are protected through selective 

targeting. Moreover, there are several strategies (e.g. surface modification) that can be 

utilized to eliminate toxicity.
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Figure 1. 
Schematic representation of some of the major toxic effects that can be induced by a subset 

of nanoparticles. These effects can manifest at the tissue, cellular and molecular level.
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Figure 2. 
Schematic representation of the current protein corona hypothesis. The hard corona consists 

of a layer of tightly associated biomolecules, while the soft corona consists of loosely 

associated biomolecules.
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Figure 3. 
Schematic representation of a pegylated liposome. Sparsely positioned polyethylene glycol 

(PEG) chains display a mushroom confirmation (left side), which provides poor protection 

against protein interactions. Densely placed PEG chains display a brush confirmation (right 

side), which can reduce protein binding.
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