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Abstract

Increasing evidence link nanomaterials with adverse biological outcomes and due to the variety of 

applications and potential human exposures to nanoparticles it is thus important to evaluate their 

toxicity for the risk assessment of workers and consumers. It is crucial to understand the 

underlying mechanisms of their toxicity as observation of similar effects after different 

nanomaterial exposures does not reflect similar intracellular processing and organelle interactions. 

A thorough understanding of mechanisms is not only needed for accurate prediction of potential 

toxicological impacts but also for the development of safer nanoapplications by modulating the 

physico-chemical characteristics. Furthermore biomedical applications may also take advantage of 

an in depth knowledge about the mode of action of nanotoxicity to design new nanoparticle-

derived drugs.

In the present manuscript we discuss the similarities and differences in molecular pathways of 

toxicity after carbon black and TiO2 nanoparticle exposures and identify the main toxicity 

mechanisms induced by these two nanoparticles which may also be indicative for the mode of 

action of other insoluble nanomaterials. We address the translocation, cell death induction, 

genotoxicity and inflammation induced by titanium dioxide and carbon black nanoparticles which 

depend on their internalisation, ROS production capacities and/or protein interactions. We 

summarise their distinct cellular mechanisms of toxicity and the crucial steps which may be 

targeted to avoid adverse effects or to induce them for nanomedical purposes. Several physico-

chemical characteristics could influence these general toxicity pathways depicted here and the 
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identification of common toxicity pathways could support the grouping of nanomaterials in terms 

of toxicity.
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Introduction

Nanomaterial induced biological processes are among the most studied topics in the recent 

literature. However, molecular mechanisms leading to these processes are not fully 

understood and are hot topics for further explorations. Increasing evidence link 

nanomaterials with adverse biological outcomes and a thorough understanding of underlying 

mechanisms is not only needed for accurate prediction of potential toxicological impacts but 

also for the development of safer nanotechnology applications or to conceive new 

biomedical applications.

Titanium dioxide (TiO2) nanoparticles are increasingly used for various industrial and 

consumer product applications including paints, waste water treatment, sterilization, 

cosmetics, food additive, biomedical ceramic and implant biomaterials. Current estimates 

indicate that 3800–7800 tons of nano-TiO2 are produced annually in the US1. Woodrow 

Wilson Center database indicate that approximately 9% of the consumer products currently 

listed to contain nanomaterials contain TiO2 nanoparticles2. These products include but are 

not limited to personal care products such as sunscreens, cosmetics, and food products. 

Nano TiO2 is also used in biomedical applications like scaffolds, coatings and dental 

implants. Both nano and micro TiO2 are useful tools in tissue engineering to repair, replace 

or enhance tissue function3. Due to the wide variety of applications, TiO2 nanoparticles 

present substantial potential for human exposures. Human exposures can occur during 

manufacturing and utilization of these nanoparticles. Limited data are available on human 

exposure to TiO2 nanoparticles through inhalation (most relevant route for toxicological 

outcomes). Based on rodent chronic inhalation studies, NIOSH has recommended airborne 

exposure limits of 0.3 mg. m−3 (10 h/day, 40 h/week) for workplace exposure and 1.2mg/m3 

by Japanese NEDO (8 h/day, 40 h/week)4. Other major routes for TiO2 exposures are 

dermal (through application of cosmetics and sunscreens) and gastrointestinal (through food 

(E171 food additive etc)). However, minimal toxic responses are observed after exposure 

through both of these routes.

Carbon Black (CB) nanoparticles are produced in huge quantities and current worldwide 

production is about 8.1 million metric tons (http://www.carbon-black.org/files/

carbonblackuserguide.pdf). Major applications of CB nanoparticles are in rubber (90% of 

the production), and pigment industry (9%). It is important to note that engineered CB 

particles differ significantly from soot particles which are unwanted carbonaceous by-

products of incomplete combustion of hydrocarbon-containing materials. These differences 

include purity (higher in CB which is nearly 97% carbon) surface uniformity of nodules 
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(higher in CB), agglomeration (higher in CB) and polycyclic aromatic hydrocarbon content 

(higher in soot). In working environments, daily doses of CB can reach up to 0.12 mg/kg 

(assuming a threshold limiting value (TLV) for respirable CB of 2.5 mg/m3, 60% 

deposition, an average weight of a person of 70 kg, an 8 hour work day, and a respiratory 

volume of 0.7 m3 pr. hour)5.

Due to the variety of applications and potential human exposures to CB and TiO2 

nanoparticles it is thus important to evaluate their toxicity for the risk assessment of workers 

and consumers. It is crucial to understand the underlying mechanisms of their toxicity as 

observation of similar effects after different nanomaterial exposures does not reflect similar 

intracellular processing and organelle interactions. Modern approaches of toxicology focus 

on the understanding of molecular and cellular pathways rather than just investigating the 

final outcome as this may allow the identification of possible early stage effects or responses 

to low doses. Thus, it is imperative to meticulously elaborate molecular pathways after 

nanomaterial exposure to make well informed decisions about nano-safety and for the 

development of safer nanomedical applications.

Nanomaterial induced toxicity cannot be explained by any single factor and a combination 

of physical (physicochemical characteristics of particles) and biological (cell type and nano-

bio interactions) factors determines the final outcome. These factors also dictate what type 

of intracellular signaling cascades will be activated after nanomaterial exposure. CB and 

TiO2 are both low-solubility nanoparticles but differ in many physicochemical 

characteristics including crystal structure, photo activation, Reactive oxygen species 

generation abilities and surface reactivity. These may not only influence the final outcome 

of exposure but also explain differences in cellular mechanisms. Unfortunately very few 

studies directly compared the effect of these two nanomaterials and thus this review aim to 

elucidate their respective toxicity mechanisms. We illustrate that CB and TiO2 nanoparticles 

induce similar effects (apopotosis, genotoxicity, inflammation etc) but through very distinct 

mechanisms. In the present manuscript we discuss the similarities and differences in 

molecular pathways of toxicity after CB and TiO2 nanoparticle exposures and identify the 

main toxicity mechanisms induced by these two nanoparticles which may also be indicative 

for the mode of action of other low-solubility nanomaterials. Several physico-chemical 

characteristics could influence these general toxicity pathways depicted in this review and 

the identification of common toxicity pathways could support the grouping of nanomaterials 

in terms of toxicity.

Biodistribution of TiO2 and carbon black nanoparticles

The deposition of nanoparticles after inhalation is more dependent on the aerodynamic or 

thermodynamic diameter of the nanoparticle aggregates than on their chemical nature6. 

However, the alveolar clearance through nanoparticle uptake by macrophages could be 

influenced by the composition and interaction of nanoparticles with the lung lining fluids 

will also depend on surface characteristics such as charge and hydrophobicity which differ 

between TiO2 and carbonaceous nanoparticles. Translocation of nanoparticles to the 

systemic circulation has been observed after inhalation but the fraction of nanomaterials 

reaching the blood circulation is generally very low4, 6, 7. This translocation towards blood 
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and secondary organs is influenced by the chemical composition of the nanomaterial. 

Indeed, the biodistribution of iridium nanoparticles is much higher (10%) than those of CB 

and TiO2 nanoparticles which demonstrated similar translocation (3% and 2% 

respectively7).

Translocation of nanomaterials through biological barriers depends on the physico-chemical 

characteristics such as size, shape and surface charge, especially if the nanomaterial crosses 

the epithelial or endothelial barrier by transcytosis involving endocytic mechanisms. It has 

for instance been shown that neutral or positively charged TiO2 nanoparticles are taken up 

by airway epithelial cells in contrast to negatively charged TiO2
8. However, the paracellular 

passage of the endothelium may be a less specific process as nicely illustrated by a 

mechanistic study showing that nanoparticles could enter the intercellular space and disrupt 

adherens junctions (Figure 1). This disruption has been observed with several nanomaterials 

including TiO2 nanoparticles9 and was attributed to the small size (less than 22.5 nm) of the 

particles allowing their penetration into the intercellular space where the nanoparticles could 

get in contact with the junctional protein Vascular Endothelial (VE)-cadherin disrupting 

their interactions and inducing the phosphorylation of VE-cadherin and subsequent cellular 

signal transduction pathways leading to cell retraction through actin remodeling. This direct 

physical interaction with VE-cadherin led thus to endothelial leakiness9 which has been 

confirmed in vivo after subcutaneous and intravenous injections of TiO2. Epithelial and 

blood-brain barriers present however also tight junctions to prevent passage of molecules 

and which may be less easily disrupted by nanomaterials.

Cell death mechanisms and genotoxicity induced by TiO2 and carbon black 

nanomaterials

While induction of cell death may be beneficial in some cases (e.g. killing of tumor cells 

during therapy), induction of exuberant cytotoxicity in healthy tissue usually ensue 

deleterious consequences. TiO2 and CB nanoparticle exposures result in induction of a 

variety of cell death modalities (Figure 2), and thus lead to distinct pathophysiological 

consequences. Uncontrolled cell death by necrosis will lead to inflammatory outcomes 

whereas controlled cell death, such as apoptosis induction, will avoid inflammation. On the 

other hand cells could also die through an inflammatory cell death called pyroptosis or cell 

death could be prevented by autophagy, a process which allows to eliminate damaged cell 

structures or organelles (for review10). These different types of cell deaths (necrosis, 

apotosis and pyroptosis) could be activated by nanomaterials through specific molecular and 

cellular signaling pathways (for review11). Physiologically, apoptosis of for instance airway 

epithelial cells functions as 1) mechanism to reduce the hyperplastic cell numbers due to 

allergen or chemical induced hyperplasia 2) eliminate damaged cells 3) control 

inflammation and thereby support barrier function12. However, an exuberant apoptotic 

response is noted in various airway pathologies e.g chronic obstructive pulmonary disease 

(COPD), asthma, cystic fibrosis and interstitial lung disease. Viral/bacterial infections could 

lead to apoptosis to protect the organism against these invading pathogens and 

environmental particle exposures have also been shown to induce apoptosis.
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Various in vitro and in vivo studies have demonstrated the ability of CB or TiO2 

nanoparticles to induce toxicity towards the respiratory system but most of them did not 

address the molecular pathways of toxicity. A detailed comparative analysis of CB and TiO2 

nanoparticle induced toxic mechanisms in human bronchial epithelial cells (transformed and 

primary cells) was performed13 and an overview of the resulting biological mechanisms is 

presented in figure 3. CB and TiO2 nanoparticle exposure for at least 4 hours was sufficient 

to induce significant toxicity in bronchial epithelial cells. Both types of nanoparticles 

induced cell death through apoptosis induction at same concentrations (20 µg. cm−2) but 

through distinct pathways. CB nanoparticle exposure induced mitochondrial membrane 

potential loss (↓∆Ψm), activation of the pro-apoptotic protein BAX and release of 

cytochrome c from the damaged mitochondria. In contrast, TiO2 nanoparticle exposure led 

to lipid peroxidation, lysosomal damage, and release of cathepsin B.

Differences in signaling cascades for apoptosis induction by CB and TiO2 nanoparticles can 

be explained partly by their inherent capacity to generate reactive oxygen species (ROS) 

under acellular conditions14. CB nanoparticles demonstrated particle size/surface area 

dependent oxidation of DTT (dithiothreitol) while TiO2 nanoparticles were minimally 

reactive. These cellular assays may however give false negative findings due to similar 

redox potentials between the test substance (nanomaterials) and detection agents (DTT, 

ascorbate) but inside the cells multiple redox partners are present with varying redox 

potentials which could interact with the nanomaterials. Apoptotic effects of CB 

nanoparticles were completely inhibited by a specific hydrogen peroxide (H2O2) scavenger 

(pegylated catalase) while there was no significant effect on TiO2 nanoparticle induced 

toxicity. This further confirmed that CB induced H2O2 mediated apoptosis (partly produced 

extracellular by surface reactions) while TiO2 induced different types of ROS as the cellular 

effects were not inhibited by this H2O2 scavenger. ROS production by CB nanoparticles has 

also been shown to be responsible for the induction of apoptosis through activation of 

epidermal growth factor receptor (EGFR) and downstream signaling15. Another alternative 

cell death induction mechanism induced by nanomaterials is cell death receptor activation 

and TiO2 nanoparticle exposure has been shown to activate FAS receptor4.

It is interesting to note that these distinct signaling cascades of TiO2 and CB nanoparticles 

depicted in figure 3 were not due to differential localization or uptake kinetics of these 

nanomaterials16. However, TiO2 nanoparticles formed larger sized intracellular aggregates 

with sharp edges which potentially explain the selective lysosomal damage induced by these 

nanomaterials leading to the release of lysosomal proteins as well as TiO2 NPs into the 

cytoplasm which are thus no longer membrane bound. This is in line with TEM images 

showing that CB nanoparticles are mostly present in membrane bound vesicles in contrast to 

TiO2 nanoparticle aggregates which could be observed in membrane bound vesicles as well 

as free in the cytoplasm14.

Several studies have confirmed the induction of lysosomal perturbations by TiO2 in different 

cell types4 and membrane damages, either physically or through ROS production by TiO2 

nanoparticles, resulted in dose dependent hemolysis of erythrocytes17. Attachment of 

nanoparticles induced erythrocyte surface changes leading to hemagglutination and 

abnormal sedimentation17. Both nano and micro sized particles of TiO2 were also shown to 
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induce hemolysis in human erythrocytes18. However, it is unlikely that TiO2 exposures 

could cause intravascular hemolysis as plasma was shown to effectively abolish this 

response.

Interestingly, some reports describe that TiO2 nanoparticles induce mitochondria mediated 

apoptosis in other cell types and mitochondrial dysfunction in vivo4,19,20. The mitochondrial 

damage by nanoparticles could however be induced indirectly after lysosomal rupture 

through intracellular ROS production or lysosomal hydrolase release10. Discrepancies 

between studies may also be due to cell type, concentrations, endocytic mechanisms and 

nanomaterial used. Indeed, crystal structures (anatase or rutile) or size are shown to 

determine OHo radical generation by TiO2 nanoparticles21 and these parameters influence 

accordingly the apoptosis induction as anatase TiO2 nanoparticles had greater effects in 

neuronal cells than rutile nanoparticles and nanometer sized TiO2 was more cytotoxic than 

micrometer TiO2
20.

TiO2 and CB nanoparticles have also been shown to induce genotoxicity in vitro and in vivo 

demonstrating their clastogenicity, mutagenicity and carcinogenicity4,22. Even though some 

investigations have shown negative results, several studies have evidenced the induction of 

micronuclei, gene mutations, DNA strand breaks, chromosomal alterations and cell 

transformations mostly through ROS dependent but also some ROS independent 

mechanisms. For instance, TiO2 nanoparticles induced ROS independent phosphorylation of 

H2A histone family member X (H2AX), a sensitive marker of DNA strand breaks, in an 

internalization dependent manner23. Interestingly, surface coating of nanoparticles with 

albumin attenuates phosphorylation of histone H2AX. The reduction of TiO2 nanoparticle 

toxicity by coating was also observed in other studies using PEGylation of TiO2 or silica 

coating (for review4). Genotoxic effects of nanoparticles are also observed in vivo but are 

often reported to be due to the induction of inflammation leading to oxidative stress. The 

role of inflammation in TiO2 nanoparticle genotoxicity has been evidenced in the lung but 

also in spleen, kidney and liver (for review4). However, DNA damage in the liver has also 

been shown to be due to direct interaction of TiO2 nanoparticles with oxygen or nitrogen 

atoms of the nucleotides forming P-O(N)-TiO bonds24.

Toxicity mechanisms leading to inflammation

Many in vitro studies have shown pro-inflammatory responses after treatment with these 

two nanoparticles involving mitogen-activated protein kinases (MAPK), nuclear factor-

kappaB or receptor activation to induce cytokine production (for review4,25). Some 

comparative studies report however different inflammogenic potencies of TiO2 and CB 

nanoparticles. For instance, exposure of lung fibroblasts to TiO2 nanoparticles induced 

IL-1beta secretion and subsequent MMP1 induction in contrast to CB nanoparticles which 

had no effect26. This could be due to the activation of the inflammasome by TiO2 

nanoparticles which allows the maturation of pro-IL1beta by caspase-1 activation. Cathepsin 

B could activate the inflammasome and it has indeed been shown that Il-1beta release in 

response to rutile and anatase TiO2 nanoparticles is dependent on active cathepsin B and 

caspase-127. The release of cathepsin B from lysosomes has been demonstrated after TiO2 

nanoparticle treatment due to lysosomal rupture as reported above13. Thus, apoptosis 
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induction and pro-inflammatory responses in response to TiO2 nanoparticle exposure could 

be induced by the same mechanism of inflammasome activation through lysosomal 

desatbilisation. Contradictory results were however obtained by Reisetter et al28 who 

compared the toxicity mechanisms of CB and TiO2 nanoparticles in alveolar macrophages 

showing that TiO2 nanoparticles did not elicit toxicity at the tested concentrations which 

may however be due to different types of TiO2 nanoparticles used. Furthermore, at equal 

mass the CB nanomaterial used in this study had a much greater surface area compared to 

the TiO2 nanoparticles which may also explain the greater effect of the CB samples. 

Interestingly, they demonstrated that CB nanoparticles induced an inflammasome dependent 

pyroptosis, a specific form of inflammatory cell death that requires caspase-1 activity. This 

activation could however be due to ROS production which are also able to activate 

caspase-129 and further studies are necessary to confirm these novel results and to 

understand the underlying mechanisms.

Inflammation after in vivo subchronic inhalation of TiO2 and CB nanoparticles has been 

illustrated30 but was often attributed to lung overload. TiO2 and CB nanoparticles induced 

similar inflammatory potency after 24h at same surface area doses31 but interestingly 

comparative time course studies have however shown a more persistent inflammation for 

TiO2 nanoparticles compared to CB nanoparticles. Short term inhalation confirmed the 

induction of inflammation by TiO2 but not CB nanoparticles30.

Nanoparticles can also have immunomodulatory effects32 which have been demonstrated for 

TiO2 as well as carbonaceous nanomaterials. Low doses of TiO2 nanoparticles, which did 

not induce inflammation in healthy animals, induced epithelial damage and aggravated 

inflammatory and asthmatic responses in a mouse model of occupational asthma33 and a 

similar effect was observed for CB nanoparticles in ovalbumin sensitized mice34. In another 

study it was demonstrated that nano TiO2 significantly increase the dermal sensitization 

potency of a known skin sensitizer by skewing the immune response towards a Th2 

phenotype35. It is worth mentioning that the micro-scale form of TiO2 failed to elicit similar 

effects. These findings demonstrate the ability of TiO2 as well as CB nanoparticles to induce 

toxicity in compromised subjects with pre-existing conditions and modulate the immune 

responses. The underlying molecular and cellular mechanisms are however still unclear. 

This immunomodulatory effect could be due to activation of dendritic cells as several in 

vitro studies have shown maturation of dendritic cells by TiO2 and CB36,37. However, for 

the moment the findings are still contradictory as some studies report maturation towards 

Th1-biased responses via activation of the inflammasome complex36 and a protective effect 

of TiO2 in asthmatic animals38 while others demonstrate induction of Th2 type37,33,34,35 

responses (or Th1 as well as Th2 responses39). More immunotoxicological studies are thus 

needed to clearly establish the immunomodulatory effect of these NPs and to understand the 

differences in these studies which could be due to different concentrations, treatment times 

or different nanoparticles used.

The cardiovascular effects induced by nanomaterials may either be due to direct interactions 

of nanomaterial reaching the bloodstream or to indirect consequences of inflammation 

induced in target organs. For instance, acute and chronic inflammation could induce the so 

called acute phase response which is strongly linked to increased risk of cardiovascular 

Boland et al. Page 7

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



disease. Saber et al40 have shown that pulmonary inflammation after nanomaterial exposure, 

including TiO2 and CB nanoparticles, correlated strongly with acute phase protein 

expression in the lung but interestingly not in the liver. The authors state that this pulmonary 

acute phase response may constitute a direct link between particle inhalation and risk of 

cardiovascular disease and may be a predictive biomarker. Indeed, the acute phase protein 

serum amyloid A which was increased by TiO2 and CB nanoparticles is known to promote 

atherosclerotic plaque progression and impairment of endothelial dysfunction which have 

been reported after exposure to nanoparticles including TiO2 and CB4, 41.

Consequences of the interaction of nanomaterials with proteins

Another probable mechanism through which CB and TiO2 nanomaterial can induce toxicity 

include their propensity to interact with proteins. The adsorption of proteins on the surface 

of nanomaterials in physiological environments leads to the formation of the so called 

protein corona which has been extensively studied42. This corona could modulate the effect 

of nanomaterials by influencing the aggregation state, biodistribution, cellular uptake and 

reactivity of the nanomaterials. To predict the protein affinity and selectivity in a corona 

formation process, a biological surface adsorption index (BSAI) was developed and specific 

nanodescriptors representing different adsorption forces were defined43. This approach 

allowed to cluster successfully metal oxide nanomaterial such as TiO2 nanoparticles as weak 

and carbonaceous nanomaterial as high adsorption materials.

On the other hand, this interaction of nanomaterials with proteins could impact the activity 

of the protein and thus have important physiological consequences. Interaction of 

nanomaterials with proteins essential for cellular functions could inactivate them either by 

conformational changes and/or denaturation. Both CB and TiO2 nanoparticles were shown 

to inhibit enzyme activity and induce conformational changes in Arylamine N-

Acetyletransferase-144,45, a xenobiotic metabolizing enzyme involved in activation/

detoxification of carcinogens. Although in this case both nanomaterials induce similar 

effects, the magnitude of the response varies hugely. Interestingly, the interaction of 

nanomaterials with proteins could also lead to gain of function42 as shown for fibrinogen 

unfolding and subsequent receptor activation after binding to gold nanoparticles. A variety 

of other proteins are also known to bind with either CB or TiO2 nanomaterials including 

cytokines. A comparative study has shown that both, CB and TiO2 nanoparticles, adsorbed 

cytokines but the binding was dependent on the nature of cytokine as well as on the 

nanoparticles46. Furthermore, binding of nanoparticles to proteins of the complement system 

could induce the activation of this innate immune system32.

Interactions of several nanomaterials (including TiO2) with the cytoskeleton have also been 

reported, leading to retardation of cell migration due to destabilization of microtubule 

network47. Impairment of the cytoskeleton could, beside other cellular perturbations, disturb 

lysosomal trafficking leading to autophagy dysfunctions which are commonly observed after 

nanomaterial exposures (for review10). As discussed above, nanoparticles able to enter the 

intercellular space have been shown to bind to junctional proteins inducing adherence 

junction rupture and induction of intracellular signal transduction pathways leading to cell 

retraction and endothelial leakiness9. The interaction of nanomaterials with ion channels or 
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cellular receptors, either directly or through the protein corona, could also induce cell 

signaling. It has for instance been shown that TiO2 nanoparticles could activate membrane 

L-type calcium channels and Toll Like Receptors (TLR) and respective downstream 

signaling4 which however needs to be confirmed. Cell death receptors could also be induced 

by nanomaterials as discussed above. CB nanoparticles induce EGFR signaling leading to 

disruption of gap junctional intercellular communication4,48, cell proliferation and 

apoptosis15. CB nanoparticles may however activate EGFR indirectly through ROS 

production and activation of lipid raft signaling49.

The binding/adsorption of TiO2 and CB nanoparticles to proteins can thus lead to 

unpredicted consequences. On the one hand the protein corona which will form around the 

nanomaterials in physiological environments will influence the aggregation state, 

biodistribution, cellular uptake and reactivity of the nanomaterials. On the other hand the 

interaction of nanomaterials with different types of proteins could lead to activation/

inhibition of surface or cellular proteins which could induce a variety of changes in normal 

cell function (depicted in Figure 4). The interaction with enzymes or cytokines could lead 

respectively to disturbance of the metabolism and immune responses while the modification 

of structural proteins such as cytoskeleton or cell junctional proteins could lead to important 

changes in cell functioning (autophagy, cell migration/anchoring, cell communication or 

barrier function). The normal cell function could also be disrupted by an interaction of 

nanomaterials with proteins involved in signal transduction pathways such as receptors or 

ion channels, leading to the activation or inhibition of cell signaling. Unfortunately, there are 

not enough current research efforts for these adverse scenarios and there is urgent need to 

explore these processes as these different protein-nanomaterial interactions could induce 

important perturbations of cell function which may ultimately modulate or induce diseases 

ranging from immune, neurodegenerative or metabolic disorders to cancer.

Conclusions

TiO2 and CB nanoparticles could induce a large variety of cellular mechanisms leading to 

toxicity, some of which are similar between these two nanomaterials and represent maybe 

general pathways of nanotoxicity, whereas others are specific to each particle due to their 

different physico-chemical characteristics. Understanding the underlying mechanisms which 

drive the cellular effects is not only important to predict the toxicity of nanomaterials but 

also to allow their grouping in terms of hazard characterisation. A thorough mechanistic 

comprehension is also necessary to produce nanomaterials safer by design by modulating 

the physico-chemical characteristics responsible for the induction of signalling pathways 

leading to adverse effects, especially in case of utilization of nanomaterials in nanomedicine. 

On the other hand biomedical applications may also take advantage of an in depth 

knowledge about the mode of action of nanomaterial toxicity to design new nanoparticle-

derived drugs.

Table 1 and figure 5 summarise the distinct cellular mechanisms of toxicity induced by these 

two nanomaterials and the crucial steps which may be targeted to avoid adverse effects or in 

contrast to induce them for nanomedical purposes. Other nanomaterials could share these 

mechanisms induced by TiO2 and/or CB nanoparticle and deciphering their distinct mode of 
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action or similarities may thus allow depicting some common nanotoxicological pathways 

and physico-chemical characteristics responsible for their toxicity.

The internalisation of TiO2 nanoparticles is a crucial step for their toxicity as the 

accumulation in lysosomes leads to their rupture and release of hydrolases such as 

cathepsins and intracellular ROS production. Furthermore, nanomaterials will also be 

released into the cytoplasm allowing their access to essential biomolecules or oxidative 

stress induction. Predictive toxicology or strategies to prevent TiO2 toxicity may thus focus 

on the endocytosis of TiO2 or other nanomaterials able to destabilise lysosomes. For 

instance, negative surface charge or coating of TiO2 nanoparticles successfully prevented 

uptake and toxicity. In addition, accumulation of nanomaterial within intact lysosomes may 

also lead to perturbation of normal cellular functioning such as autophagy dysfunction. 

Conversely, CB nanoparticles induce toxic mechanisms mainly through ROS production 

which already occurs extracellularly. Inhibiting the internalisation of CB nanoparticles may 

thus not be sufficient to avoid toxicity and reduction of surface reactivity could instead be 

aimed to reduce toxicity. It is important to decipher the chronology of the entire cellular 

mechanism as for instance the destabilisation of lysosomes could induce the production of 

ROS which in turn can activate signalling pathways or alter mitochondria leading to 

apoptosis. CB, TiO2 nanoparticles as well as many other nanoparticles could interact 

directly with membrane proteins (channels, receptors or junctional proteins etc) responsible 

for the induction of signal transduction pathways leading to altered gene expressions etc. 

Studying and predicting the adsorption capacities of nanomaterials and protein interactions 

is thus not only important for determining the protein corona in physiological environments, 

but also to understand the possible activation/inhibition of surface or cellular proteins.

In conclusion, three main modes of toxicity mechanisms could be identified: internalisation 

with subsequent lysosomal destabilization or accumulation, ROS production capacities and 

protein interactions. Many of the toxic effects observed after nanomaterial treatment could 

be explained by these three modes of actions described here, yet other mechanisms could 

also be induced by nanomaterials, especially if they are soluble. Cross activations and 

retroactions of these pathways exist such as activation of membrane proteins by ROS etc 

and this schematic illustration of nanomaterial toxicity mechanisms maybe incomplete and 

not represent the whole complexity of cellular mechanisms. The toxicity mechanisms 

triggered by nanomaterials will also depend on the cell-type used (depending on their 

phagocytic capacities, anti-oxidant defence mechanisms etc), the dose and coating of the 

nanomaterial by bio-molecules present in body fluids. Further studies are needed to confirm 

the importance of these mechanisms and to verify whether these are representative of other 

low-solubility nanomaterials. More comparative mechanistic studies are needed which 

should not only compare different physicochemical characteristics of the same nanomaterial 

but also evaluate other types of nanomaterials with similar properties in parallel. This 

identification of common toxicity pathways will support the grouping of nanomaterials in 

terms of toxicity and could help to identify relevant endpoints for qualitative structure-

toxicity relationship modelling approaches. Several physico-chemical characteristics will 

indeed influence these three general toxicity pathways depicted here and represent 

promising tools to design safer or more reactive nanomaterials for biomedical applications.
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Figure 1. Proposed mechanism of Nano-Endothelial Leakiness
a) The anatomy of an adherens junction. Intact monolayer of connected endothelial cells is 

maintained by stable VE–cadherin homophilic interactions with neighbouring cells. VE–

cadherin forms a trans-homophillic interaction at the EC domains with another cis-paired 

VE–cadherin complex. β-catenin, p120 and VE–cadherin form a complex. Formation of this 

ternary complex stabilizes the adherens junction. Distance of adherens junction is at least 

22.5 nm.

Boland et al. Page 15

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



b) TiO2–NM are small enough to migrate into the adherens junction; they bind and disrupt 

VE–cadherin homophilic interaction (1). This disruption induces the phosphorylation of 

Y658 of VE-cadherin via a currently unknown kinase pathway, while the Y731 residue is 

phosphorylated by Src kinase. The phosphorylation at the two residues induces the loss of 

interaction between VE–cadherin and β-catenin and with p120 (2). The loss of interaction of 

the VE–cadherin–β-catenin–p120 complex destabilizes actin and lead to actin remodelling 

(3). As a result the cell retracts and leakiness occurs (4). After the binding of TiO2-NM to 

VE–cadherin, VE–cadherin might be internalized and further degraded by lysosomes. Fate 

of VE–cadherin: phosphorylation of VE–cadherin due to NanoEL may result in 

internalization and lysosomal degradation. This minimizes the overall amounts of VE–

cadherin near the vicinity of the cell membrane. TiO2–NM might be internalized alongside 

VE–cadherin as it remained bound to VE–cadherin but the final fate of the TiO2–NM is 

uncertain. From Setyawati et al. 20139.

Reproduced by permission of Nature Publishing Group.
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Figure 2. Types of cell death induced by CB and TiO2 nanoparticles
Various modalities of cell death could be induced by CB and TiO2 NPs in human cells.
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Figure 3. Schema of the hypothetic pathways of cell death induction by CB and TiO2 NPs in 
bronchial epithelial cells
CB NP induce apoptosis by a ROS dependent mitochondrial pathway involving loss of the 

mitochondrial membrane potential, activation of bax and release of cytochrome c resulting 

in activation of caspases and subsequent DNA fragmentation. TiO2NPs induce cell death 

through lipid peroxidation and lysosomal membrane destabilization leading to cathepsin B 

release and subsequent activation of caspases and final apoptotic events. Modulation of 

oxidative stress by PEG catalase prevents cell death by blocking downstream events only in 

case of CB NPs. (Image drawn in part using Servier medical art)(From Hussain et al. 

201013).
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Figure 4. Consequences of protein-nanomaterial interactions
Nanomaterials can interact with different types of proteins which could lead to a variety of 

changes in normal cell function.
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Figure 5. Main toxicity pathways induced by TiO2 and CB nanoparticles
Three main pathways could be identified which are induced by TiO2 and/or CB 

nanoparticles and which could be shared by other nanomaterials. The internalization of 

nanomaterial could lead to lysosomal destabilization or accumulation. Nanomaterials could 

produce reactive oxygen species through surface reactions. The interaction of nanomaterial 

with membrane proteins could lead to activation or inhibition of cell signaling pathways. 

These different pathways could induce autophagy, inflammasome activation, apoptosis or 

gene expressions and crucial steps may be targeted to avoid these cellular effects (red bars).
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Table 1

Summery of the cellular effects and pathways induced by CB and TiO2 nanoparticles (the most relevant 

references discussed in this review are indicated by their respective reference number).

Protein interactions

Junctional proteins (TiO2
9)

Metabolizing enzymes (CB44,45, TiO2
45)

Cytoskeleton (TiO2
47)

Membrane proteins (CB48,15, TiO2
4)

Cytokines (CB46, TiO2
46)

Apoptosis

Mitochondrial pathway (CB13, TiO2
4,20)

Lysosomal pathway (TiO2
4,13)

Cell death receptors (TiO2
4)

Pyroptosis (CB28)

Autophagy Induction or disturbance (CB10, TiO2
10)

Genotoxicity Clastogenic, mutagenic, carcinogenic (CB22, TiO2
22,23,24)

Immune response

NF-κB pathway activation (CB25, TiO2
4)

Inflammasome activation (CB28, TiO2
27)

Immunomodulatory effects (CB34,37,39, TiO2
33,35,36,38)

Cardiovascular effects
Endothelial dysfunction (CB41, TiO2

4)

Acute phase response (CB40, TiO2
40)
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