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Abstract

Titanium oxide is regarded as a bio-inert material, but studies concerning the toxic effects 
of titanium dioxide (TiO

2
), particularly nano-scaled TiO

2
 particles, have been accumulat-

ing that indicate nano-scaled TiO
2
 particles show more harm and cause greater alteration 

of immune functions compared with large particles. Inorganic nanosheets have been the 
focus of increasing interest because of their ultrathin structure, as well as diversity of 
compounds and structures leading to various functions. Oxide nanosheets are included 
in the group comprising inorganic nanosheets, and titanate nanosheets (TiNSs) represent 
a form of oxide nanosheets. We therefore examined the toxicity of nano-scaled 2D materi-
als of TiNSs on human immune cells. Our study revealed that TiNSs have the potential 
to cause harm through caspase-dependent apoptosis of human peripheral blood mono-
nuclear cells (PBMCs) to the same degree as asbestos. Furthermore, isolated monocytes 
developed marked vacuoles prior to cell death upon exposure to TiNSs, which were 
found in the vacuoles and indicated engulfment of TiNSs. A consideration of these find-
ings with the co-localization of vacuoles with endocytosed fluorescence-labeled dextran 
indicates that TiNSs entered the endosomal pathway, leading to the formation of vacu-
oles in monocytes and subsequent cell death. TiNSs might therefore affect immune func-
tions through interference of endo-lysosomal functions.

Keywords: titanate nanosheets, apoptosis, vacuole formation, endosome

1. Introduction

Titanium oxide is used broadly in industrial production for ceramics, materials containing com-

posite oxides and photocatalysts, and even as a food additive. In addition, titanium and its 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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alloy are used for various kinds of biomaterials such as artificial joints and dental implants, 
where generation of titanium oxide (titania) film is beneficial because of its bio-inertness [1–3]. 

Titanium oxide was therefore regarded as a harmless material. However, studies detailing the 

toxic effects of titanium oxide have been accumulating recently as shown in the next section. 
The International Agency for Research on Cancer (IARC) decided in 2010 to change its cat-

egorization of titanium dioxide (TiO
2
) from “Group 3: Not classifiable as to carcinogenicity to 

humans” to “Group 2B: Possibly carcinogenic to humans”. This conclusion resulted from suffi-

cient evidence in experimental animals and inadequate evidence from epidemiological studies. 

The carcinogenicity of titanium oxide was evaluated by examining the relationship between 

exposure to titanium oxide and the risk of lung cancer in two previously conducted case-control 

studies, which showed no detectable excess risk of lung cancer [4]. In contrast, two studies 

using animal experiments demonstrated elevated lung cancer in rats exposed to fine or ultra-

fine TiO
2
 [5, 6]. Additionally, it is estimated that the total production of nano-TiO

2
 would reach 

approximately 2.5 million metric tons (MT) per year in 2025 from 40,000 MT in 2006 in the US 

[7], which means we would become more exposed to nano-scaled materials of titanium oxide 

in the future, thereby motivating us to better clarify the toxicological effects of this material. The 
various forms of titanium oxide are known and include spheres, rods, needles and fibers, as 
well as sheets. Titanate nanosheets (TiNSs) are crystalline materials composed of titanium and 

oxygen with a very thin and flat structure representing 2D materials. TiNSs are expected to be 
valuable materials in industry for production of UV- or corrosion-resistant films, dielectric thin 
films and catalysts. Therefore, we recently examined the effects of exposure to TiNSs on human 
immune cells (manuscript of an original article under preparation). Here, we would like to 

review the progress of studies regarding the toxicity of titanium oxides, summarize our recent 

study concerning the toxicity of TiNSs and finally discuss the findings obtained from that study.

2. Toxicity of titanium dioxide materials

The following two studies form the basis for the decision to reappraise the carcinogenicity 

of TiO
2
. In 1985, Lee et al. conducted in vivo experiments with rats and reported the occur-

rence of bronchioalveolar adenomas carcinomas and squamous cell carcinomas in a portion 

of both sexes exposed by inhalation to fine TiO
2
, which possesses a micro-scaled diameter [5]. 

The study by Heinrich et al. demonstrated that exposure to ultrafine TiO
2
 nano-scaled particles 

caused tumors in comprising squamous cell carcinomas, adenocarcinomas and benign squa-

mous cell tumors in female rats [6]. In addition, Schins et al. evaluated data in the literature 

and reported that tumorigenesis by TiO
2
 involves a mechanism of genetic damage caused by 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) that were produced by a 

TiO
2
 exposure-induced inflammatory response [8]. Naturally occurring TiO

2
 is distinguished as 

rutile and anatase due to the difference in crystal structure. It has been reported that an anatase 
type of nano-TiO

2
 showed higher production of ROS and more toxic characteristics compared 

with a rutile type of the material in an in vitro experiment with human fibroblasts and lung 
epithelial cells [9]. In addition, it has been demonstrated that TiO

2
 nanoparticles caused high 

production of 8-hydroxyl-2′-deoxyguanosine (8-OHdG), a DNA adduct, which contributed to 
the development of tumor, whereas the nanoparticles did not cause DNA breakage in human 
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lung fibroblasts of IMR-90 [10]. Chen et al. demonstrated that single intratracheal instillation 

with TiO
2
 nanoparticles caused altered expression of mouse lung-tissue genes involved in path-

ways associated with the cell cycle, apoptosis, chemokines and the complement system [11]. 

TiO
2
 nanoparticles increased expression of placenta growth factor (PIGF), CXCL1, CXCL5 and 

CCL3, and results were similar to those observed in an in vitro experiment with human THP-1 

cells. Warheit et al. demonstrated the difference in effects resulting from exposure to nano-TiO
2
 

rods and dots [12]. Moreover, their study compared various kinds of TiO
2
 and demonstrated 

that the pulmonary effects caused by exposure to ultrafine TiO
2
 differ based on the crystal struc-

ture and composition of TiO
2
 [13]. These findings show evidence for the toxicity of titanium 

oxide, but the toxicity of nano-scaled materials needs to be examined further, particularly the 

crucial role played by the size, crystal structure and composition of TiO
2
 in regard to toxicity.

3. Studies concerning nano-scaled titanium dioxide particles

Before examining TiNSs, previous studies regarding the toxicity of nano-scaled TiO
2
 materi-

als should be reviewed. The toxicological effect of TiO
2
 nanoparticles on skin and in dermal 

tissue is of interest to medical science and manufacturers because TiO
2
 is used as a physical 

photoprotective agent in sunscreen and as a whitening agent in cosmetics. It is unlikely that 

TiO
2
 nanoparticles easily reach dermal tissue. Experiments using human skin-transplanted 

mice show that TiO
2
 nanoparticles did not penetrate the barrier of an intact epidermis [14]. 

Sadrieh et al. [15] and Newman et al. [16] also demonstrated no significant penetration of TiO
2
 

nanoparticles through the epidermis. However, this does not eliminate concern regarding its 

toxicity on skin because an in vitro experiment using cell lines of keratinocytes, sebocytes, 

fibroblasts and melanocytes showed decreases in viable cells, an increase in apoptosis and 
decreases in the differentiation markers of those cells [14]. Moreover, several studies have 

shown actual penetration of TiO
2
 nanoparticles through skin. Bennat and Muller-Goymann 

demonstrated that TiO
2
 nanoparticles are able to pass through skin using an oil-in-water 

emulsion [17]. Another study demonstrated that TiO
2
 nanoparticles reached the deep area of 

the epidermis in the pig ear after topical skin exposure to the nanoparticles, some of which 

even reached the brain, whereas there was no penetration in an in vitro experiment using 

isolated porcine skin [18]. Once TiO
2
 nanoparticles pass through the epidermis due to the 

broken or unhealthy status of the epidermal barrier, they produce harmful effects on the 
tissue. A study utilizing in vitro experiments confirmed the phototoxicity of nano-sized TiO

2
 

in an experiment with human skin keratinocytes of HaCaT under irradiation of UVA, which 

is mainly dependent on the ROS production level [19]. Furthermore, a study investigating 

the mechanism of toxicity of TiO
2
 nanoparticles upon exposure to UVA found that exposure 

to TiO
2
 caused decreases in the mitochondrial membrane potential and ATP level and an 

increase in caspase 3 activity [20]. It has also been shown that subcutaneous injection with 
TiO

2
 nanoparticles promoted dermal sensitization induced by dinitrochlorobenzene (DNCB) 

[21]. Moreover, intradermal administration with TiO
2
 nanoparticles resulted in aggravated 

skin lesions such as those of atopic dermatitis related to mite antigen in NC/Nga mice [22]. 

These findings indicate that TiO
2
 nanoparticles do not penetrate through the epidermis eas-

ily as long as the barrier is healthy, but these nanoparticles have the potential to cause toxic 
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effects on dermal tissue when that barrier is broken. Pulmonary exposure to TiO
2
 nanopar-

ticles is expected to result in these toxic effects because a barrier comprising pulmonary tis-

sue is not tough. In addition, alveolar macrophages are always ready to engulf particles in 

the region, leading to inflammatory responses. Sager et al. used F344 rats to examine the 
pulmonary response to intratracheal instillation of nano-sized ultrafine TiO

2
 in comparison 

to fine TiO
2
 particles. Administration with ultrafine TiO

2
 caused higher levels of polymor-

phonuclear neutrophil (PMN) cell number, lactate dehydrogenase (LDH) activity, albumin 

and inflammatory cytokines compared with fine TiO
2
 [23]. Interestingly, they also examined 

the amounts of TiO
2
 in trachea-bronchial and thymic lymph nodes at days 7 and 42 after 

administration and then measured alterations in those tissues during that period. Ultrafine 
TiO

2
 showed a faster decline of the remaining amount in trachea-bronchial nodes than fine 

TiO
2
. In addition, although both ultrafine and fine TiO

2
 were translocated to lymph nodes, 

the amount was higher for ultrafine TiO
2
 than fine TiO

2
. There was also a striking difference 

in the amounts of lavagable and non-lavagable components between fine and ultrafine TiO
2
 

in the lungs. Eight-one percent of ultrafine TiO
2
 was non-lavagable, suggesting migration to 

the interstitium, even at day 7 post-exposure, whereas 91% of fine TiO
2
 was still lavagable at 

this stage. Shinohara et al. investigated pulmonary clearance kinetics of TiO
2
 nano- and sub-

micron particles by intratracheal administration to male F344 rats [24], and results confirmed 
the translocation of administered TiO

2
 to the thoracic lymph nodes that increased in a time- 

and dose-dependent manner. van Ravenzwaay also observed that inhaled TiO
2
 nanoparticles 

reached the lungs and draining lymph nodes [25]. These findings indicate that it is easier for 
TiO

2
 nanoparticles to migrate from bronchoalveolar to interstitial tissue or be cleared by alve-

olar macrophages, leading to increased inflammatory responses, and that TiO
2
 nanoparticles 

have a greater potential to influence the function of immune cells. Actually, several studies 
have reported alteration of immune functions following administration with TiO

2
 through 

the respiratory pathway. Chang et al. demonstrated that intratracheal instillation with TiO
2
 

nanoparticles caused an increase in GATA-3 and decrease in T-bet mRNA levels, which are 

master genes for Th2 and Th1 cell development, respectively [26]. Mishra et al. examined 

the effect of administration with TiO
2
 nanoparticles as an adjuvant in an experiment utiliz-

ing a murine asthma model. It was found that TiO
2
 nanoparticles augmented airway hyper-

responsiveness, lung damage and a mixed Th2/Th1 dependent immune response, associated 

with increases in Stat3, Socs3, NF-κB, IL-6 and TNF-α [27]. The effect of intradermal adminis-

tration with TiO
2
 nanoparticles as mentioned above should also be understood in relation to 

acquired immunity. NC/Nga mice treated with TiO
2
 nanoparticles showed over production 

of IL-4 in the skin, IgE and histamine levels in serum, as well as aggravation of skin lesions 

[22]. Studies using intraperitoneal administration of TiO
2
 nanoparticles are valuable for an 

understanding of the immunological influences of these particles. Larsen et al. showed that 
mice receiving intraperitoneal treatment with TiO

2
 nanoparticles and OVA and subsequently 

challenged with aerosols of OVA responded with high production of IgE and IgG1 antibod-

ies specific for OVA in serum with increases in eosinophils, neutrophils and lymphocytes in 
bronchoalveolar lavage fluid (BALF), which suggests induction of a Th2-dominant immune 
response [28]. Moreover, Moon et al. demonstrated that intraperitoneal injection with TiO

2
 

nanoparticles results in the damaged development and proliferation of B and T cells, a 

decreased cytokine production by LPS-stimulated peritoneal macrophages and a decreased 
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percentage of NK cells in spleenocytes, leading to an increased tumor growth of implanted 

B16F10 melanoma cells [29]. Several in vitro studies also provide further information regard-

ing the direct effects of TiO
2
 nanoparticles on immune cells. Munidasa et al. reported that 

TiO
2
 nanoparticles showed greater influence on the antigen presenting activity of monocytes 

and alveolar macrophages [30]. In addition, Moon et al. showed a reduction in lymphocyte 

proliferation induced by lipopolysaccharide (LPS) or concanavalin A (Con A) upon expo-

sure to TiO
2
 nanoparticles [29]. The overall results of these in vivo or in vitro studies indicate 

that nano-scaled TiO
2
 particles have the potential to cause harmful outcomes if they enter 

the body. In addition, it is also clear that nano-scaled TiO
2
 particles cause greater alteration 

of immune functions compared with large particles. Therefore, we planned to examine the 

toxicity of nano-scaled 2D materials composed of titanium and oxygen (TiNSs) on human 

immune cells.

4. The characteristics of titanate nanosheets (TiNSs)

Techniques to synthesize nano-scaled 2D materials have been studied recently. The basis of this 

field is derived from the development of methods for manipulating graphene, a carbon nanosheet 
with a thickness of one atom, which triggered the subsequent development of various 2D nano-

materials [31–33]. It is against this background that inorganic nanosheets have acquired greater 

interest because they have an ultrathin structure as well as a diversity of compounds and struc-

tures leading to various functions [34–36]. Oxide nanosheets are included in the group compris-

ing inorganic nanosheets, and titanate nanosheets (TiNSs) represent a form of oxide nanosheets. 

Although TiNSs are composed of a TiO
6
 octahedron as the particles of TiO

2
, TiNSs have the 

unique crystal structure of lepidocrocite, differing from anatase or rutile, which results in a shape 
having an ultralow thickness and high aspect ratio [34]. In the 1990s, Sasaki et al. first succeeded 
in delaminating layered titanate into single titanate nanosheets [37, 38], and TiNSs are now incor-

porated into useful applications such as photocatalysts, semiconductors and dielectric materials 

[39–42]. However, the following characteristics suggest possible harmful effects of TiNSs. First, 
it is noteworthy that TiNSs have a very large surface area per gram due to their ultralow thick-

ness, which is generated from the limited height of one and a half of a sideways TiO
6
 octahedron 

together with the repeated linkage of the octahedron horizontally [34]. Such a large surface of 

TiNSs might enhance the toxic machinery of bulk titanium particles. Second, the large surface of 

TiNSs is known to be negatively charged due to oxygen atoms existing at the edges of the octahe-

dron, and this suggests the possible influence of TiNSs through a cationic interaction. In addition 
to TiNSs delaminated from layered titanate, it has been reported that TiNSs with a small diamond 

shape and crystal structure of lepidocrocite can be synthesized in a bottom-up manner [43, 44], 

which allows TiNSs to be synthesized at a small scale. Dr. Yoshioka, one of our colleagues, has 

modified that method to synthesize TiNSs in our group. Figure 1 shows images of TiNSs taken 

by transmission electron microscopy (TEM). The TiNSs showed a diamond shape with about 

20- and 30-nm diagonals, which is almost the same as that reported in a previous study [43]. 

Additionally, the TiNSs showed the characteristic peaks of a lepidocrocite structure confirmed 
by X-ray diffraction analysis. Since it was verified that TiNSs could be synthesized, we therefore 
started to examine the effect of TiNSs on human immune cells using in vitro experiments.
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5. TiNSs-caused cell death and vacuole formation

Before the culture experiments, the diameters of TiNSs in water and in culture media supple-

mented with 10% of FBS were measured using a Zetasizer. The results showed that the diam-

eter of about 25 nm in water is consistent with the size estimated by TEM images, while that in 

the media was about 422 nm, indicating induced agglomeration of TiNSs in the culture media. 

In addition, TiNSs in water showed a zeta potential of −22.1 mV. To examine the effects of expo-

sure to TiNSs on human immune cells, peripheral blood mononuclear cells (PBMCs) were pre-

pared and cultured with various doses of TiNSs, or with asbestos as a control cytotoxic material, 

for 7 days. Exposure to asbestos caused an increase in annexin V (Anx)-positive apoptosis of 

cells when exposed to more than a dose of 1 μg/ml at day 2 after culture, whereas apoptosis was 

not observed in the culture exposed to TiNSs even at the maximum dose of 10 μg/ml. However, 

exposure to TiNSs caused dose-dependent apoptosis to the same degree as asbestos at day 7 of 

the culture. The effects of exposure to bulk TiO
2
 particles and crystalline silica were compared 

with TiNSs, but they did not cause apoptosis of PBMCs. The cell death induced by exposure to 

TiNSs or asbestos, but not to TiO
2
 or silica, was also confirmed by measuring the sub-G1 popu-

lation, apoptotic cells with a low DNA content, using flow cytometry. Interestingly, marked 
formation of vacuoles was observed in the culture of PBMCs exposed to TiNSs but not the 

other materials. It was confirmed by staining with fluorescence-labeled antibodies to CD14 that 

Figure 1. TEM images of TiNSs used in the present study and illustrations of a single TiNS and TiO
6
 octahedron. (A) TiNSs 

were synthesized by Dr. Yoshioka and observed by TEM. These images show the uniform diamond shapes of TiNSs in 

our present study. Some TiNSs appear to be piled up showing darker diamonds. Scale bars of 100 (left) and 50 nm (right) 

are shown. (B) Illustration of single TiNSs having a diamond shape with almost 20- and 30-nm diagonals, based on TEM 

images. (C) Illustration of a TiO
6
 octahedron in the orthostatic position, of which TiNSs are composed. TiNSs have the 

depth of one and a half of a sideways TiO
6
 octahedron [34].
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vacuole formation was present in monocytes but not in lymphocytes. Q-VD-OPh, a pan-cas-

pase inhibitor, suppressed the increase in Anx+ cells induced by TiNSs as well as asbestos. The 

increase in apoptotic cells caused by TiNS exposure was also observed in the culture of isolated 

CD14+ monocytes as well as CD4+ lymphocytes. These findings indicate that TiNSs have the 
potential to cause caspase-dependent apoptosis in immune cells, particularly where monocytes 

show the formation of large vacuoles prior to apoptosis upon exposure to TiNSs.

6. Identification of intra-vacuolar TiNSs in monocytes

The results obtained from the cell cultures demonstrated the characteristic toxicity of TiNSs for 

monocytes, comprising apoptosis associated with the striking formation of vacuoles. Therefore, 

we investigated the presence of intracellular microstructures in monocytes exposed to TiNSs. 

Monocytes were isolated from human PBMCs, cultured with TiNSs at 10 μg/ml and then 

harvested at day 1 or 2 after the culture for subsequent TEM observations. The TEM images 

showed rapid formation of vacuoles in monocytes even at day 1, and the number and size of 

vacuoles increased at day 2. It is noteworthy that nano-scaled materials with TiNS-like shapes 

were found within the vacuoles of the monocytes and that most of the material was located 

near the inner surface of the vacuolar membrane (Figure 2). In order to confirm whether these 
intra-vacuolar nano-scaled materials were TiNSs, we observed the inner surface of the vacu-

olar membrane in monocytes using scanning electron microscopy (SEM), followed by energy 

dispersion X-ray (EDX) analysis for titanium. SEM observations showed that there was a rough 

area in the inner surface of the vacuolar membrane in monocytes harvested at day 1 after the 

culture with TiNSs. The rough area of the vacuolar membrane was also seen in other monocytes 

exposed to TiNSs. Analysis of the rough area by EDX confirmed the presence of titanium, in 
contrast to results for the cytosolic region in TiNS-exposed or control monocytes. These overall 

findings indicate that TiNSs were actually engulfed by monocytes and included in the vacuoles.

Figure 2. Observation of microstructures in TiNS-exposed monocytes by transmission electron microscope (TEM). The 

images are taken at day 1 after culture with TiNSs. It can be seen that monocytes have obvious vacuoles even at this 

early time. Additionally, nano-scaled materials with TiNS-like shapes can be seen inside the vacuoles, and most of the 

nano-scaled material is located near the vacuolar membrane. Finally, it was confirmed by scanning electron microscopy 
(SEM) with energy dispersion X-ray (EDX) analysis that these materials included titanium, indicating that the material 

contained TiNSs. Scale bars of 5 μm (left), 1 μm (upper right) and 100 nm (bottom right) are shown.
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7. Relation between TiNSs-caused vacuoles and endosomal pathway

Previous studies have reported formation of vacuoles originating from endocytic organ-

elles, where the vacuolization of late endosomes was induced by the inhibition of kinases 

for regulation of vesicular transport and sorting [45–47], and several bacterial toxins induced 

vacuoles having an endosomal/lysosomal origin [48–50]. To examine the relation between 

TiNS-induced vacuoles and the endosomal pathway, monocyte-derived adherent cells 

were incubated with fluorescence-dye-labeled dextran to visualize endosome structures. 
The adherent cells were prepared using a pre-culture of PBMCs. TiNSs were then added to 

the culture of endosome-visualized adherent cells at 10 μg/ml, and observations were then 

made of vacuoles using the fluorescence derived from dextran. In the control culture without 
TiNSs, a diffuse fluorescence was observed. However, exposure to TiNSs induced vacuoles in 
the adherent cells, where most of the vacuoles showed co-localization with the fluorescence 
derived from endocytosed dextran. These observations indicate that TiNS-induced formation 

of vacuoles is related with some part of the endosomal pathway.

8. Discussion

Our study revealed the unique toxicity of TiNSs. This 2D nano-scaled material has the harmful 

potential to cause caspase-dependent apoptosis of immune cells to the same degree as asbestos. 

In particular, monocytes showed formation of marked vacuoles prior to cell death upon exposure 

to TiNSs, which were later found in the vacuoles and suggest the actual engulfment of TiNSs by 

monocytes. A consideration of these findings with the observation regarding co-localization of 
vacuoles with endosomal dextran indicates that engulfed TiNSs entered the endosomal path-

way, leading to the formation of vacuoles in monocytes and subsequent cell death. As mentioned 

previously, TiNSs have a very large surface area per gram. Figure 3 represents an illustration 

showing the large surface area of 2D nano-materials. Nano-scaled spheres with a diameter of 

20 nm have a volume of 4189 nm3 and surface area of 1257 nm2. Diamond-shaped nanosheets 

with diagonals of 20 and 30 nm, a depth of 1 nm and resulting volume of 300 nm3 have the 

same density as a nanosphere. The total volume of 14 nanosheets (4200 nm3) is almost equiva-

lent to the volume of one nanosphere (4189 nm3), but those nanosheets result in a total surface 

area of 8400 nm2 as the sum of both sides, which is 6.68 times as large as the surface area of 

the nanosphere. Thus, nanosheets have an extremely large surface that probably enhances the 

chemical activities of titanium oxide, which might contribute to the toxicity of TiNSs. In addition, 

TiNSs are negatively charged on the surface due to the presence of the oxygen atom, which might 

cause cationic interference in endo-lysosomes that leads to the formation of vacuoles. Various 

kinds of stimulation such as oxidative stress disrupt the integrity of the lysosomal membrane 

and cause lysosomal-membrane permeabilization (LMP), which triggers cell death including cas-

pase-dependent apoptosis [51, 52]. Autophagy is the machinery of the intracellular degradation 

process, which is also the part of the intracellular membrane system and is linked to the endo-

lysosomal pathway [51, 53]. Furthermore, recent studies have been accumulating concerning a 

new type of cell death associated with large vacuoles, named methuosis, although it is thought 
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that this type of cell death does not require caspases [54, 55]. Some of the machineries mentioned 

above might be related to the cell death caused by TiNSs. TiNSs in the endosomal pathway might 

affect immune functions executed by cell surface receptors through interference of endosomal 
trafficking. Additionally, CD4+ lymphocytes were also damaged by exposure to TiNSs, which 

suggests possible alteration of immune responses in a direct manner caused by TiNSs. Further 

investigation concerning these issues will contribute to a clarification of the toxic machinery of 
TiNSs and the immunotoxicological effects of TiNSs.
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Figure 3. Illustration of a comparison of volume and surface area between nanosphere and nanosheet. A nanosphere with 

a diameter of 20 nm has a volume of 4189 nm3 and surface area 1257 nm2. A diamond-shaped nanosheet with 20- and 

30-nm diagonals and depth of 1 nm has the same density as a nanosphere. Fourteen nanosheets have almost the same 

volume as a nanosphere but possess a total surface area of 8400 nm2 as the sum of both sides, which are 6.68 times as large 

as the surface area of the nanosphere.
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