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Abstract

Titanium dioxide (TiO2) nanoparticles (NPs), first developed in the 1990s, have been applied in 

numerous biomedical fields such as tissue engineering and therapeutic drug development. In 

recent years, TiO2-based drug delivery systems have demonstrated the ability to decrease the risk 

of tumorigenesis and improve cancer therapy. There is increasing research on the origin and 

effects of pristine and doped TiO2-based nanotherapeutic drugs. However, the detailed molecular 

mechanisms by which drug delivery to cancer cells alters sensing of gene mutations, protein 

degradation, and metabolite changes as well as its associated cumulative effects that determine the 

microenvironmental mechanosensitive metabolism have not yet been clearly elucidated. This 

review focuses on the microenvironmental influence of TiO2-NPs induced various mechanical 

stimuli on tumor cells. The differential expression of genome, proteome, and metabolome after 

treatment with TiO2-NPs is summarized and discussed. In the tumor microenvironment, 

mechanosensitive DNA mutations, gene delivery, protein degradation, inflammatory responses, 

and cell viability affected by the mechanical stimuli of TiO2-NPs are also examined.

Keywords

TiO2 nanoparticles; Endocytosis; Oxidative stress; Proteogenomics; Metabolomics

*Corresponding author Deok-Ho Kim Ph.D., Department of Bioengineering, University of Washington, Seattle, Box 355061, USA, 
Tel: 206-616-1133; Fax: 206-685-3300, deokho@uw.edu, Tae-Jin Kim Ph.D., Department of Biological Sciences, Integrated 
Biological Science, and Institute of Systems, Biology, Pusan National University, Busan 46241, Republic of Korea, Tel: 
+82-51-510-2261; Fax: +82-51-581-2962, tjkim77@pusan.ac.kr. 

Competing Interests: None declared.

Ethical approval: Not required.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2021 February 01.

Published in final edited form as:
Mater Sci Eng C Mater Biol Appl. 2020 February ; 107: 110303. doi:10.1016/j.msec.2019.110303.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction: the physicochemical properties of pristine- and doped-

TiO2-NPs

Titanium dioxide (TiO2) is abundantly available in nature and possesses specific properties 

such as biocompatibility, lightness, high corrosion resistance, high thermal stability, low ion 

release, and non-magnetic properties [1–3]. The current bulk manufacturing of TiO2 further 

allows its application in sunscreens, implants, and as a pigment in paint additives. 

Furthermore, titanium-based nickel alloys are widely used in surgical implants [4]. Recent 

research has focused on the development of non-toxic and biocompatible tools involving 

nanoscale titanium, which has a size of less than 100 nm [5]. Particularly, nanoscale TiO2 

particles have unique medicinal properties, including inertia and biocompatibility with body 

tissues and, thus, have been exploited in many biomedical applications, such as bone plates, 

dental implants, artificial hips, scaffolds, and coatings, as well as in gene and drug delivery 

systems. In addition, ultrafine TiO2-NPs (<100 nm) possess anti-tumor and anti-bacterial 

properties, showing promise in biomedical fields [6–8].

The geometry and electronic ground state structures of nanoscale (TiO2)n groups, where n = 

1, 2, 3 and 13, were investigated based on density functional theory (DFT) and time-

dependent DFT. Coordination of the titanium atom varies depending on nanoparticle size. In 

clusters, the average titanium (Ti)–oxygen (O) bonding distance is smaller than that in bulk 

materials, which results in more solid-like structures. In case of bulk crystals, differences in 

composition, size/diameter, shape of clusters, and amount of TiO2 units can cause sensitive 

variations in the electronic structure and energy gap [9, 10].

TiO2 acts as a photocatalyst and is synthetically available in three different forms: rutile 

(tetragonal), anatase (tetragonal), and brookite (orthorhombic) (Figure 1) [9, 11, 16]. Rutile 

TiO2 is more stable than the anatase and brookite forms, and anatase TiO2 shows a larger 

bandgap (3.2 eV/nm vs. 2.0 eV/nm of rutile TiO2) and greater particle surface area than 

rutile TiO2 [11, 12]. The adsorption of TiO2 through π-π stacking is essential for titanium 

loading into other biomaterials such as titanium-implanted alloys. On the surface of TiO2 

nanotubes, bound-intermediate transfer reactions occur, similar to H-H, C-H, C-O, O-H, 

C=C, and C=O bonds, including van der Waals forces [13, 14]. When anatase TiO2-NPs are 

exposed to ultraviolet (UV) radiation, an electron can get excited from the valence band to 

the conduction band via the band gap in the photocatalyst [15, 16].

Transmission electron microscopy (TEM) images showed that dispersion of agglomerated 

brookite TiO2-NPs in either polar (water) or non-polar (cyclohexane) solvents led to changes 

in the morphology of the NPs due to amphiphilic properties [17, 18]. The aggregation or 

agglomeration of sphere-shaped NPs also occurred, as indicated by the large size of the 

particles in the presence of ionic liquids (ILs) [19, 20]. In addition to TEM, field emission 

transmission electron microscopy (FETEM) has been used for the morphological analysis of 

pristine and Ag-doped TiO2-NPs, which indicated that Ag-doping reduces the size of the 

host-TiO2-NPs [21, 22]. X-ray powder diffraction (XRD), another analytical technique, has 

been reported to be essential to determine the crystal structure in ionic liquids (ILs) and 

assess the crystal grain size using the Scherrer equation [23]. However, due to the detection 

limit of XRD, sizes smaller than 3–4 nm cannot be estimated. In addition, Raman 
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spectroscopy has been used to examine structural changes in the anatase and rutile forms of 

TiO2 [24, 25].

The photo-irradiation of anatase TiO2-NPs can generate electron-hole pairs that improve 

photocatalytic performance. Based on the photocatalytic process, these electrons and holes 

can react with oxygen molecules (O2) dissolved in aqueous solution or water molecules 

(H2O) absorbed on the surfaces of TiO2 particles, respectively [26–28]. Subsequently, this 

process can produce reactive oxygen species (ROS), such as short-lived free hydroxyl 

radicals (•OH), in different aqueous media. Recently, ROS-mediated anticancer treatment, 

such as photodynamic therapy (PDT), has demonstrated improved site-specific activities 

[29–32].

Inhaled ultrafine nanoparticles of TiO2 are generally regarded to be biologically inactive and 

physiologically inert. However, translocation of these ultrafine TiO2-NPs into human lung 

cells was observed after inhalation. Translocation of the ultrafine TiO2-NPs from the lung 

surface into the tissue has been observed to a greater extent than larger sized TiO2-NPs. This 

phenomenon has also been observed in a patient, as previously reported [33, 34]. Recently, 

high concentrations of pigment-grade (<2.5 μm) and ultrafine (<100 nm) TiO2-NPs have 

been reclassified as “possibly carcinogenic to human beings” by the International Agency 

for Research on Cancer (IARC, 2006) [35–37]. Indeed, this opinion has been confirmed by 

several studies, which showed that high concentrations of ultrafine TiO2 could induce rat 

lung tumors in vivo [38–41].

Compared to pristine NPs, doped-TiO2-NPs elicited substantially greater inflammatory 

responses in mice [42] and zebrafish [43]. Therefore, the development of effective anti-

inflammatory strategies remains an important area of research. In contrastingly, 

understanding the microenvironment and physiology of tumor cells upon exposure to TiO2-

NPs and doped-TiO2 could provide support for immunotherapy and cell viability analyses. 

The toxicity (i.e., cytotoxicity and genotoxicity) and impact of these NPs in aquatic 

ecosystems have been previously discussed in the literature [44, 45]. In this review, we 

delineate the existing knowledge of pristine and doped-TiO2-NPs with regard to their 

chemotoxicity (including ecotoxicity, cytotoxicity, and genotoxicity) and mechanobiological 

influences (genome-, proteome-, and metabolome-wide) and highlight the circadian 

rhythmicity in tumor microenvironments.

2. Toxicity of TiO2-NPs

The cytotoxic and genotoxic effects exerted by different types of TiO2-NPs on aquatic 

vertebrates and invertebrates have been listed in table 1. With similar genetic structure to 

humans, zebrafish (Danio rerio), goldfish (Carassius auratus), and water fleas (Cladocera) 

are popular models for drug-screening, gene therapy, or other biomedical applications in NP-

based drug development. Furthermore, both zebrafish and goldfish are easy to breed with 

fairly low maintenance costs [46–49].

The ecological toxicity of NPs in marine animals is typically measured in terms of acute 

(maximum 2 weeks/14 days), sub-acute (maximum 4 weeks/28 days), sub-chronic (13 
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weeks/90 days), or chronic (more than 4 months) exposure [50, 51]. Ramsden et al. showed 

that, when TiO2-NPs were dispersed in water, 30% of NPs were deposited at the bottom of 

the aquarium tank. However, the remaining particles were sufficiently concentrated to cause 

toxicity to the aquatic organisms. Moreover, generation of reactive oxygen species (ROS) 

and depletion of intracellular glutathione (GSH) led to damaged cellular components and 

affected metabolism [52, 53]. Zhu et al. claimed that TiO2-NPs showed low ecological 

toxicity in water fleas up to 48 h after exposure [54]. However, photo-induced ecotoxicity of 

TiO2-NPs was observed at 72 h and 21 days of exposure in aquatic organisms such as 

Daphnia magna and medaka. Anatase TiO2-NPs may cause growth inhibition that lowers 

reproduction and increases mortality [55, 56]. The acute cytotoxic effects of six different 

nanomaterials (TiO2; zinc oxide, ZnO; aluminum oxide, Al2O3; fullerene, C60; single-

walled carbon nanotubes, SWCNTs; and multi-walled CNTs, MWCNTs) were carefully 

analyzed in water fleas (48 h post treatment) with regard to mortality and toxicological 

endpoints (lethal concentration, LC50) [57]. The study demonstrated that these manufactured 

nanomaterials were more toxic than their bulk counterparts, suggesting their potential 

hazardous environmental effects. P25 (Degussa) TiO2, or peroxide TiO2, increases 

immobilization and toxicity upon UV light exposure, which could be attributed to the 

generation of ROS [58, 59].

In zebrafish, sub-chronic exposure (13 weeks) to anatase TiO2-NPs at low concentrations 

(e.g., 0.1 mg/L) severely damaged the reproductive system and downregulated gene 

expression (mRNA level) [60, 61]. Sub-chronic exposure to TiO2-NPs induced mechanical 

stress in cells, resulting in the downregulation of energy-dependent enzymes, such as Na+/K
+ ATPase. Accordingly, zinc and copper (Zn–Cu) concentration gradients across the cell 

membrane are reduced by exposure to both pristine and doped TiO2-NPs [51]. Ultrafine 

TiO2-NPs (~20 nm in size), copper (Cu)-TiO2-NPs, and silver (Ag)-NPs were found to 

affect many immune response genes. For example, 37 upregulated (jdp2, gata6, fosb, fos, 
mgat5, nrxn3b, etc.) and 33 downregulated (wt1a, cry5, gata4, glis3, ahsg, etc.) genes related 

to immune modulation were identified in zebrafish embryos upon TiO2 exposure. It has been 

reported that TiO2-NPs significantly affected liver tissue metabolism in a dose-dependent 

manner (< 0.1 mg/mL) in freshwater goldfish and zebrafish [61–63]. Similarly, Nowack-

Bucheli and Chen et al. reviewed the effects of TiO2-NPs with regard to environmental 

behavioral alteration, risk assessment, and emerging contaminants [64, 65].

Nanotoxicity of pristine and functionalized TiO2-NPs in freshwater organisms, such as 

algae, zebrafish, and other invertebrates, has been collectively summarized [66]. Particularly, 

genetic variations and functional relationships among genes associated with calcium ions, 

mitosis, apoptosis, oxidative stress, inflammation, and ROS have been identified using 

different concentrations of TiO2-NPs [67]. Both pristine and functionalized TiO2-NPs 

caused DNA strand breaks (including oxidative damage to DNA) and damaged lysosomal 

membrane integrity and DNA-protein complexes [68–71]. Exposure of rainbow trout (O. 
mykiss) to TiO2-NPs induced oxidative stress (OS), a primary outcome of toxicity; 

moreover, increased genotoxic effects were observed upon exposure to a mixture of rutile 

and anatase TiO2-NPs [51]. Anatase TiO2-NPs induce genotoxic effects by causing oxidative 

DNA damage in aquatic species. Recent studies have examined the potential ecological 

impact on gene expression and metabolic oscillations of aquatic species upon exposure to 
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TiO2-NPs [68, 69]. The ecotoxicity, cytotoxicity, and genotoxicity of TiO2-NPs are all key 

considerations in terms of potential clinical translations.

3. Antitumor effects of TiO2-NPs and their underlying mechanisms

NPs may cause numerous non-specific effects in cellular microenvironments and subcellular 

organelles. The investigated antitumor effects of pristine and surface modified TiO2-NPs 

with various diameters have been summarized in table 2. NP size, aggregation tendency, and 

agglomeration are key factors that determine cell viability and genetic alteration in tumor 

cells. Increased NP diffusion in tumor microenvironments transforms the cell structure [21, 

72]. Thus far, the effects of metal oxide NPs on tissue physiology and cellular 

microenvironment have not been well studied. An in-depth understanding of the anticancer 

activity via mechanical stimuli is essential for developing effective therapies [73–76].

Several metabolic pathways perform important functions in the cellular uptake of TiO2-NPs 

[80]. In contrast, TiO2-NPs also alter the cellular mechanistic stress-dependent signaling 

pathways mediated by MAPK activation (ERK, JNK, and p38) and subsequent transcription 

factor activation (NF-kB, Nrf2, etc.). TiO2-NPs enter the cell via pinocytosis, phagocytosis, 

or micropinocytosis and, then, get accumulated in the cells at specific locations, such as the 

vesicles, cytoplasm, or mitochondria [77– 81]. Endocytosis occurs at the plasma membrane 

to capture extracellular nanoparticles through natural vesicular secretions. Phagocytosis is 

the preferred mode of uptake of particles larger than 500 nm. Nevertheless, larger NPs 

(micrometer-sized) can also be taken up by phagocytosis with high efficiency. This 

mechanism allows cells to feed and defend themselves as well as regulate homeostasis. 

Pinocytosis occurs when cells encounter smaller NPs (2–6 nm) and is often initiated and 

mediated by cell surface receptors binding to target ligands [82–84]. The pinocytic vesicles, 

formed by either clathrin-dependent or independent mechanisms, subsequently fuse with 

endosomes. The internalization mechanism can vary based on different particle sizes ranging 

from a few to several hundred nanometers. This penetration of TiO2-NPs reorganizes the cell 

architecture [85]. It has been reported that the increased levels of hydrogen peroxide (H2O2), 

hydroxyl radical (•OH), superoxide (O2
•- ), hydroperoxyl (HO2

•) and cell sensitization upon 

TiO2-NPs exposure led to reduced cell proliferation rate, organ-specific carcinogenesis, and 

mortality [86–88].

Studies on TiO2 nanoformulations also demonstrated a potential mechanism that affected 

cell proliferation by blocking the cell cycle. Cell division involves numerous DNA 

checkpoints in each phase (e.g., Gap1, G1 phase; DNA proliferation, S phase; Gap 2/

mitosis, G2 phase) [77]. TiO2 nanofilaments exhibited enhanced cytotoxic action and a 

strong dose-dependent effect on cell proliferation and cell death [89]. Additionally, TiO2-

NPs showed cell cycle disruption similar to that caused by nanofibers; it has been reported 

that 12.8% of cells were blocked at the sub-G1 phase upon exposure to 5% Ag-doped TiO2-

NPs [21]. Hence, DNA replication might be inhibited due to asymmetric cell division. The 

G2/M phase was also weakened upon treatment of cells with Ag-doped TiO2-NPs [61, 90, 

91].
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Redox chemical reactions (i.e., oxidation and reduction) occur when TiO2-NPs are exposed 

to UV rays. During the redox process, electrons and holes are produced, which can strongly 

react with surrounding O2 and H2O molecules and, finally, generate numerous ROS (e.g., 
•OH, O2

•−, peroxide (O2
2-), singlet oxygen (1O2), and H2O2 [73, 74]. Among these, O2

•- and 

H2O2 are sensitive oxidation carriers. The diffusion rates of these two radicals can reach 

substantially higher levels than that of other ROS. The O2
•- molecules can quickly penetrate 

and influence subcellular organelles (nuclei, mitochondria, and others), ultimately governing 

cellular function [75, 76]. ROS also has different redox properties and is involved in several 

biochemical reactions with the lipid bilayer and DNA molecules that could eventually kill 

cancer cells. Additionally, a small amount of ROS plays an important role in the disruption 

of cellular homeostasis. Thus, as a cellular signaling messenger, ROS modify protein 

topography and cause proteome deterioration [77–79]. Intracellular ROS levels can be 

monitored using 2’,7’-dichlorodihydrofluorescein diacetate (DCF-DA) and dihydroethidium 

(DHE) to better understand the cytotoxic effects. Fluorescence microscopy images at 24 and 

48 h post-TiO2-NP treatment implied that HCT-116 (colorectal carcinoma cells) cell death 

occurred by either apoptosis or necrosis [21, 92]. The induction of apoptosis was observed 

post 5, 10, and 15 h of TiO2-NP treatment; further, quantification of apoptotic cells 

suggested that cell proliferation was inhibited. In addition, ATP levels suggested that some 

degree of necrosis occurred but not apoptosis. It has been reported that treatment with TiO2-

NPs led to the depletion of ATP levels, thereby inhibiting apoptosis and causing necrotic cell 

death [27, 28]. A previous study has reported that, in cellular microenvironments, ROS 

triggers nucleotide damage due to its high reactivity and can regulate cytoplasmic calcium 

(Ca2+) levels [45, 92], potentially causing epithelial damage and respiratory toxicity over an 

extended period [93]. When TiO2 enters the cell, the conditions become acidic (pH 4.5); 

thus, it affects several biological events such as proton leaks, membrane trafficking, and 

proton pump (ATPases) activity [94].

In non-tumor cells, metabolic stress leads to the disruption of proinflammatory cytokine 

network- (e.g., glutathione metabolism and nicotinate-nicotinamide metabolism) and age-

related diseases. This reveals the potential mechanisms of the NP-mediated toxicity [95]. 

Tumor necrosis factor-beta (TNF-β) levels were increased in fish embryos exposed to both 

12–14 nm and 150–200 nm TiO2-NPs. TNF-β is a cytokine that acts as a potent mediator of 

proinflammatory responses and tumoricidal activities [96–101]. Neutrophil influx and 

protein levels in bronchoalveolar lavage fluid (BALF) and ROS activity were increased in 

TiO2-NP-treated tumor cells, demonstrating the ability of TiO2-NPs to regulate the 

expression of inflammatory genes [77]. Antioxidant enzymes, such as superoxide 

dismutases (SOD1 and SOD2), can act as the primary defense against NP-induced stress. 

After TiO2 exposure, SOD converts superoxide (O2
•−) radicals to hydrogen peroxide (H2O2) 

[102, 103]. Increased ROS levels may impair metabolic pathways and molecular processes 

and reduce cellular lifespan. Hypoxia, driven by pristine and functionalized TiO2-NPs, could 

have tremendous effects on aging, metabolism (purine and pyrimidine metabolism), and the 

immune system [104–109].

Mitochondrial apoptosis, independent of the caspase 8/t-Bid pathway, was assessed in 

human bronchoalveolar carcinoma-derived cells (A549) and human bronchial epithelial cells 

(BEAS-2B) treated with metal oxide NPs, such as TiO2-NPs, Fe2O3, Mn2O3, Cr2O3, NiO, 
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CuO, and ZnO [102, 110, 111]. These NPs were reported to be physicochemical inducers of 

apoptosis via caspase-3, caspase-8, and caspase-9 signaling in mitochondrial pathways (i.e., 

intrinsic and extrinsic pathways). The activation of these apoptotic signaling pathways 

depends on the internalization of TiO2-NPs and their reactivity. Changes in cell potency and 

biphasic system formulations were observed in human liver cancer (HepG2) cells treated 

with undoped or doped TiO2-NPs, which influenced mitochondrial permeability and 

lysosomal activity [21, 112]. To better understand NP-mediated toxicity mechanisms, the 

following methods have been widely applied to cells to examine metabolic stress, regulation 

of inflammatory gene expression, and carcinogenic effects.

Cell viability and LDH activity

Among the different cancer diagnostic methods, metabolic cytotoxicity (loss of viable cells) 

has been assessed using various combinations of TiO2 particles. As a result, black TiO2, 

functionalized-TiO2-NPs, doxorubicin (DOX)-TiO2 nanocomposites (NC), and folic acid 

conjugated (NC-FA) with photothermal therapy (PTT) decreased the viability of MCF-7 

cells. In contrast, pristine TiO2 did not decrease the viability of MCF-7 cells [21, 105, 155]. 

Doped-TiO2-NPs were found to induce cytotoxicity and cell cycle arrest in various tumor 

cells. Metabolic cytotoxicity responses induced by TiO2-NPs were used as diagnostic tools 

in clinical chemotherapy. Human lung carcinoma (A549) and breast cancer cells (MCF-7) 

treated with TiO2- and Ag-TiO2-NPs exhibited reduced cell viability, thereby indicating the 

chemotherapeutic effects of these NPs [95, 104, 133]. In vitro cell viability of HeLa cells 

was reduced upon exposure to 800 nm NIR laser irradiation with various doses of black-

TiO2-x. Moreover, brain cancer cells (U87MG and PC12) were incubated with black-TiO2-x 

and the percentage of cell viability was evaluated. No cytotoxic effects were observed, and 

the percentage of cell viability was above 85% in these cells [156]. In pancreatic cancer 

stem-like cells (PANC-1 cells), in vitro cytotoxicity of black TiO2-based nanoprobes 

expressing CD133 monoclonal antibodies (black-TiO2-Gd and black-TiO2-Gd-CD133), was 

examined for PTT of pancreatic cancer. The applied nanoprobes exhibited active targeting 

ability in PANC-1 cells [157]. Based on the low cytotoxicity observed in pancreatic cancer 

PTT, cancer therapeutic effects of hydrogenated black-TiO2 exposure in MCF-7 and 4T1 

cells was demonstrated [158].

In the tumor microenvironment, release of lactate dehydrogenase (LDH) can directly 

damage the cell membrane. The catalytic conversion of NAD+ to NADH is directly 

proportional to LDH activity; thus, it has now been widely used to determine LDH 

expression. No changes were observed in pure TiO2-NP-treated cells [21, 107]. In normal 

and cancer cells treated with Ag-TiO2-NPs (5%), the LDH levels were found to be increased 

by approximately 50% compared to untreated cells. The LDH level was also shown to be 

increased in cells treated with Ag-TiO2-NPs compared to those treated with pure TiO2 [109, 

113]. In fact, low exposure to pristine TiO2-NPs (0.5–200 μg/mL) did not cause increased 

LDH activity in both assays. Experimental results showed decreased cell viability of Ag-

coated TiO2-NPs as the dosage was gradually increased. It has been reported that Ag-coated 

TiO2-NPs induced high leakage of LDH in HepG2 cells, whereas pure TiO2-NPs did not 

show such induction. The morphology of HepG2 cells was also considerably altered by Zn-

doped TiO2-NPs, with lower cell density compared to that of the control cells [105].
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DNA bridging-breakage by TiO2-NPs

Alkaline single-cell gel electrophoresis (comet assay), a sensitive method for the detection 

of DNA damage in cells, has been used to test genotoxicity of novel chemicals and 

nanomaterials. Cell cycle checkpoints, such as the G2/M phase, were not activated in tumor 

cells treated with pristine TiO2 or doped TiO2-NPs [114, 115], resulting in the inhibition of 

cell division. The genome rearrangements induced by TiO2-NPs were observed in different 

cellular microenvironments, leading to considerable DNA damage. A recent study reported 

that TiO2-NP exposure caused DNA damage, such as single-stranded breaks, double-

stranded breaks, and DNA-DNA crosslinking. Therefore, DNA fragmentation might occur 

due to TiO2 exposure, which could activate DNA-damaging anticancer agents [115].

Chromosomal breakage induced by TiO2-NPs

The cytokinesis-blocked micronucleus (CBMN) assay is a technique that measures the 

mechanistic basis of chromosomal instability, chromosomal loss, and non-disjunction that 

occurs due to TiO2-NP exposure. This cytogenetics approach specifically scores micronuclei 

(MNi) in mononucleated cells. This method has been effectively applied to evaluate nuclear 

dysfunction, aging, micronutrient deficiency or excess, exposure to genotoxins, and genetic 

defects that significantly affect maintenance of genome stability [116, 126]. Rutile TiO2-NPs 

were shown to trigger increased chromosomal damage, through sister-chromatid rupture and 

DNA-bridging, more effectively than other types of NPs. More importantly, in vivo genetic 

instability and delayed cell proliferation are the underlying mechanisms of carcinogenesis 

caused by TiO2-NP exposure. These chromosomal rearrangements and genetic instability 

highlight the possible survival of genomically abnormal cells [89, 117].

4. Precision oncology of TiO2-NPs-based genomics and proteomics

In tumor spheroids, TiO2-NPs can be efficiently absorbed by proteins in the cytoplasm, 

which may cause proteogenomic disruption (Figure 2). This could happen nonspecifically 

and lead to numerous perturbances inside the tumor microenvironment. Thus far, only a few 

of the altered proteins have been identified [25]. Western blot/immunoblotting analysis 

revealed that protein levels of SOD1, SOD2, heme oxygenase-1 (HO-1), and β-actin were 

significantly impaired in human breast cancer MCF-7 cells treated with pristine or Zn-TiO2-

NPs [104, 118]. The level of HO-1 protein was increased after TiO2-NP treatment, 

indicating its poor degradation compared to the control. The expression and mechanisms, 

such as chromothripsis or kataegis, of these heterogeneous proteins were comprehensively 

assessed by immunoblotting analysis. The results suggested that Zn-TiO2-NPs diminished 

SOD1 and SOD2 expression, which was correlated to the sensitivity and interlinkage of 

TiO2-induced protein-protein degradation with the interactive association of other proteins 

[104, 118]. In contrast, pristine TiO2 did not exhibit any effect on the protein levels of SOD1 

or SOD2, which resulted in lower levels of intracellular toxicity in MCF-7 cells compared to 

cells treated with Zn-doped TiO2-NPs. Besides, Zn-TiO2-NPs induced higher expression of 

N-acetyl-cysteine (NAC), which acts as an ROS scavenger and significantly inhibited ROS 

generation [116]. In addition to the mechanistic stimuli induced by TiO2-NPs in the tumor 

microenvironment, the reduction of antioxidant metabolites (i.e., glutathione (GSH), taurine, 

betaine) and inhibition of antioxidant enzymes (GSH peroxidase (GPx), catalase, SOD1, 
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SOD2, and Nrf2) have also been linked to different defense mechanisms in cancer 

metabolism. The caspase family of genes, e.g., caspase-3, 8, and 9, which play critical roles 

in regulating cell-death, were activated during the process of necrosis. A previous study 

demonstrated that activation of caspase genes is imperative for genetic damage and 

programmed cell death [108]. Ag-functionalized TiO2-NPs could entirely inhibit caspases 

and metacaspases, which highlights the death-centric role of caspases. Especially, a high 

dose of Ag-doped TiO2-NPs affects the enzyme activity of caspase-3, which is a frequently 

activated death protease, by catalyzing specific proteins [104].

Among the molecular transporters in tumor spheroids, antioxidant enzymes of the 

peroxiredoxin family (PRX, e.g., Prx1, 3, 4, and 5) can be altered by metal oxide NPs [119]. 

In HeLa cells, Prx1 expression was not detected in the presence of high concentrations of 

TiO2-NPs. However, at lower concentrations of TiO2-NPs, Prx1 expression was more 

evident, compared to the expression of the multi-functional protein actin (used as a 

housekeeping control) [119]. PCR analysis data of PRX family genes was validated by 

western blot analysis after specific TiO2-NP exposure. Among these, an antioxidant enzyme 

was identified in mammalian cells, encoded by four genes (i.e., PRDX1, PRDX3, PRDX4, 

and PRDX5), all of which belonged to the peroxiredoxin (PRDX) family. Summarized 

results of the PCR assays revealed the genomic toxicity and metabolic pathways of the 

PRDX family genes following TiO2-NP exposure [120].

Immunoblotting analysis of cells treated with pristine TiO2-NPs (20, 40, and 80 μg/mL) 

revealed that the levels of heat shock proteins (HSPs; Hsp60, Hsp70) and apoptotic proteins 

(p53, BAX, Bcl-2, Apax-1, caspases-3, caspase-9) were increased after NP exposure. A 

recent study using 3D-cultured tumor spheroids demonstrated that caspase-3 and caspase-9 

activation after TiO2 treatment led to a cascade of events that triggered cell death or 

inhibited proliferation of tumors [121]. Apart from caspase activity, HSP proteins are also 

potential targets for cancer therapy. It should be noted that HSP60- and HSP70-dependent 

molecular pathways failed to stabilize chaperone complexes [121–123].

Numerous studies have been carried out to identify chemical and biological stimuli 

responsible for altered Bcl-2 expression in pro- and anti-apoptotic protein metabolism. 

According to a recent study, elevated expression levels of BAX (pro-apoptotic) and reduced 

expression levels of Bcl-2 proteins (anti-apoptotic) were observed following treatment of 

cells with TiO2. Due to changes in the BAX/Bcl-2 ratio, the levels of the tumor suppressor 

protein p53 might be increased, thereby indicating that it plays an important role in the 

response to chemotherapy and stimulation of specific defense enzyme activities and their 

related genes (e.g., CAT, SOD, GSTs from adult zebrafish organs) [124]. Apoptosome 

formation can be activated by apoptotic protease-activating factor (Apaf-1). The 

endocytosis-mediated genes, such as elmod2, sh3bp4, jmjd6, sh3bp4, and zgc: 101777, have 

shown elevated expression in zebrafish embryos exposed to TiO2 particles. Meanwhile, TiO2 

nanomaterials adversely affected cytoskeletal genes and their corresponding proteins, 

indicating their toxic effects on zebrafish embryogenesis [125].

VE-cadherin or the cadherin 5-actin ternary complex is essential for structural maintenance 

of cell shape and junction stability [122]. A study proposed that the physical interaction of 
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TiO2-NPs with VE-cadherin could induce mechanistic stress that leads to actin 

rearrangement and changes in the shape of the plasma membrane or homophilic impairment. 

The small sized TiO2 particles (~50 nm) disrupted the endothelial cell leakiness (ECL) and 

major adherens junctions. Actin dysregulation might induce variations in the cellular 

phenotype, causing leakage between neighboring cells via cell-cell interactions [127]. In 

contrast, TiO2 nanoparticles with a larger size (~650 nm) did not affect ECL when bound to 

VE-cadherin. The localization and degradation of VE-cadherin is associated with catenin 

proteins such as p120 and β-catenin. The loss of VE-cadherin rigidity or even denaturation 

of VE-cadherin might inhibit homophilic communication. Studies have demonstrated that 

strong interactions between cells and TiO2-NPs induced ECL, leading to the separation of 

endothelial cells from each other as observed by visualization of nuclei and VE-cadherin at 

adherens junctions [128–130].

Increased MCP-1 (CCL2) protein level and enhanced interleukin 8 (IL-8) production have 

been observed in THP-1 and A549 cells at different time points after treatment with TiO2-

NPs. The inflammatory molecules, IL-1ß, IL-8, IFN-γ, and tumor necrosis factor (TNF)-α, 

were sensitive to porous TiO2-NPs [86, 95]. The expression of these inflammatory factors 

affects transcription oscillation and cytokine activity and is attributed to the pathogenesis of 

inflammatory bowel disease (IBD); thus, they could be therapeutic targets for IBD. TiO2 

could block neoplastic lesions owing to inadequate inflammatory responses [96]. Long-term 

exposure to pristine and functionally modified TiO2-NPs may increase Ca2+ influx into the 

extracellular environment through membrane L-type Ca2+ channels and elevated expression 

of the PKC/p-38 MAPK cascade, ultimately activating NF-κB [97, 98]. TiO2-NPs may 

disintegrate cancer cell integrins, leading to the initiation of apoptosis and affecting 

metabolic pathways. Intracellular Ca2+ signaling was modulated in TiO2-treated cells, 

which, in turn, altered cellular electrophysiology and immune responses. Moreover, as 

evidenced from prior publications, pristine- and doped TiO2-NP-treated cells could change 

from a normoxic state to a hypoxic state [131].

The effects of TiO2-NP exposure on several genes and proteins in vitro are summarized in 

table 3. Important clinical biomarkers such as SOD2, PRDX3, Hsp60, BAX, Bcl-2, IL-8, 

caspase-3, and VE-cadherin suggest that proteolysis, cytokine activity, and apoptosis should 

be considered in different microenvironmental areas (i.e., cytosol, mitochondria, nucleus, 

plasma membrane, etc.) in various cancer cells. TiO2-NPs have shown great promise in 

controlling tumor proliferation and gene mutations and blocking inflammatory factors [132–

134]. Apoptosis-like and necrosis-like programmed cell death was observed in U87 (human 

astrocytoma) and HFF1 cells (human fibroblasts) treated with TiO2-NPs [135, 136]. 

Moreover, exposure to nanoscale ZnO- and TiO2-NPs has been shown to cause aberrations 

in genome sequences [99, 104, 109, 153]. Collectively, the effects induced by TiO2-NPs in 

the plasma membrane, mitochondria, nucleus, and cytosol of tumor cells demonstrate their 

potential in anticancer therapies.

5. Prognostic and predictive metabolite rhythmicity by TiO2-NPs

The metabolome (quantification of metabolites) is a collection of metabolites produced by 

the cells, which forms a network of biochemical reactions that indicates cellular activity and 
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physiological status. TiO2-NP-based target profiling and metabolite variations have been 

investigated in the context of metabolomics, which shows great promise in investigating 

changes in metabolic pathways. At the systemic level, metabolomics provides insights 

regarding whole cell response to nanoparticles [137, 138]. Consequently, after low-dose or 

high-dose exposure to TiO2-NPs, intermediate changes in metabolites were detected in 

several pathways involved in energy release (ATP; TCA cycle), amino acid (glutathione) 

metabolism, and enzyme (NAD; acetyl-CoA) and membrane structures (MMP) (Figure 3). 

In particular, the outputs of glucose, pyruvate, nicotinamide adenine dinucleotide (NAD+, a 

vital co-factor in the glycolytic pathway), NADH, NAD phosphate (NADP+), glutathione 

(GSH), methionine, acetyl-CoA, and S-adenosylhomocysteine (SAH) were significantly 

altered [3, 139], whereas the cellular redox ratio of reduced-to-oxidized NAD and FAD 

regulated protein oscillation functions. Although TiO2-NPs have been studied more 

specifically in the tumor microenvironment, they have been linked to the NAD salvage 

pathway, redox homeostasis, neurodegeneration, and aging [106].

Treatment of HaCaT cells with pure TiO2-NPs at a dose of 100 μg/mL caused a significant 

reduction in some essential metabolic enzymes, such as NAD+, NADH, and NADP+. The 

disrupted NAD+/NADH equivalence might hinder the GSH (GSH/GSSG) and Krebs cycles. 

The inhibited GSH pathway might be unable to defend against mechanobiological stress and 

altered osmotic pressure [106, 119, 140]. Additionally, the Krebs cycle and glycolytic 

pathways might be impaired upon TiO2-NP exposure. Reduction of acetyl-CoA, carnitine, 

and acetyl-carnitine levels can modify the oxidation of fatty acids and the Krebs cycle. Due 

to acetyl-CoA imbalance caused by TiO2, acetylation impairs the catalytic activities of many 

other enzymes (i.e., cell-cycle regulating kinases CDK1, CDK2, and CDK5). The 

physicochemical properties of GSH and NAD+ are largely altered upon exposure to TiO2-

NPs. These metabolite-phenotypic states could generate stressful microenvironments upon 

exposure to high doses of TiO2-NPs [98, 141, 142].

The metabolites of S-adenosylmethionine (SAM) and SAH regulate the conversion of 

methionine to homocysteine. The biosynthesis of SAM occurs by methionine 

adenosyltransferase, which utilizes ATP [98, 100]. TiO2-NP treatment might hinder the 

synthesis of SAM as well as its utilization and regeneration. SAM serves as a methyl donor 

to many chemical reactions that yield SAH. However, these biochemical reactions could be 

inhibited at various steps of synthetic pathways. Due to this blockage of SAH and SAM in 

TiO2-NP-treated HaCaT cells, biological reactions involving conversion of methionine to 

GSH might be inhibited. The downregulated homocysteine may bind to adenosine to form 

SAH in the presence of SAH hydrolase. Therefore, SAH-mediated hydrolytic process is 

hampered in the presence of higher dose of TiO2-NPs [143, 144].

The sulfur-containing amino acid methionine plays an important role in cellular 

transcriptional regulation and DNA methylation. It acts as an initiator of translation of 

polypeptides. Methionine is required for transcription and translation and can promote 

normal and neoplastic cell division [145]. Downregulated methylation and GSH synthesis 

have been associated with increased oxidative stress. Therefore, TiO2-NP treatment hinders 

methionine-based epigenetic modification (e.g., methylation, acetylation, phosphorylation), 
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which, in turn, causes a shortage of methionine in tissues, thereby inducing carcinogenesis 

[146].

Reduced levels of trimethylamine N-oxide (TMAO) were detected in aquatic animals 

exposed to TiO2-NPs. The TMAO level differs according to cell type in marine animals 

[139]. TMAO acts as a primary stabilizer for proteins and nucleic acids, protecting the 

cellular environment from hydrostatic pressures. In vitro analysis showed fluctuations of 

TMAO levels in pristine TiO2-NP-treated mouse fibroblast (L929) cells [147, 148].

Some more relevant amino acid metabolic pathways affected by TiO2-NPs were identified 

based on higher p-values and impact values interrelated with several other metabolic 

pathways. Pathway enrichment and topology analyses of all corresponding metabolic 

pathways (including alanine, aspartate, and glutamate metabolism; cysteine and methionine 

metabolism; beta-alanine metabolism; glycine, serine, and threonine metabolism; lysine 

degradation; and glutamine and glutamate metabolism) has been reported [139]. High doses 

of TiO2-NPs inhibited nucleotide metabolism (i.e., purine and pyrimidine metabolism) either 

directly or indirectly. More importantly, these NPs could block DNA proliferation, RNA 

transcription, and protein synthesis in L929 mouse fibroblast cells, which are widely used 

for toxicity analysis. The pristine TiO2-NPs affected amino acid metabolism (such as the 

Krebs cycle intermediates, traditionally associated with bioenergetics or biosynthesis) and 

nucleotide metabolism [149, 150]. Currently, metabolic reprograming and metabolomic 

profiling are key areas of research to understand the underlying mechanisms of 

carcinogenesis.

6. Conclusions and outlook

Benefiting from recent advances in multi-omics technologies (genomics, proteomics, and 

metabolomics), TiO2-NP-treatment induced mechanical stimuli are now being better 

understood in tumor cell biology. There is increasing research regarding the commercial use 

of pristine and functionalized TiO2-NPs for various drug-gene therapies. With their 

extraordinary rigidity and biocompatibility, TiO2-NPs have secured a special place in 

biomedical implantation. In particular, TiO2-NP-mediated multi-omics technologies have 

universally matured to target structural, molecular, and phenotypic variations. Currently, 

several types of functionalized TiO2-NPs are available as promising platforms for tumor 

diagnosis and treatment.

In this review, we summarize the synergistic effects of TiO2-NPs on biological reactions in 

the context of various influences in the tumor microenvironment. Omics functional analysis 

showed that gene mutations, protein degradation, and metabolite changes induced by TiO2-

NPs varied in different species, depending on particle sizes, routes of exposure, and 

dispersion solvents. More importantly, most of the DNA/RNA-based diagnostic studies are 

based on NP sizes, concentrations, and exposure periods. The putative molecular 

mechanisms of oxidative stress proteins (SOD1, SOD2, HO-1, PRDX family), inflammatory 

proteins (β-actin, IL-1β, IL-8), junction protein (VE-cadherin), Krebs cycle intermediates 

(glucose, pyruvate, NAD+,), enzymes, and amino acid metabolites (GSH, methionine, etc.,) 

have been outlined. From these analyses, pristine TiO2 shows fewer antitumor effects than 
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doped-TiO2, both in vitro and in vivo, either by direct action on the tumor cells or indirectly 

via ROS. In particular, the presence of pristine and surface-modified-TiO2 particles 

enhanced •OH, O2
•-, and 1O2 radical production, even in the absence of light. These radicals 

can alter metabolic pathways in the powerhouse of the cells (inside and outside the 

mitochondria) and cause electron-transfer reactions that trigger programmed cell death 

(apoptosis). There are very few reports regarding in vivo toxicology profiling of pristine and 

surface doped-TiO2-NPs in zebrafish, which may not be sufficient for clinical translation. At 

present, the robust and sensitive assays (i.e., MTT-assay, LDH-assay, real-time PCR, and 

western blotting) that are being used in molecular imaging might be essential for assessing 

their therapeutic efficacy and identifying specific clinical biomarkers of diseases [151, 152,].

Most recent publications indicate that pure and Au-TiO2-NPs, Zn-TiO2-NPs, Ag-TiO2-NPs, 

as chemotherapeutic drugs or nanomedicines, are genotoxic and could be applied for treating 

various cancers. In addition, the radioactive probes bound to black-TiO2 can be used to treat 

deep cancer tissue more efficiently [159, 160]. Assessing complex microenvironmental 

modulation by TiO2-NP treatment both in vivo and in vitro is necessary to discover 

biomarkers for each specific cancer. However, the cytotoxicity, genotoxicity, cellular fate, 

and cancer transcriptomics caused by bulk TiO2-NPs are difficult to define in animal tissues, 

especially for comparisons between dissimilar tissues, such as liver, kidney, muscle, etc. 

Further investigation is required in this direction to unearth more evidence of TiO2-NP 

distribution, biocompatibility, and low cytotoxicity in normal tissues. Overall, the 

fundamental understanding of the mechanical regulation of pristine TiO2-NPs and doped-

TiO2-NPs with regard to cancer proteogenomics and chemical metabolomics is a dynamic 

process and is the basis for the development of future therapies.
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8.

NPs nanoparticles

nm nanometer

μm micrometer

TiO2 titanium dioxide

Ag silver

Zn zinc
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Cu copper

Cr2O3 chromium (III) oxide

Mn2O3 manganese (III) oxide

Fe2O3 iron (III) oxide

NiO nickel (II) oxide

CuO copper (II) oxide

Gd gadolinium

DOX doxorubicin

Conc concentrations

h hours

mg/ml milligram/milliliter

μg/L microgram/Liter

TEM transmission electron microscopy

FESEM field emission scanning electron microscope

XRD X-ray powder diffraction

Exp experiment

Conc concentrations

ROS reactive oxygen species

H2O2 hydrogen peroxide

LC50 50% lethal concentrations

D. rerio Danio rerio

D. magna Daphnia magna

SWCNT single-walled carbon nanotubes

MWCNT multi-walled CNT

NAD+ nicotinamide adenine dinucleotide

NADP+ nicotinamide adenine dinucleotide phosphate

DNA deoxyribonucleic acid

RNA ribonucleic acid

OS oxidative stress
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SOD superoxide dismutase

TNF tumor necrosis factor

MTT methylthiazolyldiphenyl-tetrazolium bromide

LDH lactate dehydrogenase

IL interleukin

PCR polymerase chain reaction

Ca2+ calcium ions

PRDX peroxiredoxins

MCP monocyte chemoattractant protein

FDS 2′-deoxy-2′-(18F) fluoro-D-glucose

FITC fluorescein isothiocyanate

MMP mitochondrial membrane permeabilization

ATP adenosine triphosphate

TCA tricarboxylic acid cycle
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Highlights

• We present a comprehensive review of the microenvironmental influence of 

TiO2-NPs induced various mechanical stimuli on tumor cells.

• The mechanosensitive proteogenomics degradation, inflammatory responses 

by TiO2-NPs exposure are examined.

• The omics functional analysis shows gene mutations, protein alterations, and 

metabolite changes with TiO2-NPs exposures.

• Cancer proteogenomics and metabolomics by TiO2-NPs are dynamic 

platforms for cancer therapy.
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Figure 1. 
The structural description of TiO2 and its three different forms. Anatase (tetragonal, a = 

3.785 Å, c = 9.513 Å), rutile (tetragonal, a = 4.593 Å, c = 2.959 Å), and brookite 

(orthorhombic, a = 9.181 Å, b = 5.455 Å, c = 5.142 Å). Reproduced with permission from 

ref 9, 16. Copyright 2010 American Chemical Society.

Raja et al. Page 25

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Cellular uptake pathways, origins, and influence of TiO2-NPs on tumor cellular 

microenvironment. Tumor heterogeneity involves the dysregulation of genes, proteins, and 

metabolites. TiO2-NPs can block tumorigenesis and TiO2-mediated activation of OS 

signaling. Several NP formulations on the cell surface or upon endocytosis were shown to 

trigger the production of ROS. TiO2-NPs are depicted as red circles; ROS are shown as stars.

Raja et al. Page 26

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
In proliferating tumor cells, the schematic representation of TiO2-NPs applied to complex 

environmental metabolism and catabolized through major oxidative stress, metabolites 

alteration, gene and protein dysregulation. This combination treatment with pure and 

functionalized TiO2-NPs suppresses tumor growth through the influence of ROS.
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Table 1

Uptake and bioaccumulation of different types of TiO2-NPs in tissue-specific mechanobiological analysis.

NPs Duration NP concentrations Organism Mechanoregulation and Metabolic 
effects Ref

P25 TiO2-NPs 6 days 1 mg/mL Danio rerio 
embryos

ROS production/oxidative stress [45]

TiO2-NPs 7, 14 days 0.1, 0.5, 1.0 mg/L Juvenile rainbow 
trout

Respiratory toxicity and disturbances of 
trace elements such as Zn and Cu in 
metabolism

[51]

P25 TiO2 0–4 days 0.1, 1.0, 5.0 mg/L Daphnia magna Low toxicity was found [54,57]

P25 TiO2 2 days 4 days 2 g/L 2 g/L Daphnia magna LC50 29.8 μg/L [55]

4 days 2 g/L Japanese medaka 
fish larvae

LC50 2.2 mg/L

Anatase TiO2 8 h 20 & 200 mg/L Daphnia magna Significant mortality [56]

P25 TiO2 2 days 1–10.5 mg/L Daphnia magna Increased immobilization; increased 
toxicity with UVA

[58,59]

Anatase TiO2 13 weeks 0.1, 1.0 mg/L Adult zebrafish Altered gene expression; 0.1 mg/L of 
nTiO2 is toxic to the reproductive 
system;

[60]

Ag NPs; Cu-
TiO2- NPs; 
TiO2-NPs

2, 5, 8, 22, 27, 
32, 48 and 72 h

20 ppt Adult zebrafish 
embryos

37 up and 33 downregulated immune 
response genes was measured by TiO2; 
genotoxicity induced by these three NPs.

[61]

Citrate-TiO2-
NPs

24 h 0-1000 μg/ml zebrafish (Danio 
rerio)

6 nm TiO2-NPs were more potent in 
producing ROS; NPs surface area-based 
toxicity was discovered.

[62]

P25 TiO2-NPs 14 days 0.01, 0.1, 1, 10, and 100 
mg/L

C. auratus and 
Danio rerio

Fish liver metabolism affected; oxidative 
stress

[63]

Anatase TiO2 2 h 1000 μ/mL goldfish skin cells Lowered cell viability [68,69]

Rutile/anatase 
TiO2-NPs

4 h-2 days 500 ng/mL rainbow trout 
gonadal tissue

Cytotoxicity; DNA strand breaks [70]

Anatase/rutile 
TiO2 -NPs

5 days 15–1000 g/L freshwater 
bacteria

UV/PAR did not enhance toxicity [71]
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Table 2.

Toxicokinetic findings and cytotoxicity and genotoxicity effects due to physicochemical properties of TiO2-NP 

exposure in non-cancer and cancer cell lines.

Disease Cell lines Crystal types Particle Size 
(nm) Dose Mechanoregulation and Metabolic 

effects Ref

Hepatocellular 
carcinoma

Human liver 
cancer (HepG2)

Ag-TiO2-NPs 0.353 nm 25, 50, 100 
μg mL

TiO2-NPs induced cyto- and 
genotoxicity in human liver cancer 
(HepG2) cells via oxidative stress

21

Carcinoma A549

100% anatase 
TiO2;
60% anatase 
TiO2;
40% rutile 
mixture of 
TiO2

10.1 ± 1.0
5.2 ± 0.34
3.2 ± 0.34

3 μg/mL- 3 
mg/mL for 
48 h

Cell viability; DNA-based 
genotoxicity;
Mitochondrial activity; cellular redox 
status

86

Adenosquamous 
carcinoma

Human lung 
tumor

Na(x) TiO2+δ 
or
Hy TiO2+ δ

12 nm 
nanotubes 75 
nm 
nanowires

0.02–2 
μg /mL

Nanofilaments impaired cell 
proliferation; Hy TiO2+δ were more 
toxic than Na(x) TiO2+δ forms; cell 
morphology was altered.

89

Colorectal 
carcinoma HCT116

TiO2-NPs 
powder

-- 50,100, 200, 
400 μg/mL

Cytotoxicity, cell viability, apoptosis 
regulators (p53, Bax, Bcl-2) 92

Acute monocytic 
leukemia

Human 
monocytes
THP-1 cells
A549

≥ 99 % TiO2 70±20 0.1, 0.2, 0.5 
μg/mL

Cell mortality; DNA activity; protein 
expression; DNA repair genes and 
pathways

95

Carcinoma A549 human lung 
epithelial cells

TiO2 -NPs 50 nm 0.25, 5, 40 
μg/mL

Phagocytized TiO2 into vacuoles 
(early) or lamellar bodies; epithelial 
cells TiO2 externally connected with 
plasma membrane

103

Adenocarcinoma human breast 
cancer (MCF-7)

Zn-TiO2-NPs 0.352 nm 50,100, 200 
μg /mL Cytotoxicity and cell cycle arrest 104

Cervical 
carcinoma cells HeLa

≥99.5% trace 
metals basis 
TiO2

21 nm, 400, 270, and 
160 μg/mL

Up or downregulation of 
peroxiredoxin-1 3 4 5; actin 
expression has confirmed

119

Carcinoma A549

P25 Degussa 
TiO2, 75% 
anatase CEA 
TiO2, 95% 
anatase sigma 
TiO2, 100% 
anatase sigma 
rutile TiO2, 
100% rutile

25±7
12±3
142±36
9±3

0.25–100 
μg /mL

Cell membrane damage; decreases the 
cell capability; TiO2-NP site in 
cytoplasm, nucleus

120

Normal 16HBE14o-
99.9% anatase 
TiO2

15
0–160 
μg/cm2

Dose dependent cytotoxic effects; 
dose dependent increase in IL-6, TNF-
α mRNA; increased intracellular 
cytoskeletal proteins; absorption of 
GM-CSF and TNF-α by TiO2-NPs.

96

Normal
Human bronchial 
epithelial cells 
(BEAS-2B)

Anatase TiO2

Rutile TiO2

10; 20;
200;
> 200

10 μg/mL Induction of oxidative stress, ROS; 
hinders cellular development. 104

Normal BEAS-2B
99.7% anatase 
TiO2

< 25 0–100 μg/mL

Dose dependent reduction of cell 
viability; initiation of apoptosis; ROS 
can dependently increase based on 
TiO2 dose.

111
112

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2021 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Raja et al. Page 30

Disease Cell lines Crystal types Particle Size 
(nm) Dose Mechanoregulation and Metabolic 

effects Ref

Normal BS-C-1 ≥99.5% trace 
metals basis 21 nm, 400, 270, and 

160 μg/mL

Up or downregulation of 
peroxiredoxin family; β-actin 
expression was confirmed.

119

Normal Endothelial cell TiO2 48–55 nm 0.4, 0.8, 4, 8 
μg /mL

Disturbs cell–cell interactions, VE–
cadherin may be affected and 
degraded

31 
130

Normal

HaCaT cell line; 
Human 
immortalized 
sebaceous gland 
cell line (SZ95); 
Primary human 
melanocytes.

Anatase TiO2 9
0.15–15 μg/ 
cm2

TiO2 was spotted at perinuclear area 
and melanocyte cytoplasm; slow and 
adjustable rise in [Ca2+] in fibroblasts 
and melanocytes.

131

Normal
Normal human 
skin fibroblasts 
(CCL-110)

Anatase TiO2 5 4 μg /ml
Cell stiffness decreased; beta-carotene 
prevented photo-oxidative stiffness 
alterations

135

Normal
Likely 
glioblastoma

Human 
fibroblasts 
(HFF1);
Human 
astrocytoma U87 
cells;

Rutile TiO2

99.7% anatase 
TiO2

< 25 0.1–100 
μg/mL

Micro and nano TiO2 particles caused 
a reduction of cell viability in U87 and 
HFF1 cells

136

Normal
Immortalized 
mouse brain 
microglia (BV2)

Degussa P25 
TiO2

70% anatase;
30% rutile

~ 30 2.5–120 
mg/kg

Rapid and constant release of H2O2 

and O2; small clusters phagocytosed 
and internalized into the cytoplasm.

152
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Table 3.

Mechanoregulation of pure and doped-TiO2-NPs in specific gene and protein functions in tumor 

microenvironment after mechanistic stress by external forces

Gene/Protein Materials type (nm) Structure Distribution Mechanobiological functions Ref

IL-8; 53BP1 foci

100% anatase TiO2; 
60% anatase TiO2; 
40% rutile mixture of 
TiO2

Monomers Macrophages; 
endothelial cells Cytokine activity; genotoxicity; 86

IL-1 beta TiO2-NPs Tetrahedron Macrophages; 
endothelial cells

Cytokine activity; immune regulation 
responses; 95

SOD1
Zn-TiO2-NPs;
TiO2

Homodimer;
Non-disulfide
linked

Cytosol Familial amyotrophic lateral sclerosis 
(ALS) by SOD1 mutation

104, 118, 
130

SOD2 Zn-TiO2-NPs Tetramer Mitochondria Protection of mitochondria from ROS 
damage 104, 118

GPx; CPD-64; 
8oxo; CisP; Glycol

TiO2-A12; A25; A140; 
R68; R20

-- Nucleus; DNA repair ability; oxidative DNA 
damage; genotoxic stress 119

PRDX1; PRDX3; 
PRDX4; PRDX5

TiO2-NP Dimer
Cytosol; Nucleus; 
Mitochondria; ER; 
extracellular;

Signal regulation/transduction; 
apoptosis; antioxidant activity; ER 
folds; unknown

120

Hsp 60
TiO2-PEG; TiO2-Tf; 
Tc-Tf; and TiO2-Tf-Tc Monomers Mitochondria Protein folding and assembly; tumor-

targeting mechanisms 121

Hsp70; Bax; Bcl- 2; 
Cyt-C; Cleaved 
caspase-3

TiO2

nanofibers;
TiO2-NM

Tetramer Cytosol/ Nucleus/ 
Mitochondria

Prevention of aggregation of unfolded 
protein chains; apoptosis related 
protein;

122,130

E-Cadherin; N- 
Cadherin; EGFR

TiO2-NM Homodimer Plasma membrane Reponses to hypoxia; B cell 
homeostasis; proteolysis

122, 
123,130

Bcl-2, Bax, Cyt-C, 
β-actin; Dsg-1

TiO2

nanofibers; Anatase 
TiO2

Tetramer
Nuclear 
Membrane; 
nucleoplasm

Cell morphogenesis; ossification; 
apoptosis; Ca2+ imaging

122, 131

VE-cadherin; 
Caspase 3, 8, 9; 
SOD1

TiO2-NM Homodimer Plasma membrane

Calcium ion binding; junction 
stability; phosphorylation,
internalization, degradation of VE-
cadherin

130

Abbreviations: nm, nanometer; NP, nanopowder; NM, nanomaterials; A, anatase; R, rutile; and the number gives the mean diameter of NP. For 
example, TiO2-A12 is an anatase TiO2-NP, with a mean diameter of 12 nm. PEG, polyethyleneglycol; Tf, transferrin; Tc, titanocene;
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