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Abstract

Titanium dioxide (TiO2) is generally regarded as a nontoxic and nongenotoxic white mineral, 

which is mainly applied in the manufacture of paper, paint, plastic, sunscreen lotion and other 

products. Recently, TiO2 nanoparticles (TiO2 NPs) have been demonstrated to cause chronic 

inflammation and lung tumor formation in rats, which may be associated with the particle size 

of TiO2. Considering the important role of activator protein-1 (AP-1) in regulating multiple genes 

involved in the cell proliferation and inflammation and the induction of neoplastic transformation, 

we aimed to evaluate the potency of TiO2 NPs (≤ 20 nm) on the activation of AP-1 signaling 

pathway and the generation of reactive oxygen species (ROS) in a mouse epidermal cell line, 

JB6 cells. MTT, electron spin resonance (ESR), AP-1 luciferase activity assay in vitro and 

in vivo, and Western blotting assay were used to clarify this problem. Our results indicated 

that TiO2 NPs dose-dependently caused the hydroxyl radical (·OH) generation and sequentially 

increased the AP-1 activity in JB6 cells. Using AP-1-luciferase reporter transgenic mice models, 

an obvious increased AP-1 activity was detected in dermal tissue after exposure to TiO2 NPs 

for 24 h. Interestingly, TiO2 NPs increased the AP-1 activity via stimulating the expression 

of mitogen-activated protein kinases (MAPKs) family members, including extracellular signal-

regulated protein kinases (ERKs), p38 kinase, and C-Jun N-terminal kinases (JNKs). Of note, 

the AP-1 activation induced by TiO2 NPs could be blocked by specific inhibitors (SB203580, 

PD98059, and SP 600125, respectively) that inhibit ERKs and p38 kinase but not JNKs. These 

findings indicate that ROS generation is involved in TiO2 NPs-induced AP-1 activation mediated 

by MAPKs signal pathway.
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1 | INTRODUCTION

Nanomaterials have attracted people’s attention in electronics, reinforcement rods, 

micro-manufacturing, cosmetics, and nanomedicine.1–3 Especially, the development of 

nanomaterials has grown exponentially in the past 10 years. As expected, the number 

of people who produce or use nanomaterials increases accordingly. However, limited 

information is available regarding the potential mechanism of the carcinogenesis of 

nanoparticles. It has been demonstrated that the physical and chemical properties of 

nanoparticles possess a strongly influence on their biological actions,4–6 and titanium 

dioxide nanoparticles (TiO2 NPs) were nearly spherical anatase crystals modified with 

hydroxyl group on the surface.7 TiO2 NPs are naturally occurring mineral substances 

and widely applied in cosmetics, paint, and pharmaceuticals. Up to now, it is generally 

considered to be nontoxic, nongenotoxic, and widely used as an inert control in toxicologic 

studies.8–11 However, experimental studies in rats and epidemiological population surveys 

verified that the exposure to TiO2 NPs could lead to the development of pulmonary 

inflammation, tissue damage and fibrosis, and even lung tumors.12–18 It was reported earlier 

that rats developed chronic inflammation and tumors after tracheal instillation of TiO2 fine 

particles (TiO2 FPs) (0.25 μm) and TiO2 NPs (21 nm),19–24 and pulmonary inflammation 

and hyperplasia were observed at all exposure levels. Compared with TiO2 FPs, TiO2 

NPs could impair macrophage function with persistently high-inflammatory reactions, thus 

increasing pulmonary retention.13 Furthermore, the levels of specific mRNA related to 

tumor necrosis factor, interleukin 1 (IL-1), IL-6, and IL-8 were raised after exposure of 

human alveolar macrophages to TiO2 NPs.25 Simultaneously, it was confirmed that reactive 

oxygen species (ROS) was generated in rat and human alveolar macrophages during the 

process of degrading TiO2 NPs by luminol-dependent chemiluminescence assay. To date, 

there are limited data on dermal effects of TiO2 NPs among humans. With the advent of 

nanotechnology, the skin, whether consciously or unconsciously, can be exposed to solid 

nanoscale particles. Intentionally added nanomaterials are being developed in the application 

of lotions or creams containing nanoscale TiO2 or ZnO as sunscreen components, whereas 

unintentional dermal exposure that occurs when paints or coatings containing nanoscale 

substances are used to achieve waterproof or anti-fouling properties, or when skin directivity 

contact with anthropomorphic substances produced during the manufacturing or burning 

of nanomaterials is involved.26 However, there were limited data on dermal effects after 

personal exposure to nanoscale TiO2 in our living surroundings.

Many stimuli, especially ROS, are able to stimulate activator protein-1 (AP-1) by binding 

to the promoter regions of multiple genes that play a vital role in modulating inflammation, 

cell proliferation, apoptosis, and carcinogenesis.27,28 The increase of AP-1 activity is 

related to malignant transformation and the action of tumor promoting agents, such 

as growth factors, ultraviolet radiation, and transforming oncogenes.29,30 Blocking 12-O-
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tetradecanoylphorbol-13-acetate (TPA)-induced AP-1 activation has been documented to 

suppress the neoplastic transformation.31,32Considering the pivotal role of AP-1 on the 

inflammation and carcinogenesis, we aimed to investigate the effects of TiO2 NPs on the 

skin in vitro and in vivo via activating AP-1 and its related signal mitogen-activated protein 

kinases (MAPKs). As we know, p38 kinase, extracellular signal-regulated protein kinases 

(ERKs), and C-Jun N-terminal kinases (JNKs) are the three major MAPKs, which are 

responsibility for c-Jun phosphorylation and AP-1 activation.33–36 Dhar et al. demonstrated 

that JB6 mouse epidermal cells were valuable for monitoring early signaling events in 

oxidative stress related to carcinogenesis.37 To test the mechanisms involved, JB6 cells 

were investigated to confirm the TiO2 NPs-induced hydroxyl radical (·OH) generation and 

activation of MAPKs pathways underlying the AP-1 activation. Herein, we demonstrate that 

TiO2 NPs induce AP-1 activation, and such activation may occur through the ERK1/2 and 

p38 MAPKs kinase signal transduction pathways in JB6 cells.

2 | MATERIALS AND METHODS

2.1 | Reagents

5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and catalase were purchased from Sigma 

Chemical CO. (St. Louis, MO) and Boehringer Mannheim (Indianapolis, IN), respectively. 

The methods including charcoal decolorization and vacuum distillation were used to purify 

the spin trap DMPO, therefore, the purified DMPO solution should not contain any 

detectable impurities by electron spin resonance (ESR) spectroscopy. Chelex 100 chelating 

resin was obtained from Bio-Rad Laboratories (Richmond, CA), which was used to 

remove contaminants containing transition metal ions in phosphate buffer (pH 7.4). Eagle’s 

minimum essential medium (MEM) and luciferase assay substrate were, respectively, 

obtained from Whittaker Biosciences (Walkersville, MD) and Promega (Madison, WI). 

Fetal bovine serum (FBS), gentamicin, and L-glutamine were from Life Technologies, Inc. 

(Gaithersburg, MD). Phospho Plus MAPK Antibody Kits and 3-(4, 5-dimethylthiazol-2-

yl)-2,5,-diphenyl tetrazolium bromide (MTT) Cell Proliferation Assay were purchased from 

New England Bio Labs (Beverley, MA) and Sigma-Aldrich (Saint Louis, MO, USA), 

respectively. TiO2 NPs with a diameter of less than 20 nm and a specific surface area of 

more than 400 m2/g were obtained from Nano Active (Manhattan, KS), and TiO2 FPs with a 

diameter of less than 5 μm were purchased from Sigma-Aldrich (St. Louis, MO).38

2.2 | Cell culture

First, JB6 cells were stably transfected with an AP-1 luciferase reporter plasmid,39 and 

then cultured in Eagle’s MEM supplied with 5% FBS, 2 mM L-glutamine, and 50 μg 

gentamicin/ml under standard culture conditions.

2.3 | Cell viability assay

MTT Cell Proliferation assay was performed in this study to ascertain cell viability after 

exposure to 25–200 μg/cm2 TiO2 NPs or TiO2 FPs. JB6 cells (1 × 104 cells/well) were 

plated in a 96-well plate and then cultured with or without particles. Following incubation 

for 48 h, 10 μl MTT solution were added to each well and further incubated for another 4 h. 

Then, 100 μl solubilization solution were added and incubated overnight at 37°C. Thereafter, 
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the optical density (OD) was measured on an ELISA plate reader at a wavelength of 590 nm. 

The result is calibrated with the OD measured in the absence of cells.

2.4 | ROS measurements

ESR was utilized in this study to demonstrate potential induction of radical generation after 

exposure to TiO2 NPs or TiO2 FPs for various time. Briefly, reactants were carried out in a 

final volume of 450 μl in test tubes, and then the reaction mixture was then placed in a flat 

cell for the measurement of ESR spectra using a Varian E9 ESR spectrometer. Meanwhile, 

reference standards were done by measuring the hyperfine couplings (to 0.1 G) directly from 

magnetic field separation in comparison with K3CrO8 and DPPH. All experiments were 

carried out under ambient air and at room temperature except those specifically indicated. 

Experimental data acquisitions and analyses were performed by EPRDAP 2.0 program, and 

the final concentration was shown in the legend.

2.5 | In vitro AP-1 luciferase activity assay

The AP-1 transcription factor is usually expressed at low basal level, however it can be 

remarkably activated by many different stimuli,42 therefore the effect of TiO2 NPs on AP-1 

activity was studied in our current study. Briefly, JB6 AP-1 cells were digested with trypsin, 

incubated with Eagle’s MEM(5% FBS) in a 24-well plate at 5 × 104 cells/well and placed 

in a 5% CO2 humidified atmosphere at 37°C. After 12 h, the cells were incubated with 

Eagle’s MEM with 0.1% FBS for another 12–24 h to minimize the basal activity of AP-1. 

Thereafter, the cells were then exposed to the ultrasonically dispersed TiO2 NPs in the same 

medium for 24 h to monitor the inhibitory effect of AP-1 activity. According to the detection 

steps of the luciferase assay kit, 200 μl 1 × lysis buffer were added to extract the cells, then 

the luciferase activity was detected on a 3010 monolight luminometer,39 and the relative 

AP-1 activity was calculated as normalized to untreated cells.

2.6 | In vivo AP-1 luciferase activity assay

C57BL/6 mice and the founder stocks for these mice were a gift given by the University of 

Minnesota. Following the surface area of TiO2 NPs and TiO2 FPs characterized previously 

by our laboratory,38 AP-1-luciferase reporter C57BL/6 crossed with DBA2 transgenic mice 

were carried out to explore the effect of TiO2 NPs on AP-1 activity in vivo. In brief, mice 

were fed and kept at the West Virginia University Animal Facility, and all studies were in 

accordance with experimental protocols approved by the West Virginia University Animal 

Care and Use Committee. These mice were monitored in absence of specific pathogens, 

housed in plastic filter-top cages on corncob bedding, and given autoclaved tap water and 

Prolab 3500 feed ad libitum. 24–28 male and female mice were used in each group. After 

shaving the hair on the back skin of the mice, TiO2 NPs (1 mg TiO2 NPs dissolved in 0.3 

ml acetone) were applied for topical treatment, meanwhile acetone alone was used in the 

control group. Of note, liquid acetone on the skin will have a mild irritation, resulting in 

a small risk of absorption through the intact skin.40 After exposure for 24 h, the luciferase 

activity was measured in the samples of dorsal skin punch biopsy as previously described.41 

In short, the skin tissues were sampled with a 1.5 mm biopsy punch (Acuderm Inc. Ft. 

Lauderdale, FL) after the exposure of mice to TiO2 NPs. Thereafter, the tissue was dissolved 
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in 4°C lysis buffer for 12 h, and then the supernatant was collected to measure the luciferase 

activity.

2.7 | Protein kinase phosphorylation assay

Western blotting assay was carried out to determine the phosphorylation levels of ERKs, 

JNKs, and p38 kinase in according to the protocol of New England Biolabs (Beverly, 

MA). Briefly, the cultured JB6 cells in different groups were collected, homogenized, and 

separated by 10% SDS-PAGE. After electrophoresis, samples were transferred to PVDF 

membranes and incubated with diluted phospho-specific antibodies against phosphorylated 

sites of ERKs, JNKs, and p38 kinase (1:1000). Meanwhile, non-phospho-specific antibodies 

against ERKs, JNKs, and p38 kinase proteins provided in each assay kit were used to 

normalize the phosphorylation assay by using the same-transferred membrane blot.

2.8 | Statistical analysis

Data were presented as means ± standard errors (SE), and the values were analyzed using 

one-way ANOVA or Student’s t test. Significance was set at p ≤ .05.

3 | RESULTS

3.1 | Effect of TiO2 NPs on cell viability

After treatment with TiO2 NPs for 48 h, the results of MTT assay confirmed that TiO2 NPs 

at doses of 25–100 μg/cm2 had no obviously inhibitory effect on cell viability, while high 

dose of TiO2 NPs (200 μg/cm2) significantly inhibited cell viability compared with control 

group (p < .05) (Figure 1).

3.2 | Effect of TiO2 NPs on stimulation of ROS generation in the cultured JB6 cells

ROS generation was detected in the process of cellular reaction and in the presence of 

TiO2 NPs or TiO2 FPs by ESR spin trapping technology. After exposure to DMPO with 

or without TiO2 NPs (or TiO2 FPs), no detectable radical signal was observed (Figure 

2A-a, b, c, and d). Of note, after exposure of JB6 cells to TiO2 NPs with DMPO, it was 

detected that a spin adduct signal (Figure 2A-f) consisting of a 1:2:2:1 quartet with hyperfine 

splitting of parameters (aN = aH = 14.8 G), where aN and aH stand for nitroxyl nitrogen 

and a-hydrogen, respectively. On the basis of this splitting and the line shape of 1:2:2:1, 

the formed spectrum of DMPO-OH adducts could represent the formation of the ·OH 

radical. As shown in Figure 2, JB6 cells incubated with TiO2 FPs and DMPO (Figure 2A-e) 

generated less ·OH radical than those with TiO2 NPs and DMPO, and the average ESR peak 

(Figure 2B) indicated that TiO2 NPs were more potential to stimulate ROS generation than 

TiO2 FPs. Notably, after exposure of JB6 cells (1 × 106) to 200 mM DMPO with 1 mg/ml 

TiO2 FPs (or TiO2NPs) for 5, 10, and 15 min, the time course study suggested that ·OH 

radical was generated immediately once the JB6 cells were mixed with TiO2 NPs, and it 

time-dependently increased for up to 15 min (Figure 3A,B).

As shown in Figure 4, there were no obvious signal in DMPO with or without JB6 cells 

groups (Figure 4A-a and b). Interestingly, exposure of JB6 cells to TiO2 NPs remarkably 

increased the signal intensity (Figure 4A-c,B), which was reversed by additional catalase 
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(Figure 4A-c,B), indicating the importance role of hydrogen peroxide. Simultaneously, 

additional deferoxamine could chelate the metal ions such as Fe (II) and make them less 

reactive toward hydrogen peroxide (Figure 4A-e,B), consequently decreasing the signal 

intensity. All these results indicate that a metal-mediated Fenton or Fenton-like reaction 

plays a role in ·OH generation in the JB6 cells treated with TiO2 NPs. Furthermore, 

additional hydrogen peroxide increased the signal intensity in JB6 cells compared with those 

without (Figure 4A-c, f, and B).

3.3 | Effect of TiO2 NPs on AP-1 luciferase activity in vitro and in vivo experiments

In a certain range of concentration, TiO2 NPs dose-dependently induced AP-1 activation in 

JB6 cells and the AP-1 activation reached its maximum level at the dose of 12.5 μg/cm2. 

In addition, TiO2 NPs possessed greater potential to increase AP-1 activation than TiO2 FPs 

at low concentration of 0–12.5 μg/cm2. After that, with increasing concentrations of TiO2 

NPs, the AP-1 activation in JB6 cells decreased, probably due to the TiO2 NPs-induced 

cell cytotoxicity and/or growth inhibition (Figure 5). Notably, AP-1 activity was close to 

zero, whereas the cell vitality was still at a high level when the concentration of TiO2 

NPs reached to 100 μg/cm2 (Figure 5), thus100 μg/cm2 TiO2 NPs were selected to prove 

the inhibitory effect of several kinases’ inhibitors on AP-1 activity. Additionally, the AP-1 

activity increased slowly within a certain range. Furthermore, using AP-1-luciferase reporter 

C57BL/6 crossed with DBA2 transgenic mice models, an obvious increased AP-1 activity 

was detected in dermal tissue of mice after exposed to TiO2 NPs for 24 h. However, 

no obviously changes of AP-1 activity were in dermal tissues from the TiO2 FPs group 

compared with control group (Figure 6), suggesting that TiO2 NPs possess greater potential 

to induce AP-1 activation, owning to the nanolevel particle size.

3.4 | Effects of TiO2 NPs on the expression of MAPKs in JB6 Cells

As shown in Figure 7A, with the increasing concentrations of TiO2 NPs at a range of 0–200 

μg/cm2, the phosphorylation levels of p38 kinase, ERKs and JNKs were upregulated in the 

JB6 cells in a dose-dependent manner (Figure 7A). Similarly, upregulation of the expression 

of MAPKs was also detected in TiO2 FPs group (Figure 7B). In addition, TiO2 NPs at the 

dose of 150 μg/cm2 upregulated the phosphorylation levels of p38 kinases, ERKs, and JNKs 

in a time-dependent manner (Figure 7C). Of note, ERKs were the most rapidly responding 

kinases, following with JNKs and p38 kinase.

3.5 | Inhibitory effects of MAPKs inhibitors on TiO2 NPs-induced AP-1 activation

After exposure to 100 μg/cm2 TiO2 NPs with or without MAPKs inhibitors, the results 

of AP-1 luciferase activity assay suggested that compared with untreated cells, TiO2 NPs-

induced AP-1 activation decreased significantly, and the increased AP-1 activation could 

be inhibited by either SB203580 (p38 inhibitor) or PD98059 (ERK inhibitor), but not 

SP600125 (JNK inhibitor) (Figure 8).

4 | DISCUSSION

Considering the complexities of epidemiologic studies and unresolved animal experimental 

tumor studies, the current studies focused on molecular mechanistic processes associated 
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with inflammation and carcinogenesis to provide some new insight on the potential of 

TiO2 as a probable carcinogen.42 In this respect, our researches on AP-1 activation through 

MAPK support the previous studies that TiO2 NPs may be involved in the development 

of carcinogenic processes.43 Notably, the in vitro and in vivo experiments confirmed that 

within a range of certain density, TiO2 NPs possess greater potential to induce AP-1 

activation thanTiO2 FPs, which may be related to the nanolevel particle size.

AP-1, a dimeric complex, is composed of Jun and Fos protein families. Some AP-1-

encoding genes, c-jun and c-fos, can be activated in response to various extracellular stimuli, 

and they maybe act as intermediate transcriptional regulators during the signal transduction, 

consequently leading to cell proliferation and malignant transformation. Following the 

activation of AP-1, downstream signal cascades including jun, fos, and other target genes 

can be triggered. These members of Jun and Fos protein families may involve in the cell 

signaling events via activating a specific receptor located on the cell surface with changes 

in gene expression that regulate cell responses, including cell proliferation and sequential 

phenotypic and functional changes. The vital content of this study is about that TiO2 NPs 

stimulate the activation of AP-1 in both in vitro and in vivo models, which may be the key 

mechanism underlying the TiO2 NPs-induced inflammation and/or carcinogenesis.

In recent years, the signal transduction pathways associated with the activation of 

transcription factors have been broadly researched. For example, it has been demonstrated 

that the activation of MAPK pathways (ERKs, JNKs, and p38) can be triggered by stress-

related signals such as UV light or ROS. Some studies further confirmed that ERK, JNK, 

and p38 MAPK pathways can also be phosphorylated or activated by ROS, consequently 

leading to cell apoptosis.44–46 As a major regulator of the transcriptional program, AP-1 

is one of the downstream targets of MAPK members.39 Accumulating evidence has 

documented that up-regulation of AP-1 play a vital role in the process of tumorigenesis.47,48 

In the present study, the possible mechanism underlying the role of ERKs, JNKs, and p38 

MAPKs family in the induction of AP-1 activation has been investigated after exposure of 

JB6 cells to TiO2 NPs. After pretreatment with the p38 inhibitor (SB203580) and ERK 

inhibitor (and PD98059) for 24 h, both of them inhibited AP-1 activity in JB6 cells induced 

by TiO2 NPs, whereas pretreatment of cells with JNKs inhibitor (SP600125) had no obvious 

effect on the effect TiO2 NPs-induced AP-1 activation. Thus, it can be inferred that TiO2 

NPs may phosphorylate ERKs and p38 kinase, but not JNKs. All these results indicate that 

TiO2 NPs-induced AP-1 activation may be involved in the p38 kinase and ERKs pathways.

The results of this study provide novel insights to explore molecular mechanistic processes 

associated with inflammation and carcinogenesis of TiO2 NPs and a great significance to 

develop safety evaluation criteria for TiO2 NPs. However, the toxicity of TiO2 NPs exposure 

should be further confirmed by animal experiments and epidemiological investigation. If 

possible, analyzing the toxic effect of different species induced by TiO2 NPs will be helpful 

to formulate the criteria about safety assessment and rational use of TiO2 NPs in the future.
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5 | CONCLUSIONS

Using in vitro and in vivo models, it can be concluded that TiO2 NPs stimulate the 

intracellular ROS generation and sequentially induce AP-1 activation through p38 MAPK 

and ERK pathways, which may be the key mechanisms underlying the TiO2 NPs-induced 

inflammation and/or carcinogenesis. It is worth noting that elucidating the mechanisms 

involved in TiO2 NPs-induced signaling pathway in parallel with the manipulation of target 

genes could provide insights for understanding the possible prevention of TiO2 NPs-induced 

cytotoxicity and carcinogenesis.
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FIGURE 1. 
Effects of TiO2 NPs on cell viability in JB6 cells. Data are expressed as means ± SE (n = 4). 

*p < .05, compared with control group
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FIGURE 2. 
ESR spectra signals (A) and average ESR peak (B) generated by DMPO-OH adducts in 

different groups. (A) DMPO (200 mM)alone; (B) DMPO (200 mM) + JB6 cells (1 × 106); 

(C) DMPO (200 mM) + TiO2 FPs (1 mg/ml); (d) DMPO (200 mM) + TiO2 NPs (1 mg/ml); 

(e) DMPO (200 mM) + JB6 cells (1 × 106) + TiO2 FPs (1 mg/ml); or (F) DMPO (200 mM) 

+ JB6 cells (1 × 106) + TiO2 NPs (1 mg/ml). The average ESR peak was presented as means 

± SE (n = 3)
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FIGURE 3. 
Time-dependent ESR spectra signals (A) and average ESR peak (B) generated by DMPO-

OH adducts. The average ESR peak was presented as means ± SE (n = 3)
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FIGURE 4. 
Effects of free radical scavenger on ESR spectra signals (A) and average ESR peak (B) 

generated by DMPO-OH adducts. (A) DMPO (200 mM); (B) DMPO + JB6 cells (1 × 106); 

(C) DMPO + TiO2 NPs (1 mg/ml) + JB6 cells (1 × 106); (D) DMPO + TiO2 NPs (1 mg/ml) 

+ JB6 cells (1 × 106) + 2000 U/ml catalase; (E) DMPO + TiO2 NPs (1 mg/ml) + JB6 cells 

(1 × 106) + deferoxamine (2 mM); (F) DMPO + TiO2 NPs (1 mg/ml) + JB6 cells (1 × 106) + 

H2O2 (1 mM). (B) The average ESR peak was presented as means ± SE (n = 3)
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FIGURE 5. 
Effect of NPs on induction of AP-1 activation after treatment with JB6 cells for 24 h. Data 

are presented as the mean ± SE
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FIGURE 6. 
Effect of NPs on the induction of AP-1 activation in the skin tissue of AP-1-luciferase 

reporter transgenic mice. Relative luciferase units were expressed as means ± SE in 24–28 

mice of each group. *p ≤ .05, compared with control group
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FIGURE 7. 
Effect of NPs on the phosphorylation levels of MAPKs determined by Western blotting 

assay. (A) Stimulation of various concentrations of TiO2 NPs on the expression levels of 

p-p38 kinase, p-ERK2, p-JNK and p38; (B) stimulation of various concentrations of TiO2 

FPs on the expression levels of p-p38 kinase, p-ERK2, p-JNK and p38; (C) stimulation of 

TiO2 NPs (150 μg/cm2) on the expression level of p-p38 kinase, p-ERK2, p-JNK and p38 for 

15, 30, 60, 120, and 240 min
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FIGURE 8. 
Inhibitory effects of MAPKs inhibitors on TiO2 NPs-induced AP-1 activation. The relative 

AP-1 activity was presented as mean ± SE of six test wells from two independent 

experiments. § p < .05, compared with the untreated control group; *p < .05, compared 

with TiO2 NPs alone group (p ≤ .05)
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