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Functionalized surface-charge SiO 2 nanoparticles induce pro-inflammatory responses, but are not lethal to Caco-2 cells
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Nanoparticles (NPs) are widely used in food and analysis of their potential gastrointestinal toxicity is necessary. The present study was designed to determine the effects of silica dioxide (SiO 2 ), titanium dioxide (TiO 2 ), and zinc oxide (ZnO) NPs on cultured THP-1 monocyte-derived macrophages and human epithelial colorectal adenocarcinoma (Caco-2) cells. Exposure to ZnO NPs for 24 hours increased the production of redox response species (ROS) and reduced cell viability in a dose-dependent manner in THP-1 macrophages and Caco-2 cells. Although TiO 2 and SiO 2 NPs induced oxidative stress, they showed no apparent cytotoxicity against both cell types. The effects of functionalized SiO 2 NPs on undifferentiated and differentiated Caco-2 cells were investigated using fluorescently-labeled SiO 2 NPs with neutral, positive or negative surface-charge. Exposure of both types of cells to the three kinds of SiO 2 NPs significantly increased their interaction in a dose-dependent manner. The largest interaction with both types of cells was noted with exposure to more negatively surface-charged SiO 2 NPs. Exposure to either positively or negatively, but not neutrally, surface-charged SiO 2 NPs increased NO levels in differentiated Caco-2 cells.

Exposure of differentiated Caco-2 cells to positively or negatively surface-charged SiO 2 NPs also upregulated interleukin-8 expression. We conclude that functionalized surface-charge SiO 2 NPs can induce pro-inflammatory responses but are non-cytotoxic.

INTRODUCTION

Engineered nanoparticles (NPs) exhibit peculiar physicochemical features and biomedical properties at the nanoscaled level. [START_REF] Nel | Understanding biophysicochemical interactions at the nano-bio interface[END_REF][START_REF] Riediker | Particle toxicology and health -where are we? Part[END_REF] Nanomaterials have been used in many applications in the fields of medicine, microelectronics, catalysis, cosmetics, drug delivery, and imaging. [START_REF] Nazir | Nanomaterials in combating cancer: therapeutic applications and developments[END_REF][START_REF] Ng | Biomedical applications of nanomaterials as therapeutics[END_REF][START_REF] Khezri | Application of nanoparticles in percutaneous delivery of active ingredients in cosmetic preparations[END_REF] The use of engineered NPs in the food industry has been growing rapidly in recent years, based on their added benefits, such as improvement of taste and texture, prolongation of shelf life, and enhancement of nutritional values. [START_REF] Chaudhry | Applications and implications of nanotechnologies for the food sector[END_REF][START_REF] Martirosyan | Engineered nanomaterials in food: implications for food safety and consumer health[END_REF] Among the engineered NPs, silicon dioxide (SiO 2 ), titanium dioxide (TiO 2 ), and zinc oxide (ZnO) NPs are manufactured in large quantities and used commercially as food additives. [START_REF] Go | Interactions between Food Additive Silica Nanoparticles and Food Matrices[END_REF][START_REF] Dudefoi | Impact of food grade and nano-TiO 2 particles on a human intestinal community[END_REF][START_REF] Moreno-Olivas | ZnO nanoparticles affect intestinal function in an in vitro model[END_REF] Since NPs are currently widely used in food, analysis of any toxicity especially on the digestive system is necessary at this stage in order to understand their in vivo behavior as well as to detect any toxic effects.

Various genetic and environmental factors, such as food and stress, can cause intestinal barrier dysfunction. While the prevalence of inflammatory bowel diseases (IBD), such as Crohn's diseases and ulcerative colitis, is known to be high in Western countries, it has increased exponentially and rapidly in recent years in countries that had undergone shifts from local food style to westernized food, such as Asian countries. [START_REF] Ng | Worldwide incidence and prevalence of inflammatory bowel disease in the 21st century: a systematic review of population-based studies[END_REF] Environmental risk factors for IBD include lifestyle (smoking and sleep), ecological factors (air pollution and water pollution), and pharmacologic agents. [START_REF] Lomer | Fine and ultrafine particles of the diet: Influence on the mucosal immune response and association with Crohn's disease[END_REF][START_REF] Abegunde | Environmental risk factors for inflammatory bowel diseases: Evidence based literature review[END_REF] IBD is thought to be associated with failure of immune response against intestinal flora by flares of inflammation. [START_REF] Halfvarson | Dynamics of the human gut microbiome in inflammatory bowel disease[END_REF] Although intestinal macrophages play an important pathogenic roles in IBD, the mechanisms of inflammatory responses to environmental factors in the digestive system have remained unclear.

Recent studies have shown efficient uptake of NPs by intestinal epithelial cells and microfold (M) cells in an in vitro model. [START_REF] Kim | Cytotoxicity, uptake behaviors, and oral absorption of food grade calcium carbonate nanomaterials[END_REF][START_REF] Sieg | Uptake and molecular impact of aluminum-containing nanomaterials on human intestinal caco-2 cells[END_REF] Exposure of intestinal epithelial cells to NPs has been shown to be associated with accumulation of reactive oxygen species (ROS) and induction of DNA oxidative damage. [START_REF] Dorier | Continuous in vitro exposure of intestinal epithelial cells to E171 food additive causes oxidative stress, inducing oxidation of DNA bases but no endoplasmic reticulum stress[END_REF][START_REF] Henson | In vitro intestinal toxicity of copper oxide nanoparticles in rat and human cell models[END_REF] While other studies reported a similar increase in intracellular ROS levels in the same cell model, no harmful effects were noted. [START_REF] Dorier | Toxicological impact of acute exposure to E171 food additive and TiO 2 nanoparticles on a co-culture of Caco-2 and HT29-MTX intestinal cells[END_REF] Thus, more investigation is needed on the intestinal toxicity of NPs.

NPs can enter the cells and/or translocate from the site of exposure to the circulation and secondary organs based on their minute size. [START_REF] Zhang | Assessment of genotoxic effects by constructing a 3D cellular system with highly sensitive mutagenic human-hamster hybrid cells[END_REF][START_REF] Abukabda | Group II innate lymphoid cells and microvascular dysfunction from pulmonary titanium dioxide nanoparticle exposure[END_REF] Since some NPs can impair cellular functions and be cytotoxic, it is crucial to understand the key aspects of interactions of NPs with the organism. Surface functionalization is a routine process to improve the behavior of NPs, but the induced surface properties, such as surface charge, may be associated with different toxicity profiles. For example, the surface charge of functionalized polymeric NPs was reported to determine their lung inflammogenicity. [START_REF] Kim | Surface charge determines the lung inflammogenicity: A study with polystyrene nanoparticles[END_REF] We have also reported different responses based on the surface charge of NPs using the zebrafish embryo toxicity test method. [START_REF] Vranic | Toxicological evaluation of SiO₂ nanoparticles by zebrafish embryo toxicity test[END_REF] However, the effects of NP surface charge on the digestive organs remain elusive. SiO 2 , TiO 2 , and ZnO NPs are manufactured in large quantities and SiO 2 NPs are abundantly used by the manufacturers of nanomaterials worldwide. [START_REF] Laux | Nanomaterials: certain aspects of application, risk assessment and risk communication[END_REF] Therefore, it is important to investigate the effects of these NPs on the gastrointestinal tract and the cellular responses of intestinal cells for safety assessment of those NPs. The purpose of the present study was to determine the effects of exposure of THP-1 monocyte-derived macrophages and human epithelial colorectal adenocarcinoma (Caco-2) cells to SiO 2 , TiO 2 , and ZnO NPs. We also investigated the effects of fluorescently-labeled SiO 2 NPs with a neutrally charged pristine surface or with different surface functionalization that rendered them positively or negatively charged, on undifferentiated and differentiated Caco-2 cells.

EXPERIMENTAL METHODS

Nanoparticle Preparation and Characterization

SiO 2 NPs with a primary diameter of 30 nm, TiO 2 NPs; (AEROXIDE TiO 2 P25) with a primary diameter of 21 nm, and ZnO NPs with a primary diameter of 20 nm were purchased from Micromod (Rostock, Germany), Degussa (Dusseldorf, Germany), and mkNANO (Mississauga, ONT, Canada), respectively. The NPs were suspended in culture media and dispersed using sonicator (80% pulsed mode, 100 W, 15 min, BRANSON Sonifier model 450; Danbury, CT), as described previously. [START_REF] Wu | Dispersion method for safety research on manufactured nanomaterials[END_REF] Rhodamine-labeled SiO 2 NPs, 30 nm in diameter, with hydroxyl groups on the surface (neutral surface charge; N) or functionalized with amino modified (positive surface charge; +q) or carboxyl modified (negative surface charge; -q) were purchased from Micromod. All NPs were suspended in water at 25 mg/L and then dispersed with the culture medium. The hydrodynamic sizes of the particles in media were measured four times after 1 hour on standing using the dynamic light scattering (DLS) technology with a Zetasizer Nano S (Malvern Instruments, Worcestershire, UK). The dispersion status was described by the intensity-weighted hydrodynamic average diameter (zaverage) and polydispersity index (PdI), which reflect the broadness of the size distribution (scale range from 0 to 1, with 0 being monodispersion and 1 being polydispersion). [START_REF] Murdock | Characterization of nanomaterial dispersion in solution prior to in vitro exposure using dynamic light scattering technique[END_REF] The zeta potentials of the particles in distilled water and culture medium were measured three times after 1 hour on standing with a Zetasizer Nano ZSP (Malvern Instruments). The pH of distilled water and culture medium containing the particles was measured three times using a pH meter (LAQUA F-52; HORIBA, Kyoto, Japan).

Cell Culture

Human monocytic leukemia cells (THP-1 cell line, American Type Culture Collection; ATCC, TIB202, Manassas, VA) were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Life Technologies, Carlsbad, CA) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 units/mL penicillin, and 100 µg/mL streptomycin. THP-1 cells were differentiated to macrophages with 0.1 µg/mL phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, St Louis, MO) for 72 hours, before experimentation. The human colon colorectal adenocarcinoma cell line Caco-2, which are of intestinal epithelial origin, obtained from ATCC (HTB-37), were cultured in Dulbecco's Modified Eagle's Medium (DMEM) medium (Life Technologies) supplemented with 10% (v/v) FBS, 0.1 mM MEM Non-Essential Amino Acids Solution, 100 units/mL penicillin, and 100 µg/mL streptomycin at 37 °C in 5% CO 2 .

Differentiation of Caco-2 Cells

For differentiation of Caco-2 cell monolayer, the cells were seeded onto tissue culture polyethylene terephthalate membrane inserts (Falcon® Cell Culture Inserts, growth area 0.9 cm 2 ; Corning, Corning, NY) in 12-well Falcon® Cell Culture Insert Companion Plates (Corning) at a concentration of 4.2 × 10 4 cells/cm 2 . The cells were cultured at 37°C, 5% CO 2 and 95% humidity for 21 days. The medium was replaced twice weekly with fresh medium during the differentiation process until day 21. To verify the monolayer integrity, the transepithelial electrical resistance (TEER) was measured using a Millicell® ERS (Merk, Darmstadt, Germany), as described previously. [START_REF] Kowapradit | In vitro permeability enhancement in intestinal epithelial cells (Caco-2) monolayer of water soluble quaternary ammonium chitosan derivatives[END_REF] Caco-2 cell monolayers with TEER values exceeding 600 Ω cm 2 were used in the experiments. Furthermore, alkaline phosphatase was used as a marker of differentiation of Caco-2 cells. [START_REF] Matsumoto | Biosynthesis of alkaline phosphatase during differentiation of the human colon cancer cell line Caco-2[END_REF] We confirmed that alkaline phosphatase activity increased about 3.5-fold in Caco-2 cells cultured for 21 days.

Cell Viability Assay

THP-1 monocytes were seeded at 1.5 × 10 4 cells/well onto 96-well plates and differentiated to macrophages with PMA before the experiment as described above. To use as undifferentiated Caco-2 cells, the cells were seeded overnight at 4.7 × 10 4 cells/cm 2 onto 96well plates before the experiment. For differentiated Caco-2 cells, the cells were seeded at 4.7 × 10 4 cells/cm 2 onto 96-well plates and grown for 21 days. Particles were dispersed in each serum-containing cell culture medium at a final concentration ranging from 1 to 100 µg/mL. The concentration range corresponded to the dose used in a round robin study to create the protocol for toxicological tests on NPs by the International Alliance for NanoEHS Harmonization (IANH). [START_REF] Ianh | International Alliance for NanoEHS Harmonization[END_REF] We also used this concentration range in our previous studies. 30,[START_REF] Tada-Oikawa | Titanium dioxide particle type and concentration influence the inflammatory response in Caco-2 cells[END_REF] Cell viability was determined after incubation with the dispersed SiO 2 , TiO 2 , and ZnO NPs for 24 hours in THP-1 macrophages and Caco-2 cells, by the MTS assay based on the CellTiter 96 AQueous One Solution (Promega, Madison, WI), which measures mitochondrial function; the latter correlates with cell viability. Cell viability assay was repeated one to four times in each set. Cell viability was also determined after 24-hrs incubation of undifferentiated and differentiated Caco-2 cells with the functionalized SiO 2 NPs. Cell viability assay was conducted three times in each set. After the incubation, the cells were incubated with fresh medium (phenol red-free) containing MTS reagent for 1 hour before measurements at 490 nm absorbance. The effect of the test particles on cell proliferation was expressed as percentage of inhibition of cell growth relative to the control.

Measurement of ROS Production

Cellular ROS production triggered by SiO 2 , TiO 2 , and ZnO NPs was assayed by staining with 5-(and-6)-chloromethyl-2′,7′-dichlorodihydro fluorescein diacetate, acetyl ester (CM-H 2 DCFDA) (Life Technologies), followed by flow cytometry (FACS CantoII; BD Bioscience, Franklin Lakes, NJ). Before the experiment, THP-1 monocytes were seeded at 3 × 10 5 cells/well onto 24-well plates and allowed to differentiate into macrophages using PMA, as described above. After exposure to NPs for 3 hours, THP-1 macrophages were loaded with 5 µM CM-H 2 DCFDA for 30 min at 37°C and analyzed by flow cytometry. Ten thousand cells per sample were acquired in histograms using FlowJo software (Flowjo, Ashland, OR). Dead cells and debris were subtracted by electronic gating using forward and side scatter measurements. Measurement of ROS production was conducted three times in each set.

Interaction of SiO 2 Nanoparticles with Caco-2 cells

To measure the interaction of fluorescently-labeled SiO 2 NPs with the cells, the fluorescence intensity of rhodamine in Caco-2 cells was assayed with fluorescence microplate reader (SpectraMax M5e Multi-Mode Microplate Reader; Molecular Devices, San Jose, CA). To use as undifferentiated Caco-2 cells, the cells were seeded overnight at 4.7 × 10 4 cells/cm 2 onto 96-well plates before the experiment. For differentiated Caco-2 cells, the cells were seeded at 4.7 × 10 4 cells/cm 2 onto 96-well plates and grown for 21 days. Both undifferentiated and differentiated Caco-2 cells were exposed to SiO 2 NPs of three kinds of surface-charge for 3 hours. After the exposure, the fluorescence intensity of rhodamine was measured with the fluorescence microplate reader. Measurement of interaction of NPs with Caco-2 cells was conducted one to three times in each set.

NO Production of SiO 2 Nanoparticles in Caco-2 cells

Cellular NO production triggered by SiO 2 NPs was assayed by staining with diaminofluorescein-2 diacetate (DAF-2 DA) (GORYO Chemical, Sapporo, Japan) followed by measurement using the fluorescence microplate reader (SpectraMax M5e Multi-Mode Microplate Reader). To use as undifferentiated Caco-2 cells, the cells were seeded overnight at 4.7 × 10 4 cells/cm 2 onto 96-well plates before the experiment. For differentiated Caco-2 cells, the cells were seeded at 4.7 × 10 4 cells/cm 2 onto 96-well plates and grown for 21 days.

Both the undifferentiated and differentiated Caco-2 cells were preloaded with 10 µM DAF-2DA for 30 min at 37°C and then exposed to three kinds of SiO 2 NPs for 24 hours. After the exposure, the fluorescence intensity of DAF in the cells was measured with the fluorescence microplate reader. Measurement of NO production was conducted twice in each set.

Analysis of IL-8 Expression

To use as undifferentiated Caco-2 cells, the cells (2 × 10 5 cells) were seeded onto 12-well plates overnight before the experiment. For differentiated Caco-2 cells, the cells were seeded at 2 × 10 5 cells onto 12-well plates and grown for 21 days. Both undifferentiated and differentiated Caco-2 cells were exposed for 3 hours to 25 or 50 µg/mL of the three kinds of suspended SiO 2 NPs. Total RNA from the cells was isolated by using ReliaPrep RNA cell miniprep system (Promega) according to the protocol provided by the manufacturer. The concentration of total RNA was quantified by spectrophotometry (ND-1000; NanoDrop Technologies, Wilmington, DE). The RNA was reverse transcribed to single-strand cDNA using SuperScript III First-Strand Synthesis System for RT-PCR (Life Technologies). The complementary DNA (cDNA, n = 4 for each group) was subjected to quantitative PCR analysis with FastStart Universal Probe Master Mix (Roche, Basel, Switzerland) and primers for interleukin (IL)-8 using an ABI 7000 Real-Time PCR system (Life Technologies), as described previously. [START_REF] Tada-Oikawa | Titanium dioxide particle type and concentration influence the inflammatory response in Caco-2 cells[END_REF] Measurement of IL-8 expression was conducted twice in each set.

The gene expression level was expressed relative to that of β-actin in the same cDNA.

Statistical Analysis

All values were expressed as mean±standard deviation (SD). Statistical analyses were performed using one-way analysis of variance (ANOVA) followed by Dunnett's post hoc test. A p value less than 0.05 was considered statistically significant.

RESULTS

Characterization of Nanoparticles in Suspension

In the present study, we analyzed the in vitro effects of metal oxide NPs and SiO 2 NPs with three different surface-charges. The intensity-weighted hydrodynamic average diameters and zeta potential of dispersed NPs were determined by the DLS technology. Table 1 shows the mean hydrodynamic diameters and PdI of three kinds of metal oxide NPs in two culture media. The hydrodynamic diameters of SiO 2 , TiO 2 , and ZnO NPs were 183±1.6, 183±0.6, and 175±3.5 nm, respectively, in RPMI and 197±5.8, 187±0.7, and 179±1.6 nm, respectively, in DMEM (Table 1), indicating aggregation or agglomeration of NPs in the culture media.

Although DLS data provided the mean hydrodynamic diameters of >100 nm, the presence of nano-sized particles was confirmed in the media. The hydrodynamic diameters of neutrally, positively, and negatively surface-charged SiO 2 NPs were 36.3±0.33, 33.6±0.64, and 33.6±0.27 nm, respectively (Table 1). The zeta potentials were -33.2±1.85, -25.6±4.19, and -41.5±3.02 mV for neutrally, positively, and negatively surface-charged SiO 2 NPs in distilled water, respectively (Table 1). However, the zeta potentials of three kinds of SiO 2 NPs were almost the same in DMEM (23.3±1.87, 23.5±3.96, and 23.8±2.54 mV, respectively). The pH values were 7.00±0.05, 7.57±0.12, and 6.14±0.06 for neutrally, positively, and negatively surface-charged SiO 2 NPs in distilled water, respectively, whereas they were almost the same in DMEM (8.46±0.04, 8.50±0.02, and 8.46±0.02, respectively) (Table 1).

Effects of Exposure to NPs on Viability of THP-1 Macrophages

THP-1 macrophages were exposed to SiO 2 , TiO 2 , and ZnO NPs at concentrations ranging from 1 to 100 μg/ml for 24 hours. Exposure to SiO 2 and TiO 2 NPs for 24 hours had no significant effect on the viability of THP-1 macrophages (Figure 1A,B). In contrast, exposure to ZnO NPs dose-dependently reduced the cell viability (Figure 1C).

Effects of Exposure on Accumulation of ROS in THP-1 Macrophages

ROS production is considered one of the initial cellular responses to foreign material. Since a previous in vitro study found maximum ROS levels at 2-6-hour exposure to TiO 2 NPs 18 , we examined the effects of 3-hour exposure to TiO 2 , SiO 2 , and ZnO NPs (1 and 10 μg/ml) on ROS production by THP-1 macrophages. Exposure to 10 μg/ml of TiO 2 and SiO 2 NPs significantly increased ROS levels in THP-1 macrophages (Figure 2). ROS levels were also increased in THP-1 macrophages exposed to ZnO NPs at concentrations of 1 and 10 μg/ml (Figure 2).

Effects of Exposure on Caco-2 Cell Viability

Caco-2 cells were exposed to SiO 2 , TiO 2 , and ZnO NPs at concentrations ranging from 1 to 100 μg/ml for 24 hours. There were no significant changes in Caco-2 cell viability after 24hrs exposure to SiO 2 and TiO 2 NPs (Figure 3A,B). On the other hand, cell viability was significantly reduced after exposure to ZnO NPs at a concentration of 100 μg/ml (Figure 3C).

Effects of Functionalized SiO 2 NPs on Viability of Undifferentiated and Differentiated

Caco-2 Cells

To determine the effects of SiO 2 surface-charge on cell viability, undifferentiated and differentiated Caco-2 cells were exposed for 24 hours to three kinds of SiO 2 NPs at concentrations ranging from 1 to 100 μg/ml. Cell viability, as estimated by the MTS assay, increased after exposure to neutrally surface-charged SiO 2 NPs at concentrations of 1 and 100 μg/ml in undifferentiated Caco-2 cells (Figure 4A) and positively surface-charged SiO 2 NPs at a concentration of 50 μg/ml in differentiated Caco-2 cells (Figure 4D). These results indicate that the surface-charge of SiO 2 NPs does not affect the viability of both undifferentiated and differentiated Caco-2 cells (Figure 4A-F).

Effects of Functionalized SiO 2 NPs on Interaction with Undifferentiated and Differentiated Caco-2 Cells

Next, we examined the effects of surface charge on SiO 2 NPs interaction with undifferentiated and differentiated Caco-2 cells. Exposure of both types of cells to the three kinds of SiO 2 NPs for 3 hours significantly increased their interaction in a dose-dependent manner (Figure 5A-F). The largest interaction with both undifferentiated and differentiated cells was noted with exposure to more negatively surface-charged SiO 2 NPs (Figure 5E,F).

Effects of Functionalized SiO 2 NPs on NO Production by Undifferentiated and Differentiated Caco-2 Cells

The production of cellular NO was examined in undifferentiated and differentiated Caco-2 cells exposed to SiO 2 NPs of different surface-charge (from 1 to 100 μg/ml). After exposure of the two types of Caco-2 cells to SiO 2 NPs for 24 hours, the positively and negatively surface-charged SiO 2 NPs, but not the neutrally charged NPs, increased NO levels significantly only in the differentiated Caco-2 cells, when applied at 100 μg/ml (Figure 6D,E).

Effects of Functionalized SiO 2 NPs on Expression of IL-8 in Undifferentiated and

Differentiated Caco-2 Cells

Previous studies demonstrated that 1-6-hour exposure to NPs elicited the expression of various inflammatory cytokines. [START_REF] Dorier | Toxicological impact of acute exposure to E171 food additive and TiO 2 nanoparticles on a co-culture of Caco-2 and HT29-MTX intestinal cells[END_REF][START_REF] Zhang | Assessment of genotoxic effects by constructing a 3D cellular system with highly sensitive mutagenic human-hamster hybrid cells[END_REF] Among them, IL-8 was used in Caco-2 cells as an inflammatory biomarker [START_REF] Polet | Soluble silver ions from silver nanoparticles induce a polarised secretion of interleukin-8 in differentiated Caco-2 cells[END_REF] since its expression was upregulated in the colonic mucosa of patients with IBD. [START_REF] Daig | Increased interleukin 8 expression in the colon mucosa of patients with inflammatory bowel disease[END_REF] In the present study, the expression of IL-8 was measured in Caco-2 cells after 3-hour exposure to SiO 2 NPs with different surface-charge. The expression was significantly increased in undifferentiated Caco-2 cells exposed to 50 μg/ml of negatively surface-charged SiO 2 NPs (Figure 7A). Furthermore, exposure of differentiated Caco-2 cell to 50 μg/ml positively and negatively surface-charged SiO 2 NPs significantly increased IL-8 mRNA expression (Figure 7B).

DISCUSSION

In the present study, we examined the effects of SiO 2 , TiO 2 , and ZnO NPs in THP-1 monocyte-derived macrophages and Caco-2 cells. Inflammatory cells, such as macrophages, play important pathogenic roles in the inflammatory responses in the intestine, as well as intestinal epithelial cells. [START_REF] Yao | Inflammation and inflammatory cytokine contribute to the initiation and development of ulcerative colitis and its associated cancer[END_REF] Therefore, THP-1 cells, a monocyte-derived macrophage-like cell type, commonly used for cellular studies on the pro-inflammatory effects of nanomaterials. [START_REF] Oh | Anti-inflammatory effect of sugar-amino acid Maillard reaction products on intestinal inflammation model in vitro and in vivo[END_REF] While TiO 2 and SiO 2 NPs increased the levels of ROS in THP-1 macrophages in the present study, they had no cytotoxic effects on these macrophages. On the other hand, exposure to ZnO NPs significantly reduced cell viability of THP-1 macrophages. The results also showed increases in the levels of NO and IL-8 in differentiated Caco-2 cells exposed to positively or negatively surface-charged SiO 2 NPs. Our results indicate that functionalized surface-charge SiO 2 NPs induce pro-inflammatory responses, but are not lethal to Caco-2 cells.

Exposure to TiO 2 NPs increased the levels of ROS in THP-1 macrophages, but the results of the MTS assay indicated that these NPs are not cytotoxic to either THP-1 macrophages or Caco-2 cells. We examined previously the different interactions and cellular responses related to the type and size of TiO 2 NPs 31 while another group examined the different responses to morphologically different TiO 2 NPs in an in vitro model of intestinal barrier. [START_REF] García-Rodríguez | Effects of differently shaped TiO 2 NPs (nanospheres, nanorods and nanowires) on the in vitro model (Caco-2/HT29) of the intestinal barrier[END_REF] In other studies, we found that ZnO NPs are cytotoxic to human umbilical vein endothelial cells (HUVECs) and human endothelial colony-forming cells. 30,[START_REF] Tada-Oikawa | Zn(II) released from zinc oxide nano/micro particles suppresses vasculogenesis in human endothelial colony-forming cells[END_REF] Similarly, ZnO NPs significantly reduced cell viability of the two cell types employed in the present study.

Consistent with these findings, other investigators showed that ZnO NPs were cytotoxic through overproduction of ROS, as well as genotoxic through micronuclei and DNA damage in Caco-2 cells. [START_REF] Kang | In vitro toxicity of different-sized ZnO nanoparticles in Caco-2 cells[END_REF][START_REF] Zijno | Different mechanisms are involved in oxidative DNA damage and genotoxicity induction by ZnO and TiO2 nanoparticles in human colon carcinoma cells[END_REF] Gerloff et al. [START_REF] Gerloff | Influence of simulated gastrointestinal conditions on particle-induced cytotoxicity and interleukin-8 regulation in differentiated and undifferentiated Caco-2 cells[END_REF] also showed that ZnO NPs were cytotoxic in both undifferentiated and differentiated Caco-2 cells.

Previous in vitro studies showed that amorphous SiO 2 NPs reduced cell viability in time-and dose-dependent manners of cultured human alveolar epithelial cells, [START_REF] Guo | Amorphous silica nanoparticles induce malignant transformation and tumorigenesis of human lung epithelial cells via P53 signaling[END_REF] 3T3 fibroblasts, and RAW 264.7 macrophages. [START_REF] Sohaebuddin | Nanomaterial cytotoxicity is composition, size, and cell type dependent[END_REF] Although SiO 2 NPs were not cytotoxic to Caco-2 cells in the culture media, significant cytotoxicity was detected in another study in which cells exposed to SiO 2 NPs dispersed in the fasting-state simulated intestinal fluids. [START_REF] Sakai-Kato | Physicochemical properties and in vitro intestinal permeability properties and intestinal cell toxicity of silica particles, performed in simulated gastrointestinal fluids[END_REF] On the other hand, another study showed significant cytotoxicity in cells exposed to both native and digestion-stimulated SiO 2 NPs. [START_REF] Gerloff | Influence of simulated gastrointestinal conditions on particle-induced cytotoxicity and interleukin-8 regulation in differentiated and undifferentiated Caco-2 cells[END_REF] However, our results indicated that SiO 2 NPs are not cytotoxic to both THP-1 macrophages and Caco-2 cells. Since the different surface areas of materials appear to drive the different adverse biological effects, [START_REF] Duffin | Proinflammogenic effects of low-toxicity and metal nanoparticles in vivo and in vitro: highlighting the role of particle surface area and surface reactivity[END_REF] the status of aggregated and agglomerated SiO 2 NPs in the media may affect the extent of cytotoxicity. SiO 2 NPs are widely used as food additives because of their relatively low toxicity among the currently available NPs. The physico-chemical properties (e.g., size, surface area) and surface properties (e.g., surface charge) have been demonstrated to play key roles in their toxicity or biological effects. [START_REF] Napierska | The nanosilica hazard: Another variable entity[END_REF] Our results showed that the zeta potentials of all three kinds of SiO 2 NPs was negative and the zeta potential of negatively surface-charged SiO 2 was the lowest among them in distilled water. For pH values above the isoelectric point (IEP), the zeta potentials of silica become more negative with the increase in pH. [START_REF] Alves | The Behavior of zeta potential of silica suspensions[END_REF] Since the present results showed that the pH values were above 6 (IEP of silica is 2-3), negative zeta potentials were observed in all cases.

The pH values change in accordance with the surface charge of particles when suspended in distilled water. [START_REF] Jing | The coupling of surface charge and boundary slip at the solid-liquid interface and their combined effect on fluid drag: A review[END_REF] In the present study, the pH values were 7.00±0.05, 7.57±0.12, and 6.14±0.06 for neutrally, positively, and negatively surface-charged SiO 2 NPs in distilled water, respectively, Moreover, the zeta potential changes with changes in pH values. [START_REF] Biriukov | Zeta potential determination from molecular simulations[END_REF] In our study, the zeta potential values were -33.2±1.85, -25.6±4.19, and -41.5±3.02 mV for neutrally, positively, and negatively surface-charged SiO 2 NPs, respectively, indicating that the differences in zeta potentials corresponding to pH values reflect the differences in the surface status of NPs among the three kinds of SiO 2 NPs. The zeta potentials of SiO 2 NPs of the three different surface-charges were almost the same in the medium. The pH values do not change because the cell culture medium is a buffer solution, resulting in no differences in zeta potentials of three kinds of SiO 2 NPs in DMEM. The earliest cellular responses to NPs are mediated through the interactions between NPs and cells, and the receptors involved in innate immunity, such as toll-like receptors (TLRs) are critical to these interactions. [START_REF] Chen | Role of toll-like receptors 3, 4 and 7 in cellular uptake and response to titanium dioxide nanoparticles[END_REF] Therefore, these receptors-mediated interactions with the cells might vary among the three different surface-charges SiO 2 NPs despite of almost the same zeta potential of NPs in DMEM. These differences are considered to explain the differences in toxicity in Caco-2 cells.

Evidence suggests that the differentiated Caco-2 cells have much lower uptake ability of NPs compared with the undifferentiated Caco-2 cells. [START_REF] Song | Biological effect of food additive titanium dioxide nanoparticles on intestine: an in vitro study[END_REF] On the other hand, Ye et al. [START_REF] Ye | A. Low uptake of silica nanoparticles in Caco-2 intestinal epithelial barriers[END_REF] demonstrated that although SiO 2 NPs were taken up better on the undifferentiated cells than on the differentiated cells in serum-free media, there were no significant differences in uptake of NPs between the undifferentiated and differentiated Caco-2 cells in serum-containing media. Our study showed that the significant increase in the interaction of the three SiO 2 NPs with the cells was almost similar in both undifferentiated and differentiated Caco-2 cells. The results could be due to exposure to SiO 2 NPs in both cells in the serum-containing media. It has been reported that the transport efficiency (rate of transport to cell uptake) across Caco-2 cells is significantly higher for negatively charged NPs compared to positively charged NPs. [START_REF] Bannunah | Mechanisms of nanoparticle internalization and transport across an intestinal epithelial cell model: effect of size and surface charge[END_REF] Consistent with the above findings, our study demonstrated that the interaction of negatively surface-charged SiO 2 NPs with both undifferentiated and differentiated Caco-2 cells was significantly higher than that of neutrally or positively surface-charged SiO 2 NPs.

As discussed above, our results showed similar cellular interaction of surface-charged SiO 2 NPs with undifferentiated and differentiated Caco-2 cells. However, exposure of differentiated Caco-2 cells to either positively or negatively surface-charged SiO 2 NPs was associated with high levels of NO and IL-8 compared with undifferentiated Caco-2 cells. In other words, it seems that the cellular interaction of NPs did not affect the pro-inflammatory response of these cells. The bio-reactivity to NPs is influenced by adsorption of biological molecules onto the surface of NPs, forming a protein corona surrounding the core of NPs. [START_REF] Donaldson | Possible genotoxic mechanisms of nanoparticles: criteria for improved test strategies[END_REF] Previous studies showed that the protein composition of the protein corona varied with the surface chemistry of NPs. [START_REF] Abdelkhaliq | Impact of nanoparticle surface functionalization on the protein corona and cellular adhesion, uptake and transport[END_REF] Since the unique protein corona formed on NPs plays an important role in determining the biological reactivity, [START_REF] Shaw | Protein corona formation in bronchoalveolar fluid enhances diesel exhaust nanoparticle uptake and proinflammatory responses in macrophages[END_REF] differences in the protein corona of SiO 2 NPs associated with surface charge may explain the different response in Caco-2 cells.

Further studies are needed to determine the effects of surface properties of NPs on the protein corona composition and the effects of such composition on the biological activities of NPs.

The gastric pH is known to range from 1.5-2.0 in the fasting state and to rise up to pH 7.0 after ingestion of a meal. [START_REF] Lindahl | Characterization of fluids from the stomach and proximal jejunum in men and women[END_REF] Zeta potentials change with the pH value of the solution, and in the case of silica, the potentials decrease with increases in pH values. [START_REF] Biriukov | Zeta potential determination from molecular simulations[END_REF] In the intestinal fluid where the pH is acidic, the zeta potentials of SiO 2 NPs might be higher than those in the present model. Previous studies demonstrated that the zeta potential of polystyrene NPs correlated negatively with cytotoxicity of nonphagocytic lung epithelial cells but positively with cytotoxicity of phagocytic macrophages, [START_REF] Hwang | Dual contribution of surface charge and protein-binding affinity to the cytotoxicity of polystyrene nanoparticles in nonphagocytic A549 cells and phagocytic THP-1 cells[END_REF] suggesting that changes in zeta potentials that parallel the changes in pH values affect the responses of cells to NPs. As discussed above, our results showed more robust pro-inflammatory responses to positively or negatively compared to neutral SiO 2 NPs with the same zeta potentials. Thus, it is conceivable that functionalized surface-charge SiO 2 NPs seem to cause a more pronounced inflammatory responses than neutral NPs even under acidic conditions.

In the present study, SiO 2 NPs with functionalized surface charge induced inflammatory responses, but did not exhibit cytotoxicity towards both undifferentiated and differentiated Caco-2 cells. Previous studies demonstrated passage of orally ingested NPs through the mucosal lining of the intestinal tract and that they were taken up by Peyer's patch M cells, which play an important role in intestinal immunity, as well as epithelial cells. [START_REF] Powell | Origin and fate of dietary nanoparticles and microparticles in the gastrointestinal tract[END_REF] For proper assessment of the effects of NPs contained in food on the function and viability of intestinal cells, it is important to clarify the interactions between NPs and various intestinal cells (e.g., mucosal, M and epithelial cells) using various advanced in vitro intestine models. [START_REF] Fröhlich | Comparison of conventional and advanced in vitro models in the toxicity testing of nanoparticles[END_REF] In addition, changes in cellular access of NPs by intestinal mucus through both ionic and hydrophobic interactions and changes in NPs properties by significant changes pH throughout the intestinal tract need to be considered.

Conclusion

The present in vitro study demonstrated that all tested NPs (TiO 2 , SiO 2 and ZnO) increased the levels of ROS in THP-1 macrophages, whereas only ZnO, but not TiO 2 or SiO 

  Accordingly, we also investigated in the present study the effects of SiO 2 NPs of different surface-charge on both undifferentiated and differentiated Caco-2 cells. The results confirmed that positively and negatively surface-charged SiO 2 NPs induced increased NO production by differentiated Caco-2 cells. The present study also showed IL-8 over-expression in undifferentiated Caco-2 cells exposed to negatively surfacecharged SiO 2 NPs and differentiated Caco-2 cells exposed to positively and negatively surface-charged SiO 2 NPs. These results suggest that SiO 2 NPs with functionalized surfacecharge induces pro-inflammatory responses in Caco-2 cells.

2

 2 NPs were cytotoxic to these cells and Caco-2 cells. The present study also investigated the effects of the surface charge on SiO 2 NPs. While exposure to all types of SiO 2 NPs did not induce cytotoxicity towards Caco-2 cells, the positively and negatively surface charged SiO 2 NPs induced inflammatory responses in differentiated Caco-2 cells, as reflected by increased production of NO and IL-8, compared with neutral SiO 2 NPs. Our results indicate that the functionalized surface-charge SiO 2 NPs can induce pro-inflammatory responses but are noncytotoxic.
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 1 Figure 1. Effects of metal oxide NPs on cell viability. THP-1 macrophages were incubated for 24 hours in the presence of (A) SiO2, (B) TiO2, and (C) ZnO NPs at final concentrations of 0, 1, 10, 25, 50, and 100 μg/ml. Data are mean±SD (n = 6, *p<0.05 vs. 0 μg/ml; control of each NP). 190x275mm (96 x 96 DPI)
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 2 Figure 2. Effects of metal oxide NPs on ROS production. THP-1 macrophages were incubated for 24 hours in the presence of SiO2, TiO2, and ZnO NPs at final concentrations of 0, 1, and 10 μg/ml. Data are mean±SD (n = 3, *p<0.05 vs. 0 μg/ml control (CTL)). 190x275mm (96 x 96 DPI)
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 3 Figure 3. Effects of metal oxide NPs on cell viability. Caco-2 cells were incubated for 24 hours in the presence of (A) SiO2, (B) TiO2, and (C) ZnO NPs at final concentrations of 0, 1, 10, 25, 50, and 100 μg/ml. Data are mean±SD (n = 6, *p<0.05 vs. 0 μg/ml control; control of each NP). 190x275mm (96 x 96 DPI)
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 4 Figure 4. Cell viability of undifferentiated (A, C, E) and differentiated (B, D, F) Caco-2 cells exposed for 24 hrs to SiO2 NPs of different surface-charges (N: negative, +q: positive, and -q: negative). The three types of SiO2 NPs were used at concentrations of 0, 1, 10, 25, 50, and 100 μg/ml. Data are mean±SD (n = 5, *p<0.05 vs. 0 μg/ml; control of each NP). 190x275mm (96 x 96 DPI)
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 5 Figure 5. Uptake of SiO2 NPs of different surface-charges (N: negative, +q: positive, and -q: negative) by undifferentiated (A, C, E) and differentiated (B, D, F) Caco-2 cells for 3 hours. The three kinds of SiO2 NPs were used at concentrations of 0, 1, 10, 25, 50, and 100 μg/ml. Data are mean±SD (n =6, *p<0.05 vs. 0 μg/ml; control of each NP). 190x275mm (96 x 96 DPI)
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 6 Figure 6. NO production by undifferentiated (A, C, E) and differentiated (B, D, F) Caco-2 cells exposed for 24 hours to SiO2 of different surface-charges (N: negative, +q: positive, and -q: negative). The three kinds of SiO2 NPs were used at concentrations of 0, 1, 10, 25, 50, and 100 μg/ml. Data are mean±SD (n = 6, *p<0.05 vs. 0 μg/ml; control of each NP). 190x275mm (96 x 96 DPI)
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 7 Figure 7. Effect of 3-hour exposure of undifferentiated (A) and differentiated (B) Caco-2 cells to SiO2 NPs of different surface-charges (N: negative, +q: positive, and -q: negative) on IL-8 expression. The three kinds of SiO2 NPs were used at concentrations of 0, 25, and 50 μg/ml in the. Data are mean±SD (n = 4, *p<0.05 vs. 0 μg/ml control (CTL)). 190x275mm (96 x 96 DPI)
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 1 Characterization of nanoparticles
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		Primary	Hydrodynamic size (nm)	PdI		Zeta potential (mV)	pH	
	Nanoparticles	diameter								
		(nm)	RPMI	DMEM	RPMI	DMEM	Distilled	DMEM	Distilled	DMEM
							water		water	
	SiO2	30	182.8±1.6	197.1±5.8	0.266±0.006	0.877±0.142	-	-	-	-
	TiO2	21	183.4±0.6	186.6±0.7	0.273±0.008	0.147±0.014	-	-	-	-
	ZnO	20	175.3±3.5	179.3±1.6	0.244±0.004	0.242±0.014	-	-	-	-
	SiO2 N	30	-	36.3±0.3	-	0.175±0.003	-33.2±1.8	-23.3±1.9	7.00±0.1	8.46±0.0
	SiO2 +q	30	-	33.6±0.6	-	0.150±0.019	-25.6±4.1	-23.5±4.0	7.57±0.1	8.50±0.0
	SiO2 -q	30	-	33.6±0.3	-	0.110±0.015	-41.5±3.0	-23.8±2.5	6.14±0.1	8.46±0.0
	Data are mean±SD of three or four independent experiments.					
					ACS Paragon Plus Environment				

PdI: polydispersity index, RPMI: Roswell Park Memorial Institute, DMEM: Dulbecco's Modified Eagle's Medium.
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