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ABSTRACT:  

The concern about titanium dioxide nanoparticles (TiO2-NPs) toxicity and their possible harmful effects on 

human health has increased. Their biological impact is related to some key physicochemical properties, that 

is, particle size, charge, crystallinity, shape, and agglomeration state. However, the understanding of the 

influence of such features on TiO2-NP toxicity remains quite limited. In this study, cytotoxicity, 

proinflammatory response, and oxidative stress caused by five types of TiO2-NPs with different 

physicochemical properties were investigated on A549 cells used either as monoculture or in co-culture with 

macrophages differentiated from the human monocytic THP-1 cells. We tailored bulk and surface TiO2 

physicochemical properties and differentiated NPs for size/specific surface area, shape, agglomeration state, 

and surface functionalization/charge (aminopropyltriethoxysilane). An impact on the cytotoxicity and to a 

lesser extent on the proinflammatory responses depending on cell type was observed, namely, smaller, 

large-agglomerated TiO2-NPs were shown to be less toxic than P25, whereas rod-shaped TiO2-NPs were 

found to be more toxic. Besides, the positively charged particle was slightly more toxic than the negatively 

charged one. Contrarily, TiO2-NPs, whatever their physicochemical properties, did not induce significant 

ROS production in both cell systems compared to nontreated control groups. These results may contribute 

to a better understanding of TiO2-NPs toxicity in relation with their physicochemical features. 
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1. INTRODUCTION 

Titanium dioxide (TiO2) is an inorganic compound, which is widely used in a large range of industrial 

applications mainly due to its high refractive index or photocatalytic properties.1,2 World production of TiO2 

nanoparticles (TiO2-NPs) in 2014 was estimated to exceed 9 million metric tons3 to be used in many 

consumer products such as paints (e.g., UV resistant and antibacterial self-cleaning paints), antiseptic-

antimicrobial compositions, deodorization (purify/deodorize indoor air), inks, papers, plastics, UV-

sunscreen, toothpastes, ceramics, and food products.3−5 This makes TiO2-NPs one of the most abundantly 

produced nanomaterials (NMs) showing various forms of shape, crystalline phases, and nano size ranges. As 

it is the second most used NM in consumer products,6 the concern about TiO2-NPs toxicity and their possible 

harmful effects on human health has increased.7−9 

The toxicity of NPs is greatly related to their interaction with biological systems. This interaction is 

associated with the physicochemical properties of the NPs.10 Generally, cellular uptake of NPs is determined 

by their size, surface area, shape, surface charge, chemical composition, crystallographic phases, and surface 

modifications.11 The internalization of NPs through cell membrane might lead to potential hazards by 

interaction with intracellular biological macromolecules.  

 

Table 1. TiO2-NPs Used in This Study with Their Specific Characteristics 
 

 
custom-made for size/SSA  custom-made 

for 
agglomeration 

custom-made for shape 
custom-made for 
functionalization/ charge 

commercial/used as a reference 

S1 S2 S3 S4 P25 

Figure 1. TEM images of TiO2-NPs (A) S1, (B) S2, and (C) S3. 

 

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig1&ref=pdf


Article 

 

 

 
 

 

Table 2. Particle Primary Size, SSA, Shape, Average Hydrodynamic Size, Polydispersity Index, and ζ Potential 

in Culture Media (in DMEM) and in Deionized Water (DI H2O) after Dispersion of TiO2-NPs (120 μg/mL)a 

 
 

 
primary size (nm) 

 

 
SSA 
(m2/g) 

 
 

 
shape 

 
average 

hydrodynamic sizeb 
(nm) 

DI H2O 
 

 
PDIc 

 

 
ζ potential (mV) 

pH 7.5 

DMEM + 10% FBS 

average 
hydrodynamic 

sizeb(nm) 
 
PDIc 

 
ζ potential 

(mV) pH 7.5 

S1 15 146 spherical 211.4 ± 2.3 0.145 ± 0.01 −13.2 ± 4.2 226 ± 9.1 0.282 ± 0.01 −33.8 ± 1.8 

S2 30 61 spherical 969.3 ± 39.5 0.266 ± 0.01 −13.8 ± 4.4 1094 ± 46.4 0.364 ± 0.04 −32.6 ± 1.7 

S3 20d−250e 41 rod 1419 ± 16.6 0.405 ± 0.08 −15.8 ± 4.0 1275 ± 66.6 0.179 ± 0.02 −33.7 ± 3.5 

S4 30 61 spherical 1049 ± 146.3 0.823 ± 0.13 12.3 ± 0.5 1398 ± 54.9 0.475 ± 0.01 −36.4 ± 3.5 

P25 21 55 spherical 256.4 ± 136.6 0.272 ± 0.02 −15.2 ± 5.3 325 ± 4.1 0.260 ± 0.01 −33.1 ± 1.7 

 

aAll data are presented as mean of three independent characterizations ± SD. bDLS measurements are the 

mean of at least 3 runs each containing 20 submeasurements. cPolydispersity index (PDI); SSA: specific 

surface area; and FBS: fetal bovine serum. dMinimum Feret diameter. eMaximum Feret diameter. 

 

It might cause an imbalance between cellular antioxidants and oxidants, in the favor of oxidants. As 

a result, the high accumulation of reactive oxygen species (ROS) causes the oxidative stress. Oxidative 

stress responses are crucial for further pathological effects including genotoxicity, inflamma- tion, and 

fibrosis. Previous studies have shown that relatively large surface areas/particle size have a critical role in 

increased incidence of lung injury and pulmonary inflammation.12,13 Specifically, aerodynamic diameter 

of inhaled particles strongly influences particles deposition to occur in different regions of the human 

respiratory tract14 and can cause different biological effects depending on the anatomic target of the 

human respiratory tract (alveolar or tracheobronchial area) where they accumulate.15 Studies have also 

reported that the NP shape could affect toxicity during endocytosis or phagocytosis, for example, the 

endocytosis of spherical NPs is a more favorable process than that of rod-shaped NPs.16,17 Nonetheless, 

spherical NPs are usually less toxic than rod-shaped NPs.18−20 Although there is growing scientific evidence 

about TiO2- NPs toxicological and even pathological properties,21 the question of how the 

physicochemical features of TiO2-NPs impact their in vitro toxicity has not yet been fully addressed, 

especially to foster a safer-by-design approach to NP production. Indeed, a safer-by-design 

approach aims at developing functional as well as safe NMs from their conception, while current 

NMs are regarded as intrinsically unsafe. The main objective of this approach is to know what property 

makes a NM or nanoproduct more or less safe.22 Subsequent steps involve the application of this 

knowledge to industrial innovation processes, and as a result, NPs that are safer to human and 

environment are produced. The key factor in this regard is the comprehensive study of the toxicological 

effects of the physicochemical properties of NPs.23 

As TiO2-NPs could be hazardous, for NP safety and for defining an adequate risk assessment, in particular 

to protect exposed workers and general population subjects, it is necessary to study how the physical and 

chemical properties of TiO2-NPs determine their biological effects.24,25 

As one of the main exposure routes to these NPs is inhalation, in this study we aimed to determine the 

impact of physicochemical properties of TiO2-NPs on their in vitro toxicity on human lung cell lines. The A549 
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carcinoma epithelial cell line was used as a monoculture system. A co- culture system consisting of A549 

and macrophages (differ- entiated from the human monocytic THP-1 cell line) was also used as an extended 

approach to reflect the interactions between different cell types in the lung after exposure to NPs. To that 

purpose, we thoroughly characterized five types of TiO2-NPs with different and well-controlled 

physicochemical properties: a commercially available P25 sample and four custom-made TiO2 samples. After 

exposure, the cell response was assessed in terms of cell viability, proinflammatory response, and oxidative 

stress status. 

2. MATERIAL AND METHODS 

2.1. Physicochemical Characterization of TiO2 Nanoparticles. 

 In this study, we used five types of TiO2-NPs with different and well-controlled physicochemical properties. 

In addition to P25 NPs (Evonik P25 CAS: 1317-70-0, Sigma-Aldrich, Saint-Quentin-Fallavier, France), used 

as a reference, four types of TiO2-NPs samples differing in size, shape, agglomeration state, and surface 

functionalization/charge were synthesized and were named S1−S4 as shown in Table 1. 

TiO2-NPs were synthesized using Chen et al.26 method. Basically, titanium(IV) butoxide (CAS: 5593-70-4 

reagent grade 97%, Sigma- Aldrich, Saint-Quentin-Fallavier, France) was mixed with triethanol- amine (CAS: 

102-71-6, analytical reagent 97%, VWR International, Fontenay-sous-Bois, France) in 1:2 molar ratio. The 

mixture was put in a Teflon-lined sealed autoclave and then heated at 150 °C during 24 h. The pH values 

of the synthesis medium were adjusted using HCl or NH4OH to tune particle size and morphology. Finally, 

the solutions were washed by three centrifugations using deionized water, and the resulting products were 

dried in an oven at 40 °C. Surface functionalization of S2 NPs was generated by aminopropyltriethox- ysilane 

(APTES) using Zhao et al.27 method. Briefly, 0.25 g of S2 nanopowder was dispersed in 25 mL of deionized 

water by ultrasonication for 10 min. Then, the silane coupling agents APTES were added in the dispersion 

(molar ratio of 1:1). The mixture was sonicated until a clear solution was obtained and then refluxed at 80 

°C for 4h. After that, dispersed particles were separated from solvent by centrifugation (10 min at 1200 g) 

followed by washing with water at least 2 times. The final functionalized samples were then prepared in 

deionized water and labeled as S4. The features of NPs are reported in Figure 1 and Table 2. 

 

Stock suspensions of all NPs (1600 μg/mL) were prepared in deionized water (Milli-Q systems, Millipore, 

Bedford, MA, USA) and sonicated with Branson Sonifier S-450 for 10 min at 89% amplitude. Before each 

physicochemical measurement and toxicity experiment, stock suspensions were sonicated for 15 min in a 

bath sonicator and vortexed vigorously, and fresh dilutions were prepared in low light conditions (i.e., 1 

μW/cm2 irradiation intensity) by using Dulbecco’s modified Eagle medium (DMEM) to achieve the following 

final concentrations: 15, 30, 60, and 120 μg/mL. The pH of solutions was measured using a Metrohm digital 

pH meter of model 827. 

 

The morphology and size distribution of NPs were analyzed by transmission electron microscopy (TEM) using 

a FEI TECNAI 20FST operating at 200 kV and scanning electron microscopy (SEM) at 2−3 kV on a Zeiss 

Sigma 300 microscope using a secondary electron (SE) detector. After each TEM image of each sample 

were chosen, the size distribution and the mean diameter were measured by ImageJ software. The 

hydrodynamic size and the agglomeration status of TiO2-NPs (120 μg/mL) in deionized water and in DMEM 

were determined by using dynamic light scattering (DLS, Zetasizer Nano ZS Malvern Instruments, 



Article 

 

 

Worcestershire, UK) measurements. Surface charge of the NPs was monitored using electrophoretic light 

scattering (ELS, Zetasizer Nano ZS Malvern Instruments, Worcester- shire, UK). Specific surface areas (SSA) 

were measured by linearizing the physisorption isotherm of N2 at 77 K with the classical method of Brunauer, 

Emmett, and Teller (BET) (Volumetric Adsorption ASAP 2020, Micrometrics, USA).28 

 

Raman spectroscopy (Horiba Jobin−Yvon Xplora spectrometer) and X-ray diffraction (XRD, Miniflex, Rigaku, 

Japan) techniques were used for the structural identification of the crystalline phases of NPs. Raman spectra 

were recorded on a system equipped with a confocal microscope and a nitrogen-cooled CCD detector. The 

high-resolution XRD patterns were measured in the continuous scan mode using a step width of 0.05° (2θ). 

The scan range was 20−80°. Further parameters of the diffractometer were: Ni filtered K-β radiation; voltage 

40 kV; tube current 15 mA; scan speed 4° min−1. 

 

The spin trapping technique (5-5′-dimethyl-1-pirroline-N-oxide,DMPO, as trapping agent) associated to the 

electron spin resonance (ESR) spectroscopy (Miniscope 100 ESR spectrometer, Magnettech, Germany) was 

used to assess whether TiO2-NPs have the potential to generate free radicals (hydroxyl and carboxyl radical) 

under the same laboratory light conditions used for administration to cells. TiO2 samples (120 μg/mL) were 

suspended in a buffered solution (potassium phosphate buffer 0.25 M, pH 7.4) containing 0.04 M DMPO or 

0.04 M DMPO and 1 M sodium formate to detect hydroxyl and carboxyl radicals, respectively. The 

reaction mixtures were prepared under laboratory light conditions and then kept in the dark at 37 °C. ESR 

spectra were recorded on aliquots (50 μL) withdrawn after 5, 10, 20, and 30 min of incubation. The 

instrument settings were as follows: microwave power 10 mW; modulation 1000 mG; scan range 120 G; 

center of field 3345 G. Blanks were performed with the same reaction mixtures without TiO2. A suspension 

of P25, irradiated with a UV lamp for 30 min (100 W, 365 nm UV light, Cole- Parmer, Paris, France), was used 

as positive control. The irradiation intensity was 1 mW/cm2 as measured by a radiometer (Model PCE- UV34, 

PCE Instruments UK Ltd., Southampton, UK). All experi- ments were repeated at least twice. 

 

The presence of Al, Sb, Hg, Pb, Fe, Zn, As, and Cd impurities in TiO2 samples was determined by Agilent 7800 

inductively coupled plasma mass spectrometry (ICP-MS) as recommended by national and international 

standards (European Commission Directive 95/45/ EC, Food and Drug Administration (FDA) Regulation 21-

CFR, European Pharmacopoeia, Pharmacopoeia of the USA, etc.) that have set limiting values for the 

contents of these eight element impurities in TiO2 samples.29 

 

2.2. Limulus Amebocyte Lysate Assay: Endotoxin Contamination Assessment.  

The amount of endotoxin present in the NP solutions was determined by the chromogenic method with a 

ToxinSensor Chromogenic Limulus Amebocyte Lysate (LAL) Endotoxin Assay kit (Genscript, Piscataway, 

Associates of Cape Cod Inc., Falmouth, MA, USA) according to the manufacturer’s instructions. All samples 

were prepared in endotoxin-free vials. The optical density was read at 545 nm. The amount of endotoxin in 

samples was calculated by comparison with a standard curve of endotoxin. Endotoxin concentrations were 

expressed as endotoxin units per milligram (EU/mg) of NPs. 

 

2.3. Cell Culture.  

The A549 human carcinoma epithelial cell line was supplied by the American Type Culture Collection 
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(ATCC, CCL-185). The THP-1 human monocytic leukemia monocyte cell line (ATCC, TIB-202) was a generous 

gift from Dr Ghislaine Lacroix from French National Institute for Industrial Environment and Risks (INERIS). 

A549 cells were used either as a monoculture or co-culture with macrophages differentiated from THP-1 

cells (10 A549:1 differentiated-THP-1 ratio). 

A549 cells were grown in DMEM supplemented with 10% (v/v) fetal bovine serum (FBS, S1810; Biowest, 

Nuaille,́France) and 1% penicillin-streptomycin (VWR International, Fontenay-sous-Bois, France). A549 cells 

were grown in flasks, and after reaching 80% confluency, cells were trypsinized, washed with sterile 

phosphate- buffered saline (PBS), and centrifuged at 1500 g for 10 min and subcultured. The flasks were 

stored at 37 °C in a humidified atmosphere with 5% CO2. 

THP-1 was cultured in Roswell Park Memorial Institute (RPMI) 1640 (Gibco, Life Technologies, Cergy-

Pontoise, France) containing 10% FBS and 1% penicillin-streptomycin. THP-1 cells were counted with 

Trypan blue regularly and subcultured usually twice a week. Subcultures were started with a cell 

concentration of 2 × 105 to 4 × 105 viable cells/mL, and cells were maintained at a concentration between 

105 and 106 cells/mL in suspension. THP-1 cells were maintained in a humidified atmosphere containing 

5% CO2 at 37 °C. For the co-culture, THP-1 cells were differentiated into mature macrophage-like cells 

in 96-well plate with 30 ng/mL of phorbol myristate acetate (PMA) (P1585, Sigma-Aldrich, Saint-

Quentin- Fallavier, France) in RPMI for 24 h. After the incubation, cell surface was rinsed two times with 

DPBS. Then A549 cells were added on top of the differentiated THP-1, and the system was further cultivated 

for 24 h at a ratio of one differentiated THP-1 cell to 10 A549 cells with direct cell-to-cell contact in DMEM 

supplemented with 10% (v/v) FBS and 1% penicillin-streptomycin. 

 

2.4. Cell Morphology.  

A549 cells and co-culture cells were seeded on 96 well plates (1 × 105 cells/well in 50 μL of medium) and 

were allowed to adhere for 24 h. After 24 h exposure to the highest dose (120 μg/mL) of TiO2 samples, 

supernatant was discarded, and cell surfaces were washed with PBS. After, cells were observed using optical 

microscopy (Leica ICC50 HD, Leica Microsystems, Nanterre, France) at 20× magnification, and pictures were 

captured. 

 

Figure 2. The ζ potential vs pH curves of TiO2-NPs in 1 mM sodium nitrate (NaNO3) solution. Values are the 

mean ± SEM of three independent experiments. 

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig2&ref=pdf
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Figure 3. Generation of HO• (A) and CO2
•− (B) radicals. Negative control (NC) corresponds to buffer solution 

without particles. Positive control (PC) corresponds to UV-irradiated P25. The number of radicals produced 

is proportional to the intensity of the ESR signal. 

2.5. Determination of Cell Viability.  

Cell viability was determined by Trypan blue exclusion since TiO2-NPs have been reported to have 

interactions with MTT, XTT, and LDH viability assays.30,31 Trypan blue is a cell membrane-impermeable azo 

dye that live cells exclude, whereas dead cells do not. 1.5 × 106 cells/well were plated onto 6-well microtiter 

plates in 1000 μL culture medium with or without TiO2‑NPs. After incubation for 24 h at 37 °C in a 

humidified incubator, the culture medium was removed, and cells were washed with PBS and trypsinized. 

Twenty μL cell suspensions were mixed with 80 μL Trypan blue dye to obtain 1:5 dilution, and cells 

were counted under a microscope using Thoma cell counting 

chamber. Results are expressed as the mean of three independent experiments and relative to control 

(unexposed) cells. 

 

2.6. Proinflammatory Response. 

 A549 cells and co-culture cells were seeded in 96-well-plates (1 × 105 cells/well in 50 μL of medium) and 

were allowed to adhere for 24 h. NPs were diluted in DMEM cell culture medium to reach the following 

final concentrations: 15, 30, 60, and 120 μg/mL. After 24 h cell exposure to TiO2-NPs, the production of 

tumor necrosis factor alpha (TNF-α) was evaluated in a co-culture using a commercial ELISA Kit (Quantikine 

Human TNF-α Immunoassay; R&D Systems, Lille, France) according to the manufacturer’s instructions. 

Interleukin-8 (IL-8) production was assessed in the two cell systems (A549 cells and A549/differ- entiated-

THP-1 co-culture) after exposure to TiO2-NPs for 24 h by a commercially available ELISA kit (Quantikine 

Human IL-8 Immuno- assay; R&D Systems, Lille, France) according to the manufacturer’s instructions. The 

optical density of each sample was determined using a microplate reader (Multiskan RC; Thermo 

Labsystems, Helsinki, Finland) set to 450 nm. Three independent experiments were performed, and the 

production of TNF-α and IL-8 was reported to that of control (unexposed) cells. 

 

2.7. Determination of Reactive Oxygen Species Production.  

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig3&ref=pdf
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A549 cells and co-culture cells were seeded in 96-well black polystyrene microplates (1 × 105 cells/well in 

50 μL of medium) and were allowed to adhere for 24 h before assay. After 90 min and 24 h exposure to 

15, 30, 60, and 120 μg/mL TiO2-NPs, the level of ROS was determined using the OxiSelect kit from Cell Bio 

Laboratories (San Diego, CA, USA) according to the manufacturer’s instructions. Fluorescence was detected 

using a Fluoroskan Ascent fluorometer (excitation: 480 nm, emission: 530 nm, Thermo Labsystems), and the 

generation of ROS was reported to that of control (unexposed) cells. 

 

2.8. Statistical Analyses.  

Statistical analyses were performed using GraphPad Prism (version 8.0, GraphPad Software, San Diego, CA, 

USA). All data were presented as mean ± standard error of the mean (SEM). Differences were considered to 

be statistically significant when P value was <0.05. One-way Anova Tukey test analysis was performed for 

comparison between control and experimental groups and among experimental groups. 

  

 

Figure 4. Microscopic images of A549 cells exposed to 120 μg/mL TiO2-NPs for 24 h (20× magnification). (A) 

Control cells (unexposed to NPs), (B) S1, (C) S2, (D) S3, (E) S4, and (F) P25. 

 

 

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig5&ref=pdf
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Figure 5. Microscopic images of co-culture cells exposed to 120 μg/mL TiO2-NPs for 24 h (20× magnification). 

(A) Control cells (unexposed to NPs), (B) S1, (C) S2, (D) S3, (E) S4, and (F) P25. 

3. RESULTS 

3.1. Physicochemical Features of TiO2 

The physicochemical characterization of five different TiO2- NPs was performed using TEM, SEM, DLS, BET, 

ζ-potential, Raman spectroscopy, XRD, and ICP-MS to provide clear insight into their primary size, 

hydrodynamic size, shape, specific surface area, surface charge, crystallinity, and chemical composition. The 

key toxicity-relevant features of the TiO2- NPs are listed in Table 2 with corresponding TEM images shown in 

Figure 1.2 charge. The opposite sign of the surface charge of S4 in DINPs was performed using TEM, 

SEM, DLS, BET, ζ-potential, Raman spectroscopy, XRD, and ICP-MS to provide clear insight into their primary 

size, hydrodynamic size, shape, specific surface area, surface charge, crystallinity, and chemical composition. 

The key toxicity-relevant features of the TiO2- NPs are listed in Table 2 with corresponding TEM images 

shown in Figure 1. 

Please note that TEM images were shown to illustrate the NP shape, and as surface functionalization is not 

expected to alter the NP shape, we consider that a TEM picture of S2 is representative of that of S4. 

All samples exhibited a negative surface charge up to pH < 5.5, while the S4 surface was positively charged 

in almost all pH values investigate (pH < 9.5) (Figure 2). S4 differentiated from the other samples also in DI 

H2O at pH 7.5, exhibiting a remarkably positive surface charge (Table 2) which is due to H2O and DMEM 

may be due to the different adsorption and affinity of protons on the surface of the particle in the culture 

medium. 

Raman spectra and XRD pattern (Supporting Information) of TiO2-NPs confirmed the anatase phase of S1−S4 

and anatase-rutile mixed phase (ca. 90:10) of P25. 

The free radical generation of TiO2-NPs is shown in Figure 3. No ESR spectra of the DMPO-HO• and of 

the DMPO- CO •− adducts were observed for the TiO2 samples under the same light conditions used in the 

cellular tests, thus suggesting that the photocatalytic activity of TiO2-NPs is not a parameter that may affect 

toxicity results in this study. 

The trace toxic impurities of Cd, Hg, As, Pb, Sb, and Zn in the tested samples met purity requirements of 

typical maximum tolerable limits of 0.5, 0.5, 3, 10, 50, and 50 mg/ kg, respectively. Moreover, all 

particle samples were tested by endotoxin assay for the possible presence of endotoxin. Endotoxin content 

was found to be below the detection limit for all the samples. Since the tested NPs did not contain toxic 

elements and endotoxins, it could be claimed that the possible toxic effects after NP exposure are only 

caused by TiO2-NPs themselves. 

 

http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.0c00106/suppl_file/tx0c00106_si_001.pdf


Article 

 

 

  

Figure 6. Cell viability assessed by Trypan blue assay 24 h after A549 cells were exposed to TiO2-NPs at the 

indicated concentrations. Values are the mean ± SEM of three independent experiments. Statistically 

different from control (**) P < 0.01, (****) P < 0.0001. Statistically different from P25 (##) P < 0.01, (####) 

P < 0.0001. Statistical difference between S2 and S4 (§§) P < 0.01, (§§§§) P < 0.0001. Statistical analyses were 

conducted using one-way Anova analyses, followed by Tukey’s multiple comparison test. 

 

 

Figure 7. Cell viability assessed by Trypan blue assay 24 h after co-culture cells were exposed to TiO2-NPs 

at the indicated concentrations. Values are the mean ± SEM of three independent experiments. Samples 

statistically different from control (****) P < 0.0001. Statistically different from P25 (####) P < 0.0001. 

Statistical difference between S2 and S4 (§§) P < 0.01. Statistical analyses were conducted using one-way 

Anova analyses, followed by Tukey’s multiple comparison test. 

 

3.2. Cell Morphology.  

Figures 4 and 5 illustrate the morphology of A549 cells and A549/differentiated-THP-1 co-cultured cells 

after 24 h exposure to the highest dose of TiO2- NPs (120 μg/mL), respectively.Please note that we chose 

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig7&ref=pdf
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the highest NP concentration (120 μg/mL) to illustrate the cell morphological changes induced as they were 

more pronounced in this condition. However, cell morphology alterations were not the same depending on 

the NP concentration and type. For instance, with the smallest NP concentration, cell morphology was 

similar to that of control cells. Although such changes should 

 

Figure 8. IL-8 production after 24 h exposure to the indicated concentrations of TiO2-NPs in A549 cells. Values 

are the mean ± SEM of three independent experiments. Statistically different from control (**) P < 0.01 and 

(****) P < 0.0001. Statistically different from P25 (####) P < 0.0001. Statistical difference between S2 and S4 

(§§) P < 0.01. Statistical analyses were conducted using one-way Anova analyses, followed by Tukey’s 

multiple comparison test. 

 

 

Figure 9. IL-8 (A) and TNF-α (B) production after 24 h of exposure to the indicated concentrations of TiO2-NPs 

in co-culture cells. Values are the mean ± SEM of three independent experiments. Statistically different from 

control (**) P < 0.01 and (****) P < 0.001. Statistical analyses were conducted using one-way Anova 

analyses, followed by Tukey’s multiple comparison test.   

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig9&ref=pdf


Article 

 

 

 

3.3. Cell Viability.  

Cell viability, assessed by Trypan blue, after exposure to TiO2-NPs of A549 cells and A549/ differentiated-

THP-1 co-culture is reported in Figures 6 and 7, respectively. 

In general, a decrease in cell viability was observed after incubating A549 cells with all TiO2-NPs, although 

not statistically significant for S1 and S2. Statistically significant differences were found between P25 and 

S1, P25 and S2, and S2 and S4. 

The co-culture system is considered a more sensitive model than monocultures and better reflect the real 

tissue environment.32−34 In co-culture, the tested NPs caused slightly more cell loss than in the A549 cell 

monoculture. The cell viability decreased in a dose-dependent manner in all samples except S1 (Figure 7). 

The drastic drop of cell viability at the lowest S1 concentration is quite peculiar. We assume it might be due 

to experimental artifacts. Direct interaction between NPs and test reagents might cause artifacts; however, 

there is no evidence that Trypan blue interacts with TiO2, unlike MTT and LDH viability tests. Furthermore, 

artifacts may be a result of unacknowledged impurity (e.g., metal) or endotoxin contam- ination leading to 

an overestimation of NP toxicity; however, we assessed toxic element impurity and endotoxin levels and 

did not observe any contamination. Other possible causes for artifacts include unexpected changes to 15 

μg/mL S1 NPs 

 

 

 

Figure 10. ROS production after 90 min (A) and 24 h (B) exposure to the indicated concentrations of TiO2-NPs 

in A549 cells. Statistical analyses were conducted using one-way Anova analyses, followed by Tukey’s 

multiple comparison test. 

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig10&ref=pdf
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Figure 11. ROS production after 90 min (A) and 24 h (B) exposure to the indicated concentrations of TiO2-NPs 

in co-culture. Statistical analyses were conducted using one-way Anova analyses, followed by Tukey’s 

multiple comparison test.  

(dissolution, agglomeration, oxidation, etc.) during sample preparation (ultrasonication may cause multiple 

undesirable and hard to quantify changes) or during testing (settling, dissolution, agglomeration, etc.), 

leading to inaccurate dosing. It is hard to definitively determine the sources of artifacts, and further testing 

with regard to this aspect is necessary. 

The exposure to S3 and P25 induced a higher cell viability loss than S1, S2, and S4. The maximal cell loss 

was observed for S3. Statistically significant differences were observed when comparing P25 to S1, P25 to 

S2, and P25 to S3 (P < 0.0001, all). When comparing S2 to S4, a statistically significant difference was 

observed only at the highest dose (120 μg/mL, P < 0.01). 

 

3.4. Proinflammatory Response.  

As IL-8 is a majorproinflammatory mediator in A549 cells and TNF-α is a proinflammatory cytokine secreted 

from monocytes/macro- phages, IL-8 was assessed for A549, and IL-8 and TNF-α were assessed for the co-

cultures. Results are reported in Figures 8 and 9. 

In A549 cells, S4 and P25 samples caused a dose-dependent increase in IL-8 production compared to the 

control group andshowed a statistically significant difference at the highest concentration (S4, P < 0.01; P25, 

P < 0.0001). When comparing P25 to S1, S2, and S3, only the highest NP concentration (120 μg/mL) induced 

significant productions of IL-8 (P < 0.0001, all). When comparing S2 to S4, a statistically significant difference 

was observed only at the highest dose (120 μg/mL, P < 0.01). 

In the co-cultures, all samples caused a dose-dependent increase in IL-8 production compared to the control 

group, although not statistically significant for S2. When the IL-8 production was compared between P25 

and the other samples, no statistically significant difference was found. 

Except S1, all groups showed a concentration-dependent increase in TNF-α production, although not 

statistically significant. When compared with P25, no statistically significant difference was found. 

 

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig11&ref=pdf
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3.5. Reactive Oxygen Species Production.  

Figures 10 and 11 report a ROS production after exposure to the different TiO2-NPs of A549 cells and 

A549/differentiated-THP-1 co- culture, respectively. 

 

Figure 12. A comparison of NPs with regard to their primary size/SSA, shape, agglomeration state, and surface 

functionalization/charge (APTES). Particle properties that differ from P25 TiO2 are reported in bold. (−) 

Indicates negative surface charge, (+) indicates positive surface charge, * minimum Feret diameter, and § 

maximum Feret diameter. 

 

Table 3. Impact of TiO2-NPs Size and SSA, Shape, Agglomeration State, and Functionalization on their 

Cytotoxicitya 

 

cell viability  proinflammatory 

effect 

oxidative stress 

impact of the 

indicated 

physicochemical 

features on 

cytotoxicity as 

evaluated by 

comparison between 

the indicated samples 

 

 

 

A549 

 

 

 

A549/differentiated 

THP-1 

 

 

 

A549 

 

 

 

A549/differentiated 

THP-1 

 

 

 

A549 

 

 

 

A549/differentiate

d THP-1 

+b − − − 

+b − − − 

+b − − − 

− − − − 
aThe + and − indicate an impact or no impact of the physicochemical features on the cytotoxicity respectively. bOnly at the 

highest dose. 

size and SSA P25 vs S1 + + 

shape P25 vs S3 − + 

agglomeration P25 vs S2 + + 

surface charge S2 vs S4 + +b 

 

https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00106?fig=fig12&ref=pdf
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TiO2-NPs did not induce significant ROS production neither in A549 cells nor in co-culture compared to 

the control group (unexposed to TiO2-NPs), whatever the time of analysis (90 min or 24 h). 

4. DISCUSSION 

As it is commonly acknowledged that the physicochemical properties of NPs (e.g., size, shape, solubility, 

aggregation, etc.) strongly influence their toxicity, we aimed to determine the impact of such features on 

TiO2-NPs toxicity on human lung cell lines. As illustrated by Figure 12 and based on the physicochemical 

features of the different NPs, by comparing P25 and S1, we were able to highlight the impact of size and SSA 

on TiO2-NPs cytotoxicity. We compared S2 and P25 to investigate the effect of agglomeration on toxicity, as 

this feature was different between these samples, whereas their primary size, specific surface area, surface 

charge, and shape were all similar. The influence of particle shape was investigated by comparing rod-

shaped S3 with isometric P25 that share similar specific surface areas. Lastly, the surface charge impact on 

cell response was compared between S2 and S4. It is important to state that the crystalline phases of 

synthesized NPs and P25 are different from each other in this study. P25 is a mixture of anatase and rutile 

(approximately 90% anatase and 10% rutile), while other samples have a pure anatase structure. Several 

studies have shown that anatase ismore toxic than similarly sized rutile TiO2-NPs.35−37 There- fore, we can 

confidently affirm that the anatase phase might be more responsible than the rutile phase for the toxic 

manifestations that P25 may create. A summary of our observations is reported in Table 3. 

As highlighted in the Introduction, a safer-by-design approach cannot be achieved without knowing the 

impact of physicochemical properties of NPs on their toxicity. In the R&D phase of the safer-by-design 

approach, the assessment of the hazard profile of NPs exhibiting different physicochemical properties is the 

first step for avoiding their adverse effects.38 The results obtained in this study (as summarized in Table 3 

and further discussed below) provide data for the design and development of safer TiO2-NPs. 

 

4.1. Size and Surface Area Effects. 

 To determine the effects of the size and surface area of the TiO2-NPs on their cytotoxicity,  we  

compared  S1  and  P25  NPs,  whose agglomeration states in the culture medium were very similar. 

Generally, P25 (21 nm) caused more cell death than smaller sized S1 (15 nm). This finding is consistent with 

observations at the microscope of cell morphology. Cells were more affected when incubated with P25. 

P25 also induced a higher IL-8 production in A549 than S1 at the highest NP concentration. Finally, ROS 

production was similar between P25 and S1. These findings suggest a NP size and surface area impact 

on cell viability and proinflammatory response, but only at the  highest NP concentration. Our findings 

are consistent with studies showing that size and surface area of NPs might contribute to cytotoxicity.39,40 

In agreement with our finding that larger particles caused more toxicity, Park et al.18 showed that 1 μm TiO2-

Degussa microparticles caused more pronounced morphological changes than smaller 30 nm TiO2-NPs in 

A549 cells. Another study41 reported that mouse neuroblastoma (Neuro-2A) cells showed a much lower 

cell viability when incubated with 150 nm nickel ferrite NPs than with 10 nm particles. Pan et al.42 reported 

that 1.4 nm-sized gold NPs caused more cytotoxicity than 1.2 and 0.8 nm gold NPs on the HeLa cervix 

carcinoma epithelial cells, SK-Mel-28 melanoma cells, L929 mouse fibroblasts, and mouse 

monocyte/macrophage cells (J774A1). 

However, conflicting results have been reported. For example, exposure to 5 nm TiO2-NPs inhibited A549 

cell proliferation and led to apoptosis and intracellular ROS production.43 In another study, 25 nm TiO2-NPs 
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showed greater toxicity than 60 nm TiO2-NPs in A549 and 16HBE cells.44 In addition, Simon-Deckers et al. as 

well as Zhu et al. reported that smaller TiO2-NPs caused a higher toxicity than bigger ones.45,46 Therefore, 

there is no definitive conclusion about the effect of particle size on toxicity. Another example is that 50 nm 

TiO2-NPs caused a greater toxicity than the 6.3, 10, and 100 nm TiO2-NPs.47 Similarly, an interesting finding 

was that 25 nm TiO2-NPs induced more cell death, higher LDH release, and ROS production than 5 and 100 

nm TiO2-NPs in mouse macrophages.48 Therefore, toxic effects of TiO2-NPs may be related to their 

structural characteristics as suggested by Zhang et al.48 More mechanistic studies are needed to clarify 

the NP size impact on cytotoxicity. 

Regarding the production of ROS, Jiang et al.49 reported an S-shaped curve for ROS generation per unit 

surface area within a certain size range (4−195 nm) of TiO2-NPs. Also, TiO2-NPs below 10 nm or above 30 nm 

produced similar levels of ROS per surface area, while a sharp increase was observed from 10 to 30 nm. 

ROS production was clearly observed in A549 cells in two studies45,50 whatever the size, crystal phase, 

and shape of TiO2-NPs, which were studied in conditions very similar to ours (same cellular model: A549 

cells exposed to various types of TiO2-NPs, for 24 h at 100 μg/mL). Especially, intracellular ROS production 

started as early as after 15 min of exposure to P25.50 However, in our study, TiO2-NPs did not trigger the 

production of ROS whatever the size and surface area. This must be confirmed by a comprehensive study of 

the oxidative stress also including the assessment of antioxidant systems induction. 

 

4.2. Shape Effects.  

When comparing rod-shaped S3 and spherical P25 NPs, we observed that S3 NPs caused more cell death 

than P25 in co-cultures, suggesting an impact of NP shape on cell viability. However, NP shape had no impact 

on ROS production and did not seem to influence the proinflammatory response as in co-cultures P25 and 

S3 induced similar IL-8 and TNF-α productions. Only in A549 cells, P25 caused more IL-8 production than S3 

but at the highest NP concentration. 

A limited number of studies have considered how the shape of NPs impacts on their toxicity,20,51,52 and 

only few papers reported about a specific shape effect of TiO2-NPs.53,54 Gea et al.53 investigated the 

cytotoxicity of TiO2-NPs of three different shapes (bipyramids, rods, platelets) on human bronchial 

epithelial cells (BEAS-2B) in the presence or absence of light. They observed that in the presence of 

light,rod-shaped TiO2 were more cytotoxic than bipyramids and platelets; the latter showing a similar profile 

of toxicity. However, in the absence of light, platelets induced a higher cytotoxicity than bipyramids and 

rods. In an in vivo study,54 male Sprague−Dawley rats were exposed to sphere anatase/ rutile P25, sphere 

pure anatase TiO2, and nanobelts pure anatase TiO2 by intratracheal instillation. Only nanobelts were able 

to induce inflammation in vivo. Studies using other NP types could be mentioned to illustrate the NP shape 

influence on cytotoxicity. For example, rod-shaped Fe2O3 NPs were found to produce much higher levels of 

lactate dehydrogenase (LDH) leakage, inflammatory response, and ROS production than sphere Fe2O3 NPs 

in RAW 264.7.52 On the contrary, Forest et al.20 reported that rod-shaped CeO2 NPs produced more toxic 

effects in terms of LDH release and TNF-α production than octahedron or cubic CeO2 NPs in RAW 264.7 cells. 

On the other hand, some studies did not report any effect ofNP shape on their cytotoxicity. For instance, 

Zhao et al.55 did not find a significant difference in the toxicity of rod and sphere mesoporous silica NPs on 

human colorectal adeno- carcinoma (Caco-2) cells. 

The discrepancies described above can be explained by the fact that besides the shape of the NPs, NPs’ 

interaction forces which are different for each type of particle may also affect biological responses, for 
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example, interparticle van der Waals forces of rod-shaped NPs are larger than those of spherical ones.56,57 

These forces define the ability of NP’s cell internalization via phagocytosis.17,58 Meng et al.59 reported that 

the internalization of rod-shaped silica particles in A549 cells was much higher than that of spherical 

particles. This may explain why rod-shaped particles caused more cell death in our study. Moreover, when 

having different attractive forces (van der Waals and others), the tendency to agglomerate in the suspension 

may also be different.60 Therefore, it is also difficult to distinguish the shape effect from the agglomeration 

effect, since agglomeration always occurs in an aqueous system. Finally, due to different cell types, cell 

sensitivity, and phagocytic activity, it is difficult to compare studies from the literature. 

 

4.3. Agglomeration Effects. 

 We compared the responses induced by S2 and P25 to determine the effect of agglomeration on toxicity 

because primary size, surface area, surface charge, and shape of the two particles were all similar, and 

only their agglomeration state differed. When considering cell viability, highly agglomerated S2 NPs caused 

less cell death than less agglomerated P25 in both cell systems. Furthermore, IL-8 production was 

enhanced in the presence of less agglomerated NPs compared to that induced by highly agglomerated NPs 

in A549 but only at the highest NP concentration. In addition, agglomeration did not affect IL-8 and TNF-α 

production in co-cultures and had no impact on ROS production. 

Magdolenova et al.61 reported that the highly agglomerated TiO2-NPs decreased the proliferation activity 

in Cos-1 monkey kidney fibroblast-like cell line and EUE human embryonic epithelial cells compared to well-

dispersed NPs. Large agglomerates of TiO2-NPs caused DNA damage, whereas small agglomerates did not. 

Another study reported that62 in comparison to large A14 TiO2-NP agglomerates, P25 and A60 TiO2-NPs that 

exhibit small and soft agglomerates were more efficiently taken up by the A549 cells, generated more 

intracellular oxidative stress, and induced a more potent interleukin-8 (IL-8) and monocyte chemotactic 

protein 1 (MCP-1) proinflammatory response. 

There are few in vivo studies in the literature which investigated the agglomeration impact of NPs on lung 

diseases. Noel̈et al.63 exposed male CDF (F344)/CrlBR rats to aerosolized nano-TiO2. In groups exposed to 

large agglomer- ates (>100 nm), an increase in the number of neutrophils, an indicator of lung inflammation, 

was observed. However, no increase in other inflammation markers (IL-1α, Il-6, and TNF- α production) was 

observed. Exposure to small agglomerates (<100 nm) caused more cell death and ROS production than large 

agglomerates. Although these results are in agreement with ours, at least regarding cell viability, it is difficult 

to compare in vivo and in vitro studies because of a different agglomeration status of NPs that can occur in 

vitro (in culture medium) and in vivo in lung fluids. The protein corona forming around the NPs may also 

have a strong impact on agglomeration and on the subsequent cell/NP interactions.64 

 

4.4. Surface Charge Effects.  

When the impact of NP surface charge on cell viability was examined, it was observed that positively charged 

S4 NPs (APTES-functionalized) caused slightly more cell loss than S2, their nonfunctionalized, negatively 

charged counterparts. However, they exhibited a similar profile of proinflammatory response and oxidative 

stress, suggesting no impact of this functionalization on proinflammatory response and oxidative stress. 

Since it is well documented that positively charged NPs have a high affinity for negatively charged cell 

membrane protein,65 it is more likely to have a destructive effect on cell membranes. 

In a study,66 TiO2-NPs bearing −OH, −NH2, or –COOH surface groups were evaluated for their effect on 
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several cancer cells and control cell cytotoxicity. Specifically, −NH2 and −OH groups exhibited a 

significantly higher toxicity than −COOH on Lewis lung carcinoma and on a prostate cancer cell line 

isolated from Copenhagen rats. In some studies on other APTES-functionalized NPs, for instance, the 

cytotoxicity of APTES-functionalized mesoporous and nonporous silica NPs was investigated on RAW 264.7 

macrophages.67 They both induced very low levels of toxicity. Also, these particles did not cause any ROS 

production, similar to our results. Chavez et al.68 reported that APTES-functionalized lumines- cent 

upconversion NPs were found noncytotoxic to HeLa and DLD-1 human colorectal adenocarcinoma cells. 

Petushov et al.69 showed that 30 nm APTES-functionalized silicalite NPs did not significantly change LDH 

release activity in HEK293 embryonic kidney cells and in RAW264.7 cells. 

Besides the observation of the impact of the NPs physicochemical properties on their toxicity, another 

main finding of this study was that the co-culture model seemed more sensitive to the adverse effects of 

TiO2-NPs than the monoculture model. It may be due to different uptake levels of NPs in monoculture and 

co-culture cells. Co-culture cells may show a stronger barrier compared to monoculture due to intercellular 

bonds and interactions. In a tetra-culture model consisting of A549 + THP-1 + HMC-1 + EAhy926 cells, only 

phagocytic THP-1 cells have been shown to internalize 50 nm silica particles.70 Due to cell interaction through 

cytokines and chemokines, the uptake in one cell type may affect the reaction of the other cell types in the 

same culture. This can lead to differences in the uptake mechanisms of NPs compared to monoculture. 

However, in our study, further investigations are needed to support this hypothesis. On the other hand, the 

fact that co-culture is more sensitive to the toxic effects of NPs may result from different behaviors of cells 

in the co-culture. Data showed that when co-cultured with A549 cells, THP-1-derived macrophages (M0) 

differentiated toward the M1- and M2- macrophage phenotype. Therefore, the co-culture of THP-1- derived 

macrophages with A549 leads to the release of higher levels of proinflammatory cytokines compared to 

levels observed in the medium of THP1-derived macrophages.71 In this case, a strong protection of A549 

cells provided by THP-1 cells against toxic agents in co-culture has been reported. However, in order to 

mimic aerosol accumulation in the air space of the lung, direct cell culture may have some limitations given 

the weak interactions of the cells.72 Also, different proliferation rates of the co-cultured cells may present a 

problem and limit the use of co-cultures. The multiple cell cultures represent an improvement compared 

with single cell cultures and more closely resemble the in vivo situation, yet they are still limited to the cells 

investigated. Thus, co-culture cell model may be considered as essential for developing a predictive in vitro 

model of the lung. 

5. CONCLUSION 

As reported in Table 3, the main effects observed in this study were an impact of TiO2-NP size/SSA, shape, 

agglomeration state, and surface functionalization/charge (APTES) on cell viability in co-cultures. This model 

seems more sensitive than the A549 monocultures. The same features seemed to have an impact on the 

proinflammatory response, but only in A549 cells cultivated alone and only at the highest NP concentration. 

No impact was observed on ROS production. The effect on toxicity was higher in bigger sized, less 

agglomerated particles and rod-shaped and positively charged particles. Although further investigations are 

needed, the present study contributes to a better characterization of TiO2-NP toxicity by the systematic 

evaluation of their adverse effects on human lung cell lines in relation to their physicochemical properties. 

Moreover, such results could open promising perspectives, especially in the context of a safer-by-design 

approach. 
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