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ARTICLE INFO ABSTRACT

Editor: Dr. P Jennings Due to the expansive application of TiOz and its variance in physico-chemical characteristics, the toxicological
profile of TiOo, in all its various forms, requires evaluation. This study aimed to assess the hazard of five TiOy
particle-types in relation to their cytotoxic profile correlated to their cellular interaction, specifically in human
lymphoblast (TK6) and type-II alveolar epithelial (A549) cells. Treatment with the test materials was undertaken
at a concentration range of 1-100 pg/cm? over 24 and 72 h exposure. TiO, interaction with both cell types was
visualised by transmission electron microscopy, supported by energy-dispersive X-ray. None of the TiO, mate-
rials tested promoted cytotoxicity in either cell type over the concentration and time range studied. All materials
were observed to interact with the A549 cells and were further noted to be internalised following 24 h exposure.
In contrast, only the pigmentary rutile was internalised by TK6 lymphoblasts after 24 h exposure. Where uptake
was observed there was no evidence, as determined by 2D microscopy techniques, of particle localisation within
the nucleus of either cell type. This study indicates that industrially relevant TiO, particles demonstrate cell
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Industrially relevant
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interactions that are cell-type dependent and do not induce cytotoxicity at the applied dose range.

1. Introduction

Titanium dioxide (TiO2) is a white inorganic compound with two
main crystal structures: anatase and rutile, that both have diverse ap-
plications in industrial and consumer products (Yemmireddy and Hung,
2015). Industrially, TiO3 is one of the most used pigments in paint due to
its bright opaque colour, it is used in many food products as a colour and
texture enhancer, as well as being widely used in cosmetic products as
an ultraviolet (UV) absorber (Haider et al., 2019; Ropers et al., 2017;
Fukui, 2018). Moreover, TiOy has been noted to have a number of po-
tential environmental benefits e.g., its use as paint on the outside of
buildings in warm climates can reduce air-conditioning usage due to the
materials’ high refractive index (Li and Yang, 2019). Photocatalytic
properties of TiOz under UV light can also be utilised to decompose
environmental pollutants, for example, paint-comprised photopolymer
resin and it is capable of efficiently degrading organic pollutants in
water (Islam et al., 2020; Medvids et al., 2021). In the medical field TiO5
has multiple pharmaceutical applications including as an inert tablet
coating (Seo et al., 2020). Specific to the proposed industrial or
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E-mail address: s.h.doak@swansea.ac.uk (S.H. Doak).
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consumer usage, TiO, is either used in bulk/pigment-grade (i.e. >100
nm) or nano form (i.e., at least one dimension <100 nm) (Becker et al.,
2014).

Due to the increased application of TiO; (and consequent, increased
production) there is likely an increase in exposure risk, and thus the
hazard potential of this material requires evaluation; both in the bulk
and nano forms (Al-Mamun et al., 2019; Tetteh et al., 2021; Danfa et al.,
2021). Annual world-wide pigmentary TiOy production capacity in
metric tons rose from 5.7 million in 2010 to 8.4 million in 2020 and is
predicted to rise further year on year (Bedinger, 2020). The physico-
chemical characteristics of different TiO, materials can vary exten-
sively in terms of size, surface chemistry, surface area, geometry, and
crystal structure (Stefa et al., 2020). These variations are dependent on
the source of the material e.g., the atomic structure of rutile and anatase
consist of an interconnected octahedra, however the degree of distortion
of the octahedron differs between the two materials (Luttrell et al.,
2014). This variation in crystallographic orientation of anatase and
rutile also creates differences in surface reactivity properties, with
anatase having a greater degree of free surface energy than rutile
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(Selloni, 2008). Comparatively, TiO5 nanoparticles have the potential to
react at the cellular level in a different manner to bulk materials. This is
due to the unique and potentially highly bio-reactive properties of ma-
terials at the nanoscale, such as increased surface area and consequently,
increased surface reactivity (Oberdorster et al., 2005). An early TiO4
study comparing the inflammatory effect of ultrafine (25 nm) and fine
(250 nm) TiO; in the lungs of rats demonstrated no induction of
inflammation caused by the fine material (Ferin et al., 1992). This
contrasted with a chronic inflammatory response following exposure to
the ultrafine material that lasted 14 days and subsequently subsided
during the remaining fifty weeks of the study. A more recent study
considered the impact of TiO; crystal structure on immune activity in
vitro and in vivo using both immature dendritic cells (DCs) isolated from
human peripheral blood monocytes and BALB/c mice (Vandebriel et al.,
2018). The investigation highlighted that anatase forms promoted
higher CD83 and CD86 expression in vitro over rutile forms. Moreover,
instillation of anatase in mice lungs promoted neutrophil recruitment
but rutile did not. A study by Danielsen et al. (2020) also came to this
conclusion, in addition to attributing increased lung inflammation in the
lungs of C57BL/6 J mice to increased TiO5 surface area (Danielsen et al.,
2020). Consequently various factors will influence the uptake potential
of a (nano)particle including the physico-chemical properties of the
material, cell type, variation in cell membrane characteristics, cell cycle
time and exposure route (Adjei et al., 2014). A recent example has
corelated increased cellular uptake of TiO, nanofibres with increased
intercellular reactive oxygen species (ROS) production Particle-
membrane interactions that facilitate internalisation by endocytic
mechanisms would result in encapsulation of the material within an
endosome where they may have the potential to escape into the cellular
membrane, be transported intracellularly or through autophagy (Bur-
gum et al., 2018). From a toxicological standpoint these factors can
greatly influence the toxicity of any material including interference with
organelle function and other cellular process or the production of
cytoplasmic reactive oxygen species (ROS) by secondary cell types
(Evans et al., 2019; Clift and Rothen-Rutishauser, 2013).
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data in the literature, it was hypothesized that smaller anatase TiO5
particles would have the potential for the greatest cellular interactions.

2. Materials and methods

All materials described below were purchased from Sigma-Aldrich
UK, unless otherwise stated. All TiO, test materials were provided in
powder form by the Titanium Dioxide Manufacturers Association
(TDMA) and are listed in Table 1 (further physico-chemical data located
in Supplementary Table 1).

Prior to cell culture exposures, the test materials G2-5, G3-1, G4-19
and E171-E were all sonicated as outlined in the NANOGENOTOX
dispersion protocol in 6 ml 0.05% Bovine Serum Albumin in double
distilled water (Jensen et al., 2016). Briefly, 15.36 mg (in glass scintil-
lation vials) of each test material was pre-wetted with 30 pl of ethanol in
a dropwise manner, 970 pul of 0.05% Bovine Serum Albumin (BSA)
(Millipore, UK) solution was subsequently added while slowly rotating
the vial at 45°. The suspension was then made up to a final volume of 6
ml by the addition of 5 ml 0.05% BSA solution. Test material G6-3 was
prepared in the same manner but with the addition of 0.05% tween 80 to
aid dispersion. Sonication of the sample suspensions was undertaken
using a 400 W, 20 KHz Branson Sonifier S-450D (Branson Ultrasonics
Corp, USA). In preparation for sonication the sample vials were placed
into an ice water bath and the sonicator probe lowered one third into the
material suspension. Sonication was undertaken for 16 min at an
amplitude of 21%, on completion the dispersed samples remained stable
for up to 60 min. Prior to cell treatments test materials were briefly
vortexed (10 s).

All treatments with the test materials were performed in the units pg/
cm? this was to ensure consistency between the exposure scenarios of
both test cells lines (i.e., submerged culture compared to an air-liquid
interface). The doses were calculated as shown in Eq. (1), (test mate-
rial surface areas are shown in Table 1).

Equation 1 - Calculating TiO5 sample dose

Surface Area Exposed (SAE)(cm? /em?) = [Particles surface area (cm®) x Tissue culture surface area (cm®) | x Required dose (ug/cm?)

From an industrial, pharmaceutical, material science and regulatory
standpoint, it is highly beneficial to gain an understanding of particle-
cell interaction of materials such as TiO,. Therefore, this current study
aimed to assess the ability of five TiO, particle forms (a nano-sized
anatase, two pigmentary rutile forms, a nano-sized rutile and pigmen-
tary anatase; size range 10 nm to 1 pm) to be internalised and promote
cytotoxicity in two different cell lines (lymphoblast (TK6) and type-II
alveolar epithelial (A549) cells). The selection of these two cell types
was based on the potential of the test materials to be inhaled in an in-
dustrial scenario (A549 cells) and to evaluate potential interactions with
a well characterised cell type that is recommend for use in hazard
characterisation (TK6 cell line) (OECD, 2014). Based on the available

Table 1

Concentration of particles to achieve required dose (ug/ml)

SAE 2 /cm?
= - (cm”/om?) Particle surface area (cmz)
Volume of submerged exposure (ml)

2.1. Cell culture and treatment — TK6 cell line

The suspension B-lymphoblastoid cell line Thymine Kinase 6 (TK6)
was purchased from the American Tissue Culture Collection (ATCC CRL-
8015®). TK6 cells were cultured in Roswell Park Memorial Institute
(RPMI)-1640 with 10% Horse serum (HS), 1% 200 mM t-glutamine and

TiO, samples used in this study and their physico-chemical properties (data provided by TDMA) of G6-3 nanoscale particles, G2-5 nanoparticles, G3-1 pigmentary
particles, G4-19 pigmentary particles, E171-E food grade pigmentary particles. Data is presented as the average +/— standard deviation (n = 3).

Sizing by Disc Centrifuge in ddH,0 (nm)?

Surface area (BET) (rr12/g)3 Zeta potential (mV)4

TiO, Average primary particle size (nm)"

G6-3 (rutile) 9.4+ 23 342 +£17.1
G2-5 (anatase) 5.6 +1.2 301 £ 15.05
G3-1 (rutile) 160.8 + 71.3 379 + 18.95
G4-19 (rutile) 177.7 + 58.4 191 + 9.55
E171-E (anatase) 106.8 + 38.1 185 +9.25

70 + 3.5 -5.4 +£0.27
302 +15.1 —19.4 £ 0.97
6+ 0.3 —6.1 £0.31
15 £ 0.75 —-12+ 0.6
10 £ 0.5 —54 £ 27

! Measured by scanning electron microscopy (SEM), >Measued by disc centrifugation sedimentation (DCS), > Measured by Brunauer-Emmett-Teller analyses (BET),

“measured using a particle sizer (Horiba SZ-100).
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1% streptomycin (100 pg/ml)/ penicillin (100 pg/ml) at 37 °C with 5%
CO,. Prior to sample treatment 2ml 1 x 10° TK6 cells/ml were seeded in
to 12-well plates and cultured for 24 hours (passage 5-10). For each
TiO4 sample, seven wells were seeded and treatments of 0, 1, 5, 10, 25,
50 and 100 pg/cm? were applied of the dispersed material (for each
material type). All treatments were pre-diluted to the required concen-
tration in complete culture media and 200 pl was added to each well. All
treatments were performed in triplicate on three separate independent
occasions for either 24 or 72 hours (n = 3).

2.2. Cell culture and treatment — A549 cell line

Adherent A549 lung epithelial type-II ‘like’ cells (ATCC CRL-185®)
were cultured in RPMI-1640 with 10% Foetal Bovine Calf Serum (FBS),
1% 200 mM r-glutamine and 1% streptomycin (100 pg/ml)/ penicillin
(100 pg/ml) at 37 °C with 5% CO,. Before treatment, 2 ml 5 x 10° A549
cells/ml were seeded into the apical chambers of 4.2 cm? transwell in-
serts (6-well) and 3 ml of fresh complete media was added to the basal
chamber. Cells were then cultured for 4 days at 37 °C, 5% CO». On the
fourth day, the media was removed from the upper chamber and the
lower chamber media replaced (3 ml) to enable the establishment of an
air-liquid interface (ALI) (Barosova et al., 2021). For each TiO, sample,
seven wells were seeded and treatments of 0, 1, 5, 10, 25, 50 and 100 pg/
cm? applied of the pre-dispersed material using the quasi-ALI exposure
method (Endes et al., 2014). All treatments were pre-diluted in complete
culture media and 100 pl was added to each transwell insert.

2.3. Cytotoxicity assessment

2.3.1. Relative population doubling (RPD) and trypan blue assay for
cytotoxicity assessment

Relative population doubling (RPD) analysis was used for assessing
cell viability of TK6 cells following 24- and 72-h treatment with the test
materials at 1, 5, 10, 25, 50 and 100 ug/cm2 alongside an untreated and
positive control 1 pg/ml mitomycin C (MMC)). An initial cell count was
undertaken with a Coulter counter (Beckman, UK) prior to treatment
which was used as the initial cell count number in Eq. (2) Treatment was
then undertaken, and a post treatment cell count undertaken following
the respective exposure period.

Equation 2 — RPD calculation

Number of population doubling in treated cultures

RPD% =
”~ Number of population doubling in control cultures

Where population doubling = [log (post treatment cell number/
initial cell number)] log2

The trypan blue exclusion assay was used as a confirmatory cell
viability assay in A549 cells treated with the highest dose of the test
materials (100 pg/cmz). Following treatment A549 cells were harvested,
100 pl of cell suspension was added to 100 pl of 0.4% trypan blue so-
lution, loaded into a haemocytometer and the total number of cells and
the number of non-viable cells counted under a 10x microscope
objective (Zeiss Axio Vert, Carl Zeiss Ltd., UK). Cell viability was
calculated as in Eq. (3).

Equation 3 — Percentage cell viability (trypan blue assay)

Number of blue cells

%Viable cells = 1.00 ~ Number of total cells x 100.

2.3.2. Propidium iodide (PD) staining and flow cytometry analysis of TK6
and A549 cells

PI analysis was used to assess cellular necrosis of TK6 and A549 cells
following 24- and 72-h treatment with the test materials. This was
applied as a confirmatory cytotoxicity assay at the highest applied dose
(100 pg/cm?) in the TK6 cell line following RPD analysis and across the
full dose range (1-100 pg/cmz) in the A549 cell line (cell treatments
were undertaken as described in Section 2.1). Heat shock positive
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controls were utilised for both cell lines and prepared by heating 1 x 10°
cells in PBS to 80 °C in a heat block for 3 mins (Janus et al., 2020).
Following treatment, TK6 cells were pelleted at 230 g for 5 mins, washed
3 times by resuspension of the cell pellets in 5 ml room temperature PBS
and re-centrifugation at 230 xg for 5 mins. A549 cells were washed 3
times in 2 ml room temperature PBS (both apical and basal chambers),
prior to the addition of 1 ml 0.25% trypsin EDTA in the apical side of the
transwells, 2 ml in the basal chamber and incubation at 37 °C w/5% CO»
for 5 min. Following incubation, 3 ml of complete culture medium was
added to the detached cells which were subsequently transferred to a 15
ml centrifuge tube, spun at 230 g for 5 mins and washed once in PBS.

Following harvesting, both cell lines were prepared in an identical
manner; 1 x 10° cells were suspended in 1 ml room temperature PBS
with 3 pM PI stain (Cat No. 421301, Biolegend, UK) and subsequently
incubated in the dark at 4 °C for 1 h. Flow cytometry was undertaken
using a NovoCyte Quanteon Flow Cytometer (Agilent, USA). Cells were
excited by a 488 nm laser and red fluorescence (>600 nm) measured.
Live/dead cell discrimination was based on the positive control (heat
shock) for 10,000 events per sample. All samples were performed in
triplicate on three separate independent occasions (n = 3). An example
of the gating strategy is shown in Supplementary Fig. 1.

2.4. Cellular uptake assessment of test materials by TEM

Both TK6 and A549 cells were exposed with each test material at a
concentration of 10 pg/cm? Subsequently 1 x 10° cells of each exposed
cell population were fixed, embedded and sectioned. Sectioning and
imaging was undertaken as previously described (Wills et al., 2016).
Samples were examined using a FEI Titan3 Themis G2 S/TEM operated
at 300 kV with an FEI Super-X energy dispersive X-ray (EDX) system and
a Gatan OneView CCD camera. A total of 25 cells were imaged per cell
type and test material at a magnification of x64,000 by high-angle
annular dark field scanning TEM (HAADF-STEM). Where the presence
of the test material was suspected within the tissue sections, elemental
analysis was undertaken using EDX to provide confirmation of the
elemental composition of the test material.

2.5. Assessment of nanoparticle association by flow cytometry

Side-scatter (SSC) and forward-scatter (FSC) data for each treatment
was evaluated as described by Zucker et al. (2010). This allowed for
assessment of potential interaction of the test materials with both cell
types; based on the principle that increased light scatter due to reflection
of the TiO, causes a greater side scatter and decreased forward scatter
(Zucker et al., 2010). Thus, there is a shift in the cellular cache as seen
through the flow cytometer. This enables the assessment as to whether
the material is interacting with the cell system, or not, in a semi-
quantifiable manner (example gating strategy shown in Supplemen-
tary Fig. 2). For each test material a percentage estimation of cellular
interaction was made by comparing the SSC in treated cells to untreated
cells (i.e., negative control).

2.6. Data and statistical analysis

All data are presented as the mean +/— the standard deviation (SD).
All analysis was completed over three independent biological replicates
(n = 3). Statistical analysis was performed by the application of a One
Way AVOVA with a Dunnett’s post hoc test to determine if there was
significance between control and treated values for all cytotoxicity as-
says used. A Pearson correlation coefficient calculation was performed
to assess any corelation between the PI cytotoxicity and cell association
data. All statistics were conducted using GraphPad PRISM software
version 8 (GraphPad PRISM 8.4.3, USA) and considered significant if p
< 0.05.
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3. Results

This investigation aimed to assess the ability of five TiO5 types to
promote cytotoxicity in two different cell types (A549 and TK6) in
relation to their cellular interactions. Cytotoxicity evaluation was
initially undertaken by RPD analysis in the TK6 and A549 cell lines
respectively. Confirmatory cytotoxicity analysis was undertaken by PI
staining in TK6 cells and trypan blue counts in A549 cells. Selection of
these assays was based on their suitability for each of the test cell lines
with RPD analysis providing a measure of cytostasis/proliferation, try-
pan blue a measure of cell viability and PI staining a measure of cell
death. Assessment of cellular interactions was undertaken by TEM and
further analysis of the flow cytometry data. TEM analysis allowed for
visual confirmation of TiO, uptake on a cell-by-cell basis and analysis of
the flow cytometry data allowed for an estimation of cellular interaction
(either cell surface interaction or cellular internalisation).

3.1. Assessment of TiO» cytotoxicity in TK6 cells

Viability assessment initially undertaken by RPD analysis following
treatment of TK6 cells with test TiO, materials; G2-5, G4-19, G3-1,
E171-E and G6-3 did not demonstrate any statistically significant (p >
0.05) decrease in cell survival at any of the applied concentrations
(1-100 pg/cm?) compared to the untreated controls (Fig. 1 a — j). This
was consistent when the cells were treated for both 24- and 72- h. Cell
survival was noted to be >95% following treatment will all concentra-
tions of each test TiO5 at each of these time points. Confirmatory anal-
ysis undertaken by PI staining indicated that approximately 80% of the
cell population treated with the highest dose (100 pg/cm?) of each test
material was viable. This was consistent with the viability of the un-
treated control cells in all experiments. No statistically significant (p >
0.05) decrease in cell survival was noted following treatment with any of
the test TiO5 types when compared to the untreated control (Fig. 1 k-1).

3.2. Assessment of TiO, interaction with TK6 cells

Following cytotoxicity assessment approximately 25x TK6 cell sec-
tions (per material) were imaged by TEM following treatment with TiO2
G2-5, G4-19, G3-1, E171-E and G6-3. Only G3-1; a rutile with a par-
ticle size of ~160 nm was observed to be internalised in this cell type
(Fig.2 a). The internalised material was visible as an agglomerate of
faceted electron dense particles localised in the cytoplasm of the cells
consistent with their expected size, the observed material was confirmed
as TiO, by EDX (representative image analysis shown in Fig. 3). No
nuclear uptake was observed and there was no evidence of the material
being associated with the cell surface when imaged by TEM. Flow
cytometry analysis of 1000 cells was utilised to estimate association of
the test materials with TK6 (Table 2). Evidence of association with
4.25%, 37.2%, 18%, and 30.8% with materials G3-1, G4-19, G6-3 and
E171-E was observed with the TK6 cells. This estimation of interaction is
an indication of the proportion of TK6 cells that have the test material
associating either at the cell surface or following internalisation. This
consequently implied test materials G4-19, G6-3, E171-E readily asso-
ciated with the cell surface of TK6 cells (24 h exposure). There was no
evidence of association between G2-5 (5.6 nm anatase) and the TK6 cell
line. No correlation was observed between the cytotoxic and cellular
association data of any of the test materials (r = 0047). Considering the
physico-chemical characteristics of each test material, E171 -E and
G4-19 both demonstrated the highest degree of cellular association with
TK6 cells. Interestingly, both materials were shown to form the smallest
agglomerates of the materials tested when measured by disc centrifu-
gation, 185 (E171-E) and 191 nm (G4-19). The only material where
cellular internalisation was observed by TEM, G2-5, did not conform to
this trend as disc centrifuge measurements placed its size in suspension
as 301 nm.
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3.3. Assessment of TiOz cytotoxicity with A549 cells

Cytotoxicity assessment of A549 cells treated with test TiO, mate-
rials; G2-5, G4-19, G3-1, E171-E and G6-19 was firstly performed by PI
flow cytometric analysis at an applied concentration range of 1-100 pg/
cm?. This analysis undertaken following both 24- and 72 h treatments
indicated no significant (p > 0.05) decrease in cell survival in A549 cells
treated with any of the test materials (Fig. 4 a - j). Following all treat-
ments, the number of viable cells was always proportional to the number
of viable cells in the untreated control populations and approximately
>75% in all instances. Moreover, further cytotoxicity evaluation un-
dertaken at the highest applied dose (100 pg/cm?) by trypan blue
staining also did not demonstrate any statistically significant (p > 0.05)
decrease in cell survival (Fig. 2 k - 1).

3.4. Assessment of TiOg interaction with A549 cells

Following cytotoxicity assessment, A549 cells were imaged in an
identical manner to the TK6 cell line after treatment with the test ma-
terials. There was visual evidence of internalisation of all test TiOo
materials in this cell type (Fig. 2 b — f). TiO3 G3-1 (160 nm rutile) was
typically visible in small agglomerates of 2-3 particles in vesicles in the
cytoplasm. Similarly, small agglomerates of materials G2-5 (5.6 nm
anatase) and G4-19 (177.7 nm rutile) were also localised in the vesicles.
Materials E171-1 (106.6 nm anatase) and G6-3 (9.4 nm rutile) were
localised in the cytoplasm but in seemingly larger agglomerates than the
other TiO, types. The morphology of internalised G6-3 appeared more
rod shaped compared to the faceted particle structure of the other test
materials. Where uptake was suspected EDX analysis was undertaken to
confirm the elemental composition of the observed material to be TiO5
(representative image analysis shown in Fig. 3). Cellular association
assessment by flow cytometry indicated interaction with 4.5%, 4.42%,
38%, 0.7% and 0.5% of the A549 cell population treated with materials
G3-1, G4-19, G6-3 and E171-E respectively. No correlation was noted
between the observed cellular interaction and cytotoxic potential of the
test materials (r = 0.0048). Similarly, there appeared to be no corelation
between cellular association of the test materials and their physico-
chemical characteristics.

4. Discussion

TiO, particles in both its bulk and nanoscale form has become a
material of great interest in recent years due to use in a wide range of
consumer and industrial products (Dréno et al., 2019; Cesmeli and Biray
Avci, 2019; Elia et al., 2018). This investigation assessed the potential
cytotoxicity (measured by RPD/PI stain analysis in TK6 cells and PI /
trypan blue stain analysis in A549 cells) of industrially relevant TiOy
samples; G6-3 (~9.4 nm), G2-5 (~ 14.2 nm), G3-1 (~160.8 nm),
G4-19 (~177.7 nm) and E171-E (~106.8 nm) relative to their interac-
tion with both TK6 (human B-lymphoblasts) and A549 (human lung
type-II like epithelial) cells. This was determined by flow cytometry, and
further their internalisation via TEM imaging. During this study it was
noted that none of the test materials promoted cytotoxicity in either cell
type at the applied dose range of 1-100 pg/cm?. In the TK6 cell line only
entry of material G3-1 was observed, however there was evidence of
association of all test materials with this cell type when assessed by flow
cytometry, denoting that the materials may be interacting at the cell
surface with this suspension cell type (Zucker et al., 2010). In the A549
cell line, all materials demonstrated the potential to undergo cellular
internalisation when visualised by TEM and assessed by flow cytometry
analysis, demonstrating the potential for cellular association of all ma-
terials. A key difference between the two cell types being that TK6 is a
suspension cell line and A549 is adherent likely played a role in the
observed differences in cellular uptake. The test material may have had
an increase potential of settling on the A549 cells, increasing the like-
lihood of cellular internalisation. Furthermore, A549 cells are an innate
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Fig. 1. Cytotoxicity assessment of TK6 cells treated with test materials. RPD analysis of TK6 cells treated with sample G2-5 (a), G4-19 (b), G3-1 (c), E171-E (d), G6-3 (e) for 24 h and G2-5 (f), G4-19 (g), G3-1 (h),
E171-E (i) G6.3 (j) for 72 h. PI staining analysis of TK6 cell treated with all test materials for 24 h (k) and 72 (h). Both assays are presented demonstrating percentage cell survival of treated cells compared to untreated
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Evidence of TiO, uptake in TK6 cell line

Toxicology in Vitro 83 (2022) 105415

Evidence of TiO; uptake in A549 cell line

Fig. 2. TEM cellular uptake assessment of test materials — (a) G3-1 localised in cytoplasm of TK6 cell (b) Example TK6 cell with no evidence of material uptake as
seen following exposure with G2-5, E171-E, G4-19 and G6-3. Whole A549 cell image with evidence of internalised material within the cytoplasm of G3-1 (c), G2-5

(d), E171-E (e), G4-19 (f) and G6-2 (g).
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L—1 100 nm

Fig. 3. Example of EDX elemental analysis used to confirm the presence of titanium (Ti) in suspected regions of test material uptake. (a) - STEM whole cell image
with red arrow pinpointing internalised TiO, particles (b) High magnification of particles (¢) EDX mapping identifying the presence of Ti particle region. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Flow cytometry estimation of percentage cellular association of samples G3-1,
G4-19, G6-19, E171-E and G2-5 with TK6 and A549 cells. Cellular association
percentages were estimated using the gating strategy shown in Supplementary
Fig. 2.

Sample  Evidence of cellular association — Evidence of cellular association —
TK6 cells A549 cells

G3-1 4.25% + 0.22 4.5% + 0.20

G4-19 37.2% + 1.86 4.42% + 0.19

G6-3 18% + 0.9 38% + 2.0

E171-E 30.8% + 1.6 0.7% + 0.1

G2-5 0% + 0 0.5% + 0.12

immune cell type, and it is likely that the test materials underwent up-
take by endocytic mechanisms. Uptake inhibition studies have previ-
ously shown both caveolin- and clathrin- mediated uptake to be the key
mechanisms of particle uptake in A549 cells (Kuhn et al., 2014).

The ability of any bulk or nano material to cause cell death or any
adverse toxicological effect can be associated to its physico-chemical
properties (Gatoo et al., 2014). Various studies have undertaken cyto-
toxicity evaluation of TiO; particles that have noted little to no induc-
tion of cytotoxicity. For example ~21 nm anatase nanoparticles were
shown only to promote limited cytotoxicity (<30%) in A549 cells
following a 48 h exposure period (Biola-Clier et al., 2016). Moreover, an
investigation into the cytotoxic effect of TiO3 nanofibers (101-400 nm)
and nanoparticles (1-100 nm) in the A549 cell line cultured in both
submerged and ALI conditions noted the fibres to have a significantly
greater cytotoxic potential than nanoparticles, under both culture con-
ditions (Medina-Reyes et al., 2020). Considering a different cell line, a
recent study based on the BEAS-2B cells by Gea et al. highlighted the
cytotoxicity of TiOg rods (108 nm), bi-pyramids (50 nm) and food grade
particles (150 nm) showed only a slight decrease in cell survival at the
highest applied doses (20, 50 and 80 pg/ml) (assessed by LDH assay)
(Gea et al., 2019). Opposing this there are also studies which indicate
TiO4 particles to have significant cytotoxic potential and that this can be
highly dependent on material size and crystalline state. TiO3 (12 nm
anatase) nanoparticles synthesised in house by Freire et al. (2021) were
demonstrated to be cytotoxic, although only at high doses (>50 pg/ml)
(Freire et al., 2021). Xiong et al. performed a cytotoxic comparison of
three different sized anatase TiO nanoparticles (10, 20 and 100 nm) and
highlighted that decreased sized promoted increased cytotoxicity in

both BEAS-2B and THP-1 cells (Xiong et al., 2013). Conversely, an
investigation into the impact of TiO5 physico-chemical characteristics
on cytotoxicity highlighted that larger TiO, anatase nanoparticles were
more cytotoxic than the smaller ones tested (Kose et al., 2020). The
conflicting data on TiO, toxicity throughout the literature highlights the
extensive variation in the materials tested and pinpoints a need to ensure
that materials undergoing assessment are relevant to exposure risk.

It is interesting that despite the lack of cytotoxicity induction by any
of the test TiO, particles in this current study, they all demonstrated the
potential to undergo at least some degree of cellular association. A
summary of the cellular interaction assessed in this study is listed in
Table 3 in descending order of observed cellular uptake and interaction
potential. The only test material wherein uptake was observed in both
TK6 and A549 cell was the G3-1 sample, a rutile form with a primary
particle size of ~160.8. nm. The crystalline structure of this material is
perhaps a contributing factor in its ability to be internalised by both cell
types. A study by Allouni et al., 2012 considered the crystalline state on
the uptake potential of TiO, particles in human fibroblasts (L929)
(Allouni et al., 2012). The investigation noted that TiO in anatase form
was more likely to undergo cellular uptake than rutile TiOz. Another in
vitro study conducted with the Caco-2 cell line (human intestinal cells)
also demonstrated that anatase underwent cellular uptake whereas
rutile did not, the investigation suggested this was due to anatase being
better detected at the cell surface allowing the initiation of clathrin-
mediated endocytosis, although this was not elaborated on further
(Gitrowski et al., 2014). It is probably that this increased likelihood of
cellular association with anatase as opposed to rutile TiOy is due to
differing surface energies caused by distorted tetragonal atomic
arrangement (Selloni, 2008). G3-1 had the second largest primary
particle size in this study, potentially indicating that size had an impact
on uptake potential. A primary particle size of 160.8 & 71.3 nm would
place G3-1 in a suitable size range to undergo clathrin-mediated
endocytosis as would the sizes of materials G4-19 and E171-E
(~177.7 and ~ 106.8 nm respectively), both of which underwent up-
take by the A549 cell line (Foroozandeh and Aziz, 2018). Despite the
observed internalisation of G3-1 by both cell types, evidence of cellular
interaction with this material appears to be limited when evaluated by
flow cytometry. This limited interaction may be attributed to lower
reactivity due to a larger surface area of this material compared to the
smaller particle sizes of other materials tested. Sample E171-E (anatase)
for instance was shown to interact with ~37.2% of the TK6 cell popu-
lation compared to G3-1 where interaction was shown with only 4.25%
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Fig. 4. Cytotoxicity assessment of A549 cells treated with test materials. PI staining analysis of A549 cells treated with sample G2-5 (a), G4-19 (b), G3-1 (c), E171-E (d), G6-3 (e) for 24 h and G2-5 (f), G4-19 (g), G3-1
(h), E171-E (i) G6.3 (j) for 72 h. Trypan blue staining analysis of A549 cells treated with all test materials for 24 h (k) and 72 (). Both assays are presented demonstrating percentage of cell survival of treated cells
compared to untreated control. MMC (1 pg/ml) was used as a positive control. *p < 0.05 when compared to untreated control (n = 3). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Table 3

Toxicology in Vitro 83 (2022) 105415

Summary of cellular interaction (cytotoxicity, cellular uptake and cellular association) of test materials G3-1, G4-19, G6-19, E171-E and G2-5 with the TK6 and A549
cell lines. Estimation of percentage cellular association was undertaken as described in Section 3.6. Test materials are listed in descending order of observed cellular
uptake and interaction potential (*) denotes an observed effect, (—) denotes no observed effect.

Sample TK6 cell line A549 cell line
Cytotoxicity =~ Evidence of cellular uptake  Evidence of cellular Cytotoxicity =~ Evidence of cellular uptake ~ Evidence of cellular
association association

G3-1 (rutile) - * * (4.25%) - * * (4.5%)

G4-19 (rutile) - - *(37.2%) - * *(4.42%)

G6-3 (rutile) - - * (18%) - * * (38%)

E171-E - - *(30.8%) - * *(0.7%)

(anatase)
G2-5 (anatase) - - - - *(0.5%)

of the population. The average particle size of E171-E was ~50 nm
smaller than G3-1, thus E171-E has a greater surface to volume ratio and
potentially higher bio-reactivity (Suttiponparnit et al., 2011). Despite
the greater degree of cellular interaction by E171-E, no uptake of this
material was observed in TK6 cells, suggesting that its smaller size (in
comparison with G3-1) potentially prevented uptake. In contrast how-
ever, there was evidence of E171-E uptake in the A549 cell line but with
limited cellular association. It is a primary toxicological concern that a
material <100 nm in size may have greater potential to undergo cellular
uptake compared to a bulk material (Oberdorster et al., 2005). However,
the TiO, samples investigated here do not strictly conform to this, with
an anatase that is ~5.6 nm (sample G2-5) in size showing the potentially
lowest cellular uptake and interaction potential.

Regardless of the cellular uptake and association data generated in
this current study there was no observed correlation between increased
uptake/cell surface association and a cytotoxic repose as none of the test
materials caused cell death at the applied dose range (r = 0.0048). This
is consistent with a (genotoxicity) study that undertook cytotoxicity and
cellular uptake evaluation in 4 different cell lines (A549, HEPG2, A172
and SH-SY5Y) (Brandao et al., 2020). This investigation described that,
regardless of a time dependant increase in cellular uptake of (25 nm)
anatase particles, there was no increase in cell cytotoxicity in any of the
test cell types, nor any observed genotoxicity.

4.1. Conclusions

In conclusion, the data gathered in this study demonstrates that the
industrially relevant TiO; cellular interaction was dependent on the cell
type used. The only TiO, particle-types in this study that were intern-
alised by the TK6 cells was a rutile form with a primary particle size
>160 nm, whereas all the TiO, test materials were shown to be
internalised by A549 cells. Comparing the crystalline structure of the
materials tested, the rutile materials appeared to have a greater poten-
tial to undergo cellular association, which differs from the initial pro-
posed hypothesis. Regardless of cellular interactions, none of the TiOy
particles induced cytotoxicity.
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