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Abstract

Evaluating the genotoxic potential of nanomaterials (NMs) presents unique challenges not associated with traditional toxicological assessment.
A key question in any NM focused toxicity study is whether the material has reached the target cell and what its subsequent subcellular
localization is. This current study aimed to assess the potential of a panel of industrially relevant NMs; TiO2-NM102, TiO2-NM105, TiO2-E171,
silica, polyethylene, polystyrene, carbon black, gold nanorods, tungsten carbide/cobalt, and tungsten carbide, to undergo cellular uptake in mouse
embryonic stem cells, which are applied in the ToxTracker genotoxicity assay. Ultrastructural cellular analysis by transmission electron microscopy
was undertaken following 100 μg/ml treatment with the test NMs for 24 h; any observed uptake was confirmed by energy-dispersive X-ray
spectroscopy. Induction of DNA damage, cytotoxicity, p53 activation, protein stress, and oxidative stress was evaluated by the ToxTracker assay
following 24-h treatment with the test NMs (0−100 μg/ml) in the absence of S9. TiO2-NM105, silica, polystyrene, carbon black, and tungsten
carbide were all shown to undergo cellular uptake, localized in membrane-bound vesicles within the cytoplasm. None of the internalized NMs
promoted a genotoxic response in ToxTracker, and similarly, no DNA damage was observed by the materials not internalized. Interestingly, of
the internalized NMs, only polystyrene caused a slight cytotoxic response at 100 μg/ml treatment (10% loss in cell viability). Of the NMs not
internalized, cytotoxicity was observed in mES cells treated with 100 μg/ml TiO2-NM102 (15%), polyethylene (15%), gold nanorods (35%), and
tungsten carbide/cobalt (45%). In summary, this study demonstrated that TiO2-NM105, silica, polystyrene, carbon black, and tungsten carbide
are non-genotoxic in vitro despite undergoing cell uptake in the ToxTracker cells. A continued focus is needed to supplement NM genotoxicity
studies with cellular uptake analysis.
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Introduction

Nanomaterials (NMs) are being developed for a wide vari-
ety of applications in many sectors, including the chemi-
cal, pharmaceutical, and food industries. These substances
with exceptional properties provide opportunities for product
improvement and the development of completely new mate-
rials. However, evaluating the genotoxic potential of NMs
presents unique challenges not associated with traditional
pharmaceutical and chemical toxicological assessment [1]. A
NM’s extra- and inter-cellular interactions will be determined
by its physico-chemical properties, including size, shape, sur-
face charge/chemistry, and agglomeration state [2]. These
properties will influence interactions at the cell membrane,
facilitating or hindering cellular uptake. This is especially
relevant for non-soluble NMs due to their potentially high
bio-reactivity [3, 4].

Previously a working group, the Genetic Toxicology Tech-
nical Committee of the International Life Sciences Institute’s

Health and Environmental Sciences Institute made recom-
mendations for how NM genotoxicity evaluation should be
undertaken [5]. The group recommended a revised genotox-
icity test battery for NMs that includes in vitro mammalian
cell mutagenicity and clastogenicity assessments; in vivo
assessments would be added only if warranted by information
on specific organ exposure or sequestration of NMs.
Furthermore, verification of cellular uptake into target cells
should be undertaken, alongside in situ material physico-
chemical characterization prior to endpoint toxicological
analysis. Uptake analysis of NMs in the cells of a test
system provides vital information that can be relevant to
their mode of action if DNA damage is induced [6]. For
example, if NMs can theoretically enter the nucleus, they
may have the opportunity to directly interact with DNA [7],
whilst localization of the test material within the cytoplasm
alongside a positive DNA damage response would imply the
induction of indirect genotoxicity, such as oxidative stress or
protein function inhibition [8, 9].
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2 Understanding the cellular uptake and genotoxic potential of nanomaterials

Identification of a test material within specific organelles or
membrane-bound vesicles can also provide explanatory infor-
mation (when associated with other mechanistic analysis). For
example, lysosomes are the most acidic cellular organelle, with
an optimal pH 4.5–5.5; NMs within these organelles may be
susceptible to acid-denaturation and enzymatic degradation
[10]. This has previously been demonstrated to occur with
transition metal oxides. For example, dextran coated iron
oxide nanoparticles can be readily internalized by a number
of different cell types in vitro, including lymphoblastoid
B (TK6), lung epithelial (16HBE14o−), and macrophages
(differentiated THP-1) cells, often localized within lysosomes
[11, 12]. Subsequent analysis demonstrated that the material
induced DNA damage (quantified by the in vitro micronucleus
assay) via oxidative stress. This was initiated by metal ions
promoting hydroxyl radical formation, consequently resulting
in the formation of toxic DNA adducts capable of causing
DNA strand breakage [13]. Conversely NM uptake into a
cell does not always elicit a toxicological response, some
carbon nanotubes for instance have been shown to undergo
cellular uptake with no acute toxic response [4]. Moreover,
toxicological assessment of an industrially relevant titanium
dioxide (TiO2) (nano)particle panel, which demonstrated
cellular uptake to be dependent on size and crystalline state,
showed no toxicological response to any of the test materials
regardless of uptake potential [14]. Most in vitro studies
that have correlated cellular uptake with genotoxicity utilize
traditional assays such as the in vitro micronucleus or hypox-
anthine phosphoribosyl transferase (HPRT) assays [15].
There are however various international initiatives to make a
paradigm shift in toxicity testing toward novel approaches
that integrate mechanistic evaluation [16]. ToxTracker is
a new approach method (NAM), mouse embryonic stem
cell-based (mES) assay that identifies genotoxic compounds
using six fluorescent reporter genes specifically activated by
different cellular signaling responses. Responses are associated
with both direct and indirect genotoxicity [17] and provide
insight into the mechanisms involved, including oxidative
damage, protein damage, and p53 activation. The assay has
undergone validation [18] and has been used previously to
assess the potential genotoxicity of nanoparticle metals and
oxides [19–21].

The aim of this current study was to investigate the cellular
uptake and toxicological endpoints using transmission
electron microscopy (TEM) along with the in vitro Tox-
Tracker assay to assess the toxic and genotoxic effects of 10
(nano)materials with differing physico-chemical properties.
The NMs were: TiO2-NM102, TiO2-NM105, polystyrene
(50 nm), Silica (50 nm), polyethylene (200—9900 nm),
carbon black (20 nm), gold nanorods, tungsten carbide/cobalt,
tungsten carbide, and TiO2 E171. These materials were
selected to provide a broad range of industrially relevant
samples from a range of different sectors, including food,
medicine, and automotive.

Materials and methods

All test materials are listed in Table 1.
Prior to all experiments, the test materials were prepared in

cell culture medium (DMEM) without serum [cell experiments
and dynamic light scattering (DLS)] or water (for DLS). For
every sample, a 1 mg/ml stock was prepared, which was
sonicated for 10 min twice in a Branson2800 sonicating
water bath, model CPX2800H, 40 kHz, except for the gold

nanorods, which were already in suspension. Fresh samples
were prepared for every exposure and used within 30 min.

Dynamic light scattering sizing of test materials

DLS was performed using a ZetaSizer Pro Blue (Malvern
Instruments, UK). The test materials (Table 1) were diluted
to a concentration of 100 μg/ml and incubated at 37◦C for
1 h prior to undertaking measurements and were maintained
at this temperature until used. Dilutions were carried out in
both 10% serum-containing media (DMEM with 10% fetal
bovine calf serum) and H2O; 1 ml of each dispersant was used
in 1.5 ml Eppendorf tubes. The DLS standard operating proce-
dure was set up according to the instrument’s operating man-
ual. This required the input of dispersant dynamic viscosity
(cP) (water: 0.6963, media: 0.7078) and the refractive index of
the test materials (Table 1). Then, 100 μl of the samples were
pipetted into micro cuvettes (Sigma-Aldrich, UK) and inserted
into the instrument. The instrument was set to equilibrate the
sample at 37◦C for 2 min prior to measurement initiation
and maintained this temperature throughout the measurement
process. No visible precipitation was observed during the
measurement process. Each measurement consisted of 10
runs, which were averaged, and each sample was performed in
triplicate (individually prepared). The instrument attenuator
was set to automatic, and analysis of the resulting data was
conducted using ZS Xplorer version 3.22 (Malvern, UK). The
data were presented as a z-average (nm), a size range (nm),
and a polydispersity index (PDI).

ToxTracker analysis

The protocol for performing the ToxTracker assay has been
published previously [17,22]. Briefly, the six independent
mES reporter cell lines were seeded in gelatin-coated 96-well
cell culture plates in 200 μl mES cell medium (50 x 103

cells per well) and incubated at 37◦C, 5% CO2 for 24 h.
Following the cell seeding into the 96-well plates, medium
was aspirated and fresh mES cell medium containing 10%
fetal calf serum (FCS) and the diluted materials were added
to the cells. For the tested materials, five concentrations were
tested in 2-fold dilutions. Test concentrations were selected
based on cytotoxicity data from a concentration range finding
experiment (data not included). Three independent repeat
experiments were performed, and in each experiment, one well
per concentration was measured for every cell line. In each
well, at least 5000 intact cells were measured. Induction of
the green fluorescent protein (GFP) reporters and change in
side scatter was determined after 24 h exposure using a flow
cytometer (Guava EasyCyte—Merck Millipore). Cells were
collected by trypsinization after washing twice in phosphate
buffered saline (PBS) and resuspended in PBS+ 2% FCS.
Only GFP expression and mean side scatter in intact single
cells was determined. Mean GFP fluorescence was measured
and used to calculate GFP reporter induction compared to a
vehicle control treatment. Cytotoxicity was estimated by cell
count after 24 h exposure using a flow cytometer and was
expressed as fraction of intact cells (based on forward and
side scatter) after 24 h exposure compared to vehicle exposed
controls. For cytotoxicity assessment in the ToxTracker assay,
the relative cell survival for the six different reporter cell
lines was averaged because the cytotoxicity levels were very
similar. Positive reference treatments with cisplatin (DNA
damage), diethyl maleate (oxidative stress), and tunicamycin
(unfolded protein response) were included in all experiments.
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Evans et al. 3

Table 1. Test materials used, provider, product number, and further information provided by supplier including refractive index (n’).

Material Provider Order number Description (if provided by supplier)

TiO2-NM102 JRC nanomaterial
repository (Italy)

JRCNM10202 16–40 nm, impurities (ICP-OES) S, Ca, Zr, K, Na,
P, W. n’ 2.48

TiO2-NM105 JRC nanomaterial
repository (Italy)

JRCNM01005 10–45 nm, impurities (ICP-OES) Na. n’ 2.48

TiO2 (E171) Sigma Aldrich (Germany) 1.00805 EMPROVE Essential, LOT: K54475005. n’ 2.48
Polystyrene (50 nm) Polysciences (USA) 07307–15 Polybeads 36–64 nm, 2.5% solids. n’ 1.59
Silica (50 ± 10 nm) Polysciences (USA) 24 040 Colloidal SIO2, 50 nm. 10% solids. n’ 1.47
Polyethylene (200-9900 nm) Cospheric LLC (USA) PENS-0.95200-9900 nm—1 g 200–9900 nm, purity >70%. n’ 1.51
Carbon Black (20 nm) Nanografi (Turkey) NG04EO0709 20nmm, pH 2.4, surface area 195 m2/g. n’ 1.95
Gold Nanorods (40 ± 15 nm) Clinisciences (Netherlands) GRCH660-500 U NanoXact Gold Nanorods—Bare (Citrate)—Peak

@ 660 nm · 48 nm × 18 nm, 50 OD in
water—500 μl. n’ 0.2

Tungsten Carbide/Cobalt
(<200 nm)

NanoAmor (USA) 5561HW Batch: 5561–072018. Purity: 99.5%. 8 wt%
Co/WC <200 nm. n’ 2.13

Tungsten Carbide (50 nm) NanoAmor (USA) 5551BD Batch: 5551–042622. Purity: 99.9%. WC, 50 nM.
n’ 2.42

Data were classified according to the criteria defined in the
interlaboratory validation [18].

Cell preparation and resin embedding for
transmission electron microscopy

0.8 million parental mES cells were seeded in 6-well plates in
a single replicate. 24 h after seeding, cells were exposed for
24 h to the NP at a concentration of 25 μg/ml. After 24 h
exposure, cells were harvested using trypsinization, pelleted
(230 g for 10 min), and washed once in maintenance buffer
(0.1 M sucrose, 200 mM di-sodium hydrogen orthophos-
phate dihydrate, and 200 mM sodium dihydrogen orthophos-
phate monohydrate in double distilled H2O). Cells were then
post-fixed in 1% osmium tetroxide fixative (2.26% sodium
dihydrogen orthophosphate, 2.52% sodium hydroxide, 5.4%
glucose, and 1% osmium tetroxide) for 1.5 h at 4◦C in
the dark on a rocker (30 rpm). After secondary fixation,
cells were re-pelleted at 230 g for 10 min and the fixative
aspirated off. At this stage, the TAAB Premix resin kit (TAAB
Laboratory and Microscopy Reagents, UK) was prepared by
the addition of the hardener to the resin and placed on a
roller for 1 h and the accelerator component was added.
Prior to adding resin to cell pellets, dehydration stages were
undertaken whereby cells were placed in 10% ethanol for
10 min, 70% ethanol for 30 min, and then twice in 100%
ethanol for 20 min; all dehydration stages were undertaken
under gentle agitation. Cell samples were subsequently placed
into 100% propylene oxide for 20 min (twice), then placed in
1:1 ratio of resin and propylene oxide for 90 min, finally cells
were placed into 100% resin overnight at 4◦C. Resin was pre-
warmed at room temperature on a roller for 1 h, and then
the cell sample resin was replaced with 100% fresh resin).
Cell samples were placed in an oven at 60◦C for 24 h with
the caps left open (to allow any residual propylene oxide to
evaporate).

Sectioning by ultramicrotomy

The resin blocks were cut free from the 0.5 ml Eppendorf
tube and trimmed with glass knives using an EM-UC7 ultra-
microtome (Leica Microsystems, UK) at 100 mm/s approach
distance set at 150 nm until the blocks had a flat face edge
that was encompassing the cell pellet. From this block face, a

raised mesa was cut with the dimensions 750 μm x 750 μm
and 50 μm deep at 100 mm/s and approach set at 100 nm.
Sections, 70 nm thick, were then cut from this mesa using an
Ultra 45◦ diamond knife (Diatome, Switzerland). The cutting
speed was set at 1 mm/s, and the approach distance was set at
70 nm. Sections were floated out onto a water bath (part of
the diamond knife component) and picked up onto carbon-
coated 150 mesh copper grids (Agar Scientific, UK) held in
0.07 mm tipped self-closing tweezers (Agar Scientific, UK).

Transmission electron microscopy imaging

Samples were examined using a FEI TALOS (ThermoFisher,
UK) equipped with a field emission gun operated at 200 kV
accelerating voltage. An Oxford Instruments INCA 350 EDX
system/80 mm X-Max SDD detector was used to measure the
energy-dispersive X-ray (EDX) spectra and the images were
captured on a Gatan Orius SC600A CCD camera. Where the
presence of the test material was suspected within the tissue
sections, elemental analysis was undertaken using EDX to
provide an elemental spectrum of the observed object. For
each sample 100 cells were imaged from five different areas
selected at random, to avoid scoring bias.

Data and statistical analysis

All data are presented as the mean ± SD, except for Tox-
Tracker data, where data are represented as mean ± SEM.
All analysis was completed over three independent biological
replicates (n = 3). To assess differences in mean side scatter,
a one-way ANOVA with Dunnett’s test for multiple compar-
isons was used in GraphPad Prism version 10 (Dotmatics).
Here, a P < .001 was considered significant.

Results

This investigation aimed to assess the potential genotoxicity of
10 (nano)materials; titanium Dioxide (TiO2)-NM102, TiO2-
NM105, polystyrene (50 nm), silica (50 nm), polyethylene
(200−9900 nm), carbon black (20 nm), gold nanorods, tung-
sten carbide/cobalt, tungsten carbide, and TiO2 (E171) in the
ToxTracker assay. Additionally, the ability of these materials
to undergo cellular uptake in the mES reporter cell line was
assessed by electron microscopy.
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4 Understanding the cellular uptake and genotoxic potential of nanomaterials

Table 2. DLS sizing measurements of test materials in water and cell culture medium, the measurement has been displayed as an average (Z -average)
(nm), a size range (nm), and a PDI (n = 3) (± = standard deviation of the mean).

Material Z-average (nm)
water

Z-Average (nm)
media

Size range (nm)
water

Size range
(nm) media

PDI water PDI media

TiO2– NM102 1014 ± 198.6 1614.0 ± 469.7 828.70–1402.0 763–2170 0.14 ± 0.056 0.459 ± 0.17
TiO2– NM103 466.4o ± 50.75 534.80 ± 40.93 376.20–534.50 459.4–619.4 0.34 ± 0.060 0.490 ± 0.05
Polystyrene (50 nm) 39.18 ± 1.29 37.99 ± 3.456 22.68–23.41 28.17–41.6 0.515 ± 0.01 0.507 ± 0.02
Silica (50 ± 10 nm) 22.93 ± 0.26 22.90 ± 0.298 22.68–23.41 22.57–23.54 0.547 ± 0.04 0.535 ± 0.01
Polyethylene (200—9900 nm) 72.24 ± 168.80 729.10 ± 604.10 13.7–522.3 400.69–2066 0.354 ± 0.10 0.457 ± 0.26
Carbon Black (20 nm) 997.60 ± 366.10 555.30 ± 470.0 600.2–1674 87.92–1441 0.664 ± 0.14 0.59 ± 0.12
Gold Nanorods (40 ± 15 nm) 16.07 ± 2.36 14.38 ± 0.98 14.41–22.12 14.09–17.05 0.385 ± 0.08 0.40 ± 0.03
Tungesten Carbide/Cobalt (<200 nm) 483.70 ± 191.20 521.10 ± 242.5 260–818.6 46.54–1242.2 0.754 ± 0.11 0.59 ± 0.07
Tungesten Carbide (50 nm) 324.1 ± 15.84 217.0 ± 9.37 307.7–356.8 202.6–229.5 0.210 ± 0.01 0.32 ± 0.03
TiO2 E171 1406.0 ± 659.20 1658.0 ± 688.3 694.8–2715 621–2582 0.1595 ± 0.59 0.64 ± 0.14

Characterization of test materials agglomeration in
water and cell culture medium

Size measurements of the test materials were undertaken by
DLS in water and complete cell culture medium to evaluate
the agglomeration of the test material under the experimental
conditions (Table 2). In general, a PDI of <0.7 is deemed
acceptable to provide an accurate size measurement of a test
sample. All test materials except tungsten carbide–cobalt in
complete cell culture medium met this requirement.

TiO2-NM102, TiO2 NM-103, TiO2 E171, polyethylene,
and tungsten carbide cobalt all demonstrated an increase
in agglomerate size in culture media compared to water.
Conversely, carbon and tungsten carbide demonstrated a
decrease in agglomerate size in culture media. Polystyrene,
gold nanorods, and silica maintained a narrow size distribu-
tion in both dispersants with limited or minor variation in
agglomerate sizing (between culture media and water).

Assessment of potential genotoxicity and cellular
stress response upon nanomaterial exposure

Toxicological evaluation was undertaken in mES cells
following treatment with the 10 selected NMs suspended
in cell culture medium. Freshly prepared suspensions were
sonicated to disperse the NMs in serum-free medium to avoid
foam, and serum was added before exposure. After 24 h of
exposure, cells were harvested, and cell numbers, GFP signal
(reporter induction), and mean side scatter were measured
using flow cytometry.

Regardless of test material, exposure of mES cells to the
NMs did not result in activation of the ToxTracker DNA
damage reporters Bscl2-GFP and Rtkn-GFP. Activation of
the oxidative stress reporter Srxn1-GFP was observed upon
exposure to tungsten carbide cobalt, but exposure to this
material did not activate the second reporter for oxidative
stress, Blvrb-GFP, more than 2-fold (Fig. 1a). Activation of
the Ddit3-GFP protein stress reporter was observed only after
exposure to the gold nanorods. Exposure to the other test sub-
stances did not result in activation of any of the ToxTracker
reporters (Fig. 1b). Limited cytotoxicity was observed in mES
cells treated with polyethylene (15%) and gold nanorods
(35%) (100 μg/ml treatment only). Moderate cytotoxicity was
observed when treated with tungsten carbide/cobalt (45%) at
the 100 μg/ml dose.

Side scatter of cells measured with flow cytometry increases
with increasing cell complexity and can indicate interaction
of the cells with nanoparticles. However, interaction does not

necessarily result in cellular uptake. Increases in side scatter
observed at the highest tested concentration (100 μg/ml) were
determined compared to background (medium exposure only)
(Fig. 2). Exposure to the three TiO2 samples resulted in the
highest increase in side scatter. A clear increase in side scatter
was also observed for carbon black, tungsten carbide, and
tungsten carbide/cobalt. This increase in side scatter suggests
surface association or internalization, since it was not washed
away during harvest, but it is not possible to distinguish
between internalized material and material on the outside
of the cell.

Evaluation of nanomaterial internalization by mES
following exposure

Subcellular uptake analysis was undertaken in mES cells
following treatment with the NMs by TEM. Cellular anal-
ysis of mES cells treated with TiO2-NM102 polyethylene,
gold nanorods, tungsten carbide, and tungsten carbide cobalt,
and TiO2 (E171) by TEM did not show any visible evi-
dence of cellular uptake. A representative image of an mES
cell that has not taken up any test material is shown in
Supplementary Fig. S1.

In contrast, ∼25 mES cells treated with TiO2-NM105 were
imaged from a total of five areas on one TEM grid. When all
cell sections were imaged, there was evidence of the test mate-
rial localized within the cytoplasm of ∼60% of cells imaged
(Fig. 3a and b). The material appeared to be highly electron-
dense, crystalline, and faceted; EDX analysis confirmed the
material to consist of titanium (Fig. 3c).

TEM analysis of mES cells treated with polystyrene
nanoparticles showed evidence of the material in ∼70% of
imaged cells (confirmed by EDX). The particles were localized
within membrane-bound vesicles or free within the cytoplasm
(Fig. 4a and b). Silica was also shown to be present in 70% of
cells imaged, localized in the cytoplasm (Fig. 5a and b). This
was confirmed by EDX analysis demonstrating the presence of
silica where the internalized material was observed (Fig. 5c).

During TEM analysis of mES cells treated with carbon
black, electron-dense particulate matter was observed within
10% of the cells imaged (Fig. 6a and b). The material appeared
to be electron dense and with an irregular shape. EDX analysis
was performed across two regions of the cell where uptake
was suspected and an area of cytoplasm where no material
was visible (areas 1 and 2 in Fig. 6a, respectively) (EDX shown
in Fig. 6c and d). This analysis showed the electron-dense
region to have a higher carbon intensity than the normal cell
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Figure 1. (a) ToxTracker analysis of gold nanorods, tungsten carbide/cobalt, TiO2-NM105, and polyethylene showing change in cytotoxicity, DNA damage,
cellular stress (p53), oxidative stress, and protein damage reporters in mES cell line, and (b) heatmap showing ToxTracker response for all tested NMs
with hierarchical clustering based on response.

Figure 2. Quantification side scatter. Individual values (n = 18 wells, at
least 5000 cells/well) of mean side scatter at 100 μg/ml shown. ∗P < .001
in one-way ANOVA with Dunnett’s test for multiple comparisons.

cytoplasm, therefore confirming the material to be comprised
of carbon.

Discussion

This study undertook (geno)toxicological assessment of a
panel of NMs by application of the ToxTracker assay. This
was correlated with subcellular uptake evaluation by elec-
tron microscopy, providing a visual assessment of the test
material’s capacity to enter the test cell line, and its intracellu-
lar fate. Considering this, the study herein assessed the cellular
response to the test materials using the ToxTracker assay,

focusing on genotoxicity, oxidative stress, and cell death [23].
None of the tested materials activated the ToxTracker DNA
damage reporters, and therefore all would be classified as non-
genotoxic in the assay. For only two materials, activation of
any of the other ToxTracker reporters was observed: tungsten
carbide cobalt activated the oxidative stress response, and
gold nanorods activated the protein stress response. However,
it is important to consider these responses together with the
relevant cellular uptake data.

Genotoxicity evaluation was complemented with an assess-
ment of the ability of the materials to undergo cellular uptake
in the mES cell line by electron microscopy analysis. TEM
analysis is considered the gold standard in confirming the
interaction and internalization of test material within mam-
malian cells. This approach allows for ultrastructural identi-
fication of NM internalization within single cells [24]. NMs,
by their nature, have significant potential to be internalized
by target cells both in vitro and in vivo dependent on their
physico-chemical properties. Information on the ability of a
test NM to undergo cellular uptake and its localization within
the cell is key in understanding its toxicological fate. Cellular
uptake did not result in a genotoxic response, as 4/10 test
materials were visibly internalized by the test cell line, yet
none of them were genotoxic in the test cell line. On the other
hand, ToxTracker indicated biological effects of some NMs
that were not internalized. This would possibly be indicative
of extracellular effects such as cell surface interactions and/or
ion dissolution within the cell culture medium (i.e. biological
interactions not detectable by TEM) [14]. Tungsten carbide
cobalt, for instance, caused moderate cytotoxicity but was not
internalized by the test cell line. The cells treated with this
material did, however, demonstrate increased side scatter dur-
ing ToxTracker analysis, indicative of cell surface association.

TiO2-MN105 did not promote any response to the Tox-
Tracker assay despite being visible in the cytoplasm in 60%
of cells imaged by TEM. TiO2 cellular uptake in vitro has
been shown to be highly cell type-specific, with a previ-
ous study showing that lung epithelial cells (A549) were
able to internalize multiple different TiO2 types of both
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6 Understanding the cellular uptake and genotoxic potential of nanomaterials

Figure 3. TEM cellular uptake assessment of test material TiO2 NM105 in parental mES cells. (a) Whole mES cell image with evidence of internalized
material, (b) higher magnification TEM image of material in mES cell, and (c) EDX spectra of material confirming presence of titanium. Arrows identify
location of test material.

Figure 4. TEM cellular uptake assessment of test material polystyrene in mES cells. (a) Whole mES cell image with evidence of internalized material, (b)
higher magnification TEM image of material in a mES cell localized in a membrane-bound vesicle, (c) EDX analysis of material showing increased carbon
composition compared to cellular background shown in (d). Arrows identify the test material.
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Figure 5. TEM cellular uptake assessment of silica in mES cells. (a) Whole mES cell image with evidence of internalized material, (b) higher magnification
TEM image of material in a mES cell, and (c) EDX spectra of material confirming presence of silica. Arrows identify location of test material.

nano and micron size [14]. Whereas the suspension lym-
phoblast cell line TK6 only internalized TiO2 in the anatase
form with a primary particle size <160 nm. A study by
Allouni investigating how TiO2 crystalline state impacts cel-
lular uptake potential (in fibroblasts), found that anatase
TiO2 has a greater affinity for the cell surface and con-
sequently has greater uptake potential [25]. The likelihood
of cell membrane association was thought to be related to
differing surface energies in anatase’s distorted tetragonal
atomic arrangement [26]. TiO2-NM105, comprised of both
anatase and rutile forms, can conform to this potential the-
ory [27]. However, the second TiO2 tested in this current
study, TiO2-NM102, was pure anatase, and no uptake of
this particle type was observed in mES cells. This difference
in uptake potential may be attributed to their differing aver-
age hydrodynamic diameters under experimental conditions,
with TiO2-NM102 forming significantly larger agglomerates
(1614 nm) than TiO2-NM105 (534.8 nm). The larger agglom-
erate size of TiO2-NM102 presumably limited or inhibited the
potential of the material to enter the cells via Clathrin- and
caveolin-mediated mechanisms, as highlighted by Rennick
et al. [28], these pathways usually account for particle (diam-
eter) sizes ≤200 nm. For both materials, a substantial increase
in side scatter was observed, but neither of the test TiO2
variants tested caused any significant toxic response, with only

TiO2-NM102 causing a very low level of cytotoxicity at
the highest applied dose (100 μg/ml). The increases in side
scatter by TiO2-NM102 and TiO2-NM105, despite lack of
evidence of cell uptake (by TEM), is consistent with a previous
study showing that some forms of TiO2 interact at the cell
surface [14]. The ability of TiO2 to cause cytotoxicity and
genotoxicity is varied across the literature and dependent on
the test material physico-chemical properties, exposure system
used, and endpoint assays applied [29–31].

Effects of nanomaterial size and shape

In situ material physico-chemical characterization is impor-
tant for the genotoxicity assessment of NMs. Consequently,
this study undertook DLS sizing analysis of all test materials.
Except for polystyrene, gold nanorods, and silica, all the
test materials deviated significantly in size when dispersed in
culture media compared to supplier-provided information on
the primary particle size. This is an expected phenomenon due
to mutual attraction of individual units of material by van der
Waals forces causing agglomeration in solution (dependent
on material surface chemistry) [32]. All test materials fell
within a PDI range for the measurement to be considered
acceptable (<0.7); this indicated that DLS was an appropriate
technique for the sizing evaluation undertaken [33]. NM
agglomeration in an in vitro exposure system will greatly
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8 Understanding the cellular uptake and genotoxic potential of nanomaterials

Figure 6. TEM cellular uptake assessment of carbon black in mES cells. (a) Whole mES cell image with evidence of internalized material, (b) higher
magnification TEM image of material in a mES cell, (c) EDX spectra of material confirming greater intensity of carbon in Area 1 compared to Area 2 (in
sub figure a), and (d) EDX spectra of Area 2 in sub figure a.

influence its effect at the cellular level, affecting interactions at
the cell surface, uptake potential, and intercellular interactions
[34]. It was interesting to compare the DLS measurements of
all three TiO2 types and indeed all the other test materials
to polystyrene nanoparticles under experimental conditions.
Polystyrene is an aromatic hydrocarbon and a versatile plastic
used in many consumer products [35]. Polystyrene nanopar-
ticles are often used as a model material for uptake studies
due to their consistent size, shape, surface charge and limited
potential to agglomerate in solution, which can easily facilitate
entry into a target cell [36]. Indeed, sizing of this material in
cell culture media showed limited to no agglomeration (size
range: 28.17–41.6 nm), and only a limited cytotoxic response
was noted in mES cells treated with the highest dose of the
material. However, cellular uptake was observed in 70% of
the cells imaged, showing a high internalization potential.
Polystyrene uptake can be accounted for firstly by particle
size; the DLS measurements put the test material in a size
range for uptake by endocytic mechanisms [37]. Moreover, the
TEM images of the particles within mES cells, show them to

be nearly spherical. In essence the more attuned a test material
is to a sphere, the greater the likelihood of it being taken up
into a cell. This is because cellular uptake is dependent on four
major factors: size, internalization force, membrane barrier,
and the chemical barrier [38]. If a material is more spherical it
is more likely to overcome the physical barrier and internalize
at a faster rate, as a sphere requires less membrane binding
energy than a material with a high aspect ratio [39]. This fact
is also consistent with the degree of uptake of silica into mES
cells, observed to be 70% of imaged cells. Although not as
spherical as polystyrene, its observed shape likely facilitates
its cellular uptake. No toxicity was noted in cells treated with
silica, but its degree of uptake was consistent with previous
studies [39]. Material shape would also play a significant
factor in the lack of uptake observed in mES cells treated with
gold nanorods, tungsten carbide, polyethylene, and tungsten
carbide/cobalt. The gold nanorods, despite falling within the
sizing range (14.09–17.05 nm) for active cellular uptake, were
likely prevented from entering cells due to their high aspect
ratio [39, 40].
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Toxic responses

TEM imaging of mES cells treated with carbon black appeared
to demonstrate visible cellular uptake, despite no observed
effect when evaluated by the ToxTracker system. Many studies
have demonstrated that carbon black causes oxidative stress,
genotoxicity, and chronic immune responses [41–43]. These
toxic responses are often exacerbated by or attributed to
surface-bound metals and polycyclic hydrocarbons, poten-
tially accounting for variability in the toxic outcome of carbon
black exposure [44]. Elemental analysis (EDX) of the internal-
ized carbon black in this study did not demonstrate the pres-
ence of any metal contaminants. Similarly to carbon black, the
toxicity of polyethylene is of concern from an environmental
exposure perspective. The test polyethylene used here did not
show any toxic response and none of the material was shown
to undergo cell internalization. Historically, polyethylene is
classified as inert, chemically neutral, and of low toxicological
risk; however, risk from this substance can occur from chronic
exposure and following combustion [45–47].

Consistent with earlier results, the ToxTacker assay did not
indicate that any of the test materials caused genotoxicity, and
most materials caused no or a very limited cytotoxic response.
The only exception to this was tungsten carbide/cobalt which
elicited moderate cytotoxicity (45%) at the highest applied
dose (100 μg/ml). No cellular uptake of this material was
observed in mES cells and, consequently, cannot be attributed
to its cytotoxic potential. However, the ToxTracker system
also indicated that the material promoted an oxidative stress
response. Cobalt is a transition metal; if its ions are released
into a biological system there is the potential for the for-
mation of oxidative radicals by Fenton reactions leading to
downstream oxidative stress [48]. Ion release into the cell
would not be detectable by electron microscopy. Exposure
to soluble cobalt materials has been shown to activate the
oxidative stress response in ToxTracker [49]. It should also
be noted that the genotoxicity of tungsten-carbide cobalt in
vitro appears to be cell line dependent. When tested on the
TK6 (human lymphoblast b cell line) and primary human
lymphoblast, tungsten carbide cobalt promotes a significant
degree of chromosomal damage when quantified by the in
vitro micronucleus assay [50].

Conclusion

This study demonstrated that TiO2-NM105, silica,
polystyrene, carbon black, and tungsten carbide are non-
genotoxic to the mES cell line in vitro despite undergoing
cell uptake in the ToxTracker cells. A continued focus is
needed to supplement NM genotoxicity studies with cellular
uptake analysis. This study highlighted the importance of
such evaluations using TEM for uptake assessment. Whilst
analysis such as side scatter from flow cytometry data can
provide useful cellular interaction information, it is unable to
confirm material internalization. Materials on the nanoscale
present different challenges when evaluating their toxic
potential; uptake analysis can help provide a key insight into
understanding fate and interpreting the outcomes of hazard
characterization endpoints.
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Supplementary data is available at Mutagenesis online.
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