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Abstract Isolated digestive gland epithelium from a model
invertebrate organism was used in an ex vivo system to
assess the potential of nanoparticulate TiO, to disrupt cell
membranes. Primary particle size, surface area, concentra-
tion of particles in a suspension, and duration of exposure
to TiO, particles were all found to have effects, which are
observed at concentrations of nano-TiO, as low as
1 pg mL™". The test system employed here can be used
as a fast screening tool to assess biological potential of
nanoparticles with similar chemical composition but differ-
ent size, concentration, or duration of exposure. We discuss
the potential of ex vivo tests to avoid some of the
limitations of conventional in vitro tests.
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Introduction

Because biological reactivity of nanoparticles is expected to
be a function of their physicochemical properties, it has
been suggested (Warheit 2008; Hussain et al. 2009) that
detailed characteristics of nanoparticles should be provided
together with toxicity data. It is important, however, to
recognize that the properties of nanoparticles can be
affected by the medium in which they are dispersed, and
it is advisable to characterize the properties of nanoparticles
in the test medium as well as in the solid form. Despite
much original research and several review papers on
nanotoxicity of engineered nanoparticles, the characteristics
actually responsible for the biological reactivity have still
not been identified. Singh et al. (2009) listed the results of a
number of genotoxicity and cytotoxicity studies of nano-
materials and concluded that there are significant incon-
sistencies in the literature and that it is difficult to draw
conclusions as to the physicochemical features of nano-
materials that promote effects on biological systems. They
explain that while the response to nanoparticles is con-
trolled by their large surface area, the available surface area
is modified by many parameters related to the media in
which the nanoparticles are suspended. Biological reactivity
of nanoparticles cannot be ascribed solely to their dissolu-
tion (Poynton et al. 2011).

Assessment of the toxic potential of nanoparticles with
in vitro tests is perhaps the fastest and most convenient
approach (Park et al. 2009). The most important advantages
of in vitro cell tests are that they represent well-established
methodologies, use small set-ups, have low costs, few
ethical problems, and are easily interpretable. They use
large numbers of replicates and the test set-ups can be
miniaturized and even automated (Hartung and Daston
2009). However, there are some limitations to conventional
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in vitro tests. These are related mainly to the absence of
intercellular interactions and cell defense mechanisms. In
addition, cell densities in cell cultures are typically less than
1% of those in tissue and most cell systems are composed only
of one cell type. It has been shown that frequently used cancer
cells have many, sometimes tens of thousands of mutations
(Frank and Nowak 2004; Ponten 2001) including loss of
partial or complete chromosomes (Hartung and Daston
2009) and are arguably not representative of a natural tissue
or organ.

In the work presented in this paper, we limited some of the
constrains of in vitro tests by making use of an ex vivo test in
which an isolated single-layer epithelium, e.g., the digestive
gland of a model invertebrate organism, was used as a
toxicological test system for the testing effect of TiO, particles.

The ability of TiO, nanoparticles to destabilize cell
membrane after in vitro exposure of cell lines has already
been noted by some authors (Thevenot et al. 2008; Simon-
Deckers et al. 2008; Lee et al. 2009). Nanosized TiO, is
known to disrupt cell membrane stability as a result of its
photocatalytic properties (Amezaga-Madrid et al. 2003).
Some authors also have explained cell membrane destabi-
lization as a result of direct interaction between nano-
particles and the lipid bilayer (Banaszak 2009), and others
explain cell membrane destabilization as resulting from
lipid peroxidation, a consequence of oxidative stress (Wang
et al. 2009). Destabilization of the cell membrane is
undoubtedly among the primary effects of nano-TiO, and,
therefore, suitable as a measure of the biological potential
of such nanoparticles.

In the work presented here, the isolated epithelium was
incubated in different suspensions of nanoparticles for a
selected period of time, after which changes in cell
membrane stability were assessed as a measure of the
nanoparticulate reactivity. In this way, we tested the
biological potential of TiO, particles. TiO, particles are
commercially available with variety of physicochemical
characteristics and are thus well suited for use in a
comparative nanotoxicity study. In addition, since it is
known that, unlike other metal oxide nanoparticles, TiO,
particles do not produce ionic species and so any effect
could not be attributed to dissolved metal ions.

The aim of this study was to test whether the response of
digestive gland epithelium to TiO, nanoparticles is related
to the primary size of the particles, their surface area, the
zeta potential of a suspension, or duration of exposure or
concentration. We expected that isolated digestive gland
epithelium would allow identification of dose and time
response to nanoparticles of similar chemical composition
but different sizes. The reactivity of the nanoparticles was
assessed by their potential to destabilize cell membranes.
We discuss advantages of the ex vivo test system which
avoids some of the limitations of conventional in vitro tests.
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Materials and methods
Chemicals

Acridine orange (AO), ethidium bromide (EB), NaCl, KCI,
MgCl,, glucose, and TRIS were purchased from Merck
(Darmstadt, Germany). AO, EB, and nanoparticulate TiO,,
were suspended in a physiological solution modified for use
with Porcellio scaber (248 mM NaCl, 8 mM KCl, 5 mM
MgCl,, 5 mM glucose, and 10 mM Tris in bidistilled
water). All suspensions of TiO, nanoparticles were pre-
pared with this solution.

Data on crystalline structure and average size for low and
medium size nanoparticles were provided by the manufacturer
(Sigma-Aldrich). The following different sizes and forms of
TiO, were tested for their potential to destabilize cell
membranes: 130 nm (rutile), 30 nm (anatase with traces of
rutile; Sigma-Aldrich, Steinheim, Germany), and 15 nm
(anatase; Sigma-Aldrich, Steinheim, Germany). We also
characterized the tested nanoparticles in this laboratory.

Model tissue

Experiments were conducted on isolated digestive glands
(hepatopancreas) of a model invertebrate Porcellio scaber
(Isopoda, Crustacea). Adult animals, body weight of 30 mg,
from laboratory stock cultures were selected for the study.
After decapitation, the four digestive gland tubes were
gently pulled out with tweezers and placed directly into
either physiological solution as a control, in a suspension of
nanoparticles, or in a solution of Cu”" ions. Each animal
has four gland tubes, and each one of these was treated
separately. Cell membrane stability was assessed by a
modified acridine orange/ethidium bromide (AO/EB)
method, as described previously (Valant et al. 2009) on
approximately 200 cells per gland tube (Fig. 1). The authors
describe the AO/EB method applied on isolated digestive
gland exposed in vivo. Here, the digestive glands were
isolated and incubated in a suspension of nanoparticles for
a certain period of time.

The relevance of using digestive gland cells (hepatopan-
creas) of the model organism (P scaber, Isopoda, Crustacea)
in nanoparticle studies of biological effects is twofold. First,
the digestive glands have intestinal, hepatic, and pancreatic
functions (Zimmer 2002). They are the main site of synthesis
and secretion of digestive enzymes, absorption of nutrients,
storage of metabolic reserves (lipids and glycogen), and
excretion of wastes. As such, hepatopancreas is a suitable
model system for investigating the reactivity of ingested
chemicals (Ferreira et al. 2010). Second, experiments with
isolated digestive glands are highly controllable, allow
optional selection of exposure duration, and produce easy
interpretable data.
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Fig. 1 Schematic diagram of
the digestive system of a model
experimental animal Porcellio
scaber (left). A pair of digestive
gland tubes is situated next to
the gut tube. Light micrograph
of a part of digestive gland tube
(right). The AO/EB assay is
based on assessing the portion
of stained nuclei/unstained
nuclei (see Valant et al. 2009)

stained cell nuclei

unstained cell nucleus

four digestive gland tubes

Characterization of nanoparticles

Nanoparticles were examined with transmission electron
microscopy (TEM), dynamic light scattering (DLS), Bru-
nauer—Emmett—Teller (BET), and X-ray powder diffraction
(XRD) techniques. The zeta potential of the suspension
media was also measured.

For TEM, the dispersions of nanoparticles were applied
to carbon-coated grids, dried at room temperature, and
examined with a 200 keV field emission transmission
electron microscope (Philips CM 100, Koninklijke Philips
Electronics, at the Jozef Stefan Institute, Ljubljana).

The dispersions of nanoparticles (100 pg mL™") were
inspected by DLS using a 3D DLS-SLS spectrometer
(FRITSCH, Analysette 12, Dynasizer). A HeNe laser
operating at a wavelength of 632.8 nm was used as the light
source and scattering was measured at an angle of 90°.
Suspensions were prepared on the physiologic solution and
measured immediately after preparation and after 18 h.

Samples were dried and degassed with nitrogen prior to
BET analysis (Tristar 3000, Micrometrics Co., Norcross,
GA, USA) which provided information about the surface
area of solid material.

TiO, samples were also monitored by XRD using a Bruker
AXS D4 Endeavor diffractometer (Karlsruhe, Germany) with
Cu-Ka; radiation and a Sol-X energy dispersive detector
within the angular range of 20°<2@<80°, a step size of
0.04°, and a collection time of 3 s.

Zeta potentials of TiO, particle suspensions (1,000 pg
mL ") were measured with ZetaPals, (Brookhaven Instru-
ment Corporation) in the physiologic solution used as the
test medium.

Experimental set-up and AO/EB assay

A single digestive gland tube (hepatopancreas) was placed
in an unsonicated suspension of TiO, nanoparticles or in a
control solution for different periods of time, the time frame
being selected on the basis of preliminary experiments. The
exposure time was selected as the maximum time in which
cell membrane of control gland epithelium cells remained
unaffected by the experiential conditions. We selected the
following durations of exposure: 0.5, 1, 3, 6, and 18 h.

The exposure concentrations of suspensions of TiO,
nanoparticles, selected on the basis of preliminary experi-
ments and literature data were: 0, 0.1, 1, 10, 100, and
1,000 pg mL ™" of nano-TiO,.

Ex vivo AO/EB assay was validated with relevant
positive control. Cell membrane destabilization was in-
duced with incubation of digestive gland tubes in a solution
of Cu®" ions (100 pg mL™'). Copper ions stimulate
production of excess levels of ROS, which lead to oxidative
stress and subsequently to cell membrane destabilization
(Regoli et al. 1998).

After exposure, each hepatopancreatic tube was placed
in the AO/EB mixture for 5 min and subsequently on a
microscope slide where it was immediately photographed
by an Axioimager.Z1 fluorescent microscope (Zeiss) using
two different sets of filters (Zeiss, AxioimagerZl). An
excitation filter of 450—490 nm and an emission filter of
515 nm (filter set 09) were used to visualize AO and EB
stained nuclei while the excitation filter of 365 nm and the
emission filter of 397 nm (filter set 01) were used to
visualize nuclei stained with EB only. Cell membrane
integrity was assessed by micrographic examination of a
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portion of stained nuclei in each investigated region (Valant
et al. 2009). In all, 200 nuclei from each gland tube were
examined and a portion of the stained nuclei was assessed
visually. Twelve hepatopancreatic tubes were exposed to
each concentration of TiO, nanoparticles, thus in all, 12x6
hepatopancreatic tube glands were experimentally exposed
and 18 animals were sacrificed.

Statistical analysis

Data were analyzed using standard statistical methods. The
difference in the medians of measured parameter in exposed
and unexposed groups was tested with the non-parametric
Mann—Whitney U test. All calculations were done using
STATGRAPHICS Plus 4.0 statistics software. Statistical
differences between exposed and control animals were
categorized into three groups with different numbers of
stars assigned (*p<0.05; ***p<0.005). Hydrodynamic radii
were determined using nanoQ software.

Results
Characteristics of TiO, nanoparticles

TEM reveals the shape and size of tested TiO, nano-
particles (Figs. 2a—c). All three types of TiO, were
composed of particles of different sizes. In the smallest,
the predominant size was elongated spherical, in the larger
and in the bulk nanoparticles, the spherical shape prevailed.
The largest particles tested were several hundred nano-
meters in diameter. The images of the three tested particles
clearly show significant differences in the primary particle
sizes, notwithstanding some overlap between groups.

DLS instrument enables the determination of hydrody-
namic radii of particles in extremely turbid suspensions by
a so-called 3D cross-correlation technique that successfully
eliminates multiple scattering of light. In fresh suspensions,
the average values of hydrodynamic radius of 10, 30, and
130 nm nanoparticles were 110, 240, and 860 nm,
respectively. In suspensions which were kept in fridge for
18 h, the average values of hydrodynamic radius of 10, 30,
and 130 nm were 230, 410, and 1,500 nm, respectively.

The BET method was used to assess the surface area of
TiO, samples. The primary particle sizes of TiO, nano-
particles were approximately 10, 30, and 130 nm, and the
surface areas were 144 m? g~ !, 46 m? g~' for 30 nm, and
11.7 m* g ', respectively. The size and surface area
correspond with the data provided by the supplier.

XRD revealed the crystal form of the TiO, samples. The
10, 30, and 130 nm TiO, nanoparticles were in anatase,
anatase with traces of rutile and rutile crystal forms,
respectively.
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The zeta potential values of 10 nm, 30 nm particles, and bulk
TiO,, suspended in a physiologic solution were —14, —18,
and —25 mV, respectively.

Ex vivo effect of TiO, suspensions and Cu®" ions on cell
membrane stability

No significant effect on cell membrane stability was noted
after 0.5, 1, 3, or 6 h incubation of hepatopancreatic gland
tubes in suspensions of any of three TiO, particle
suspensions. After incubation for 18 h, TiO, particles were
found to destabilize cell membrane of digestive glands.

Cell membranes were significantly destabilized when
digestive gland tubes were incubated in 1, 10, 100, and
1,000 pg mL™" of the 10 nm TiO, nanoparticles. Larger
nanoparticles, with a primary particle size of 30 nm also
significantly destabilized the cell membrane, but only at
higher concentrations of 100 or 1,000 pg mL ' This
concentration-dependent response was a threshold effect.
This means that there is no effect unless the concentration is
high enough. After that, also the increasing concentration
did not increase the intensity of effect. An increase of even
three orders of magnitude in exposure concentration failed
to produce a systematic response (Figs. 3a, b). Bulk sized
TiO, nanoparticles had no effect on cell membrane stability
(Fig. 3c¢).

Cell membranes were also significantly destabilized
when digestive gland tubes were incubated in a solution
of Cu®" ions (Fig. 3a—c).

Discussion

Evidence from ex vivo tests suggests that primary particle
size, particle surface area, concentration of particles,
particle shape, and duration of exposure to TiO, particles
are all partly responsible for the biological potential. The ex
vivo test system employed in this study provides evidence
that the cell membrane of isolated digestive gland epithe-
lium is affected at the lower concentration of TiO, nano-
particles (1 pg mL™'). This is among the lowest
concentrations of nano-TiO, reported to exert biological
effects after 18 h of incubation. The most biologically
potent materials were anatase TiO, nanoparticles with
primary size of 10 nm, surface area of 144 m*> g ', and
zeta potential of —14 mV, indicating moderate suspension
stability.

Currently, over 50 scientific papers on the effects of
nano-TiO, tested in vitro have been published. Some of
these (Sayes et al. 2006; Soto et al. 2007; Sayes and
Warheit 2008; Simon-Deckers et al. 2008; Braydich-Stolle
et al. 2009; Fujita et al. 2009; Hussain et al. 2009; Karlsson
et al. 2009; Pan et al. 2009; Heinlaan et al. 2008) provide
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Fig. 2 a—c Transmission
electron micrographs of TiO,
particles tested in our study. a
TEM micrograph in 10 nm TiO,
nanoparticles; b TEM micro-
graph in 30 nm TiO, nanopar-
ticles; ¢ TEM micrograph bulk
TiO, particles. Scale bar in (a)
and (b) is 10 nm

comparative data on the effects of different formulations of
TiO, particles tested in the identical biological model and
offer valuable information on the toxicity of the nano-
particles in question. It may not however, be straightfor-
ward to correlate nanotoxicity with physicochemical
characteristic of particles from these reports. Namely,
different authors tested different formulations, such as
different surface coatings (Sayes and Warheit 2008) or
different crystalline structures (anatase, rutile, or a mixture
of both) of TiO, particles. The most comprehensive studies
aimed at finding a correlation between the characteristics of
TiO, particles and biological response were those con-
ducted by Sayes et al. (2006), Sayes and Warheit (2008),
Simon-Deckers et al. (2008), Braydich-Stolle et al. (2009),
and Fujita et al. (2009). These authors tested at least three
types of well-characterized TiO, particles.

Among the first studies of this type is that by Sayes et al.
(2006) in which evidence is provided of dose response on
membrane leakage, showing that anatase is more biologi-
cally potent than rutile. The same authors provide additional
information on the role of surface coatings of nano-TiO, in the
biological reactivity (Sayes and Warheit 2008). Simon-
Deckers et al. (2008) performed an extensive study in which
they found only a slight dose-dependent response of some
parameters and a time-dependent response which is a
function of primary particle size and crystal structure.
Braydich-Stolle et al. (2009), however, also report dose-
dependent responses but no effects related to primary or
secondary particle size and no connection between the
biological effect and stability of a suspension (zeta potential).
Fujita (Fujita et al. 2009) found no responses dependent on
dose, primary particle size, surface area, or particle shape,
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Fig. 3 a—c Cell membrane permeability of hepatopancreatic cellsp a

after 18 h incubation in suspensions of different types of TiO,
nanoparticles or Cu”* ions: a in 10 nm anatase TiO,, b in 30 nm
anatase TiO,, and ¢ in bulk TiO,. Points on the x-axis represent
exposure concentrations (0.1, 1, 10, 100, and 1,000 pg mL™! of TiO,
or 100 pg mL™" Cu®"). *p<0.05; ***p<0.005 (statistical differences
between the control group and exposed groups. n—12 gland tubes per
concentration (12x200 cells investigated). Symbols on the box plot
represent minimum and maximum values (whiskers) and mean value
(squares)

but they recorded a time-dependent response to nano-TiO,
treatment.

Besides primary particle size, particle surface area, and
concentration, shape of nanoparticles can also contribute to
their biological reactivity. Some authors found direct connec-
tion between particle shape and their ability to penetrate cells.
Rod-like nanoparticles were internalized much more rapidly
and efficiently than others (Graton et al. 2008).

In numerous reports of correlations between the
biological response and the physicochemical character-
istics of TiO, particles, crystalline structure was generally
recognized as a biologically relevant parameter. Some
authors report that primary and secondary particle sizes,
surface area, duration of exposure, and concentration of
particles in a medium are also related to biological effect.
It is also clear that the response depends significantly on
the biomarker tested as well as the different sensitivity of
the cells tested (Sayes et al. 2006). Biomarkers which
reflect interaction between nanoparticles and the cell
membrane, for example, membrane leakage assessed by
a lactate dehydrogenase assay, respond at lower concen-
trations and earlier than other cellular biomarkers which
represent a complex feedback response of cells to stress
and include stress defense mechanisms, adverse effects
already caused by particles, repair mechanisms, and
ultimately, apoptosis or necrosis.

On the basis of these published reports, it is possible to
speculate that the effect of TiO, particles on biological
system may be considered to be time dependent if the
exposure times are sufficiently long and dose dependent
within specific concentration ranges. Crystalline structure
undoubtedly plays a role in biological reactivity and
primary particle size and surface area are also relevant.
Published reports that the biological reactivity of nano-
particles is not primarily dependent upon particle size and
surface area may hinge upon the fact that the compared
particles in the tested suspension were significantly mod-
ified once suspended.

To prove that the primary size, surface area affect the
biological reactivity, we tested two suspensions of nano-
sized TiO, with similar suspension stability (zeta potential
values, —14 and —18 mV) and crystalline form (both
anatase) but with different primary particle sizes, surface
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area, and confirmed that primary particle size and surface
area are related to biological effect. The response was also
found to be related to the duration and concentration. More
biologically potent particles affected cell membrane at

lower concentrations than larger particles (which form
larger aggregates). Absence of response of the third particle
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type tested in our work, the bulk TiO,, was either due to the
larger size of particles or the presence of the biologically
less potent crystalline rutile.

In this study, we provide evidence of the concentration-
related threshold response. Increasing the concentration by
three orders of magnitude failed to increase the response
significantly.

In terms of cell membrane permeability, the lowest
observed effective concentration (LOEC) observed in our
test system was 1 pg mL ™" for nanosized TiO,. This is very
low compared to other cytotoxicity tests (Thevenot et al.
2008; Simon-Deckers et al. 2008; Vamanu et al. 2008;
Sayes and Warheit 2008). For example, when measuring
cell membrane stability after exposure of human pneumo-
cytes (A549) to nanosized TiO,, the LOEC value was more
than 20 and 50 pg mL ™" after nonsmall cell lung carcinoma
cells (H1299) were exposed to nanosized TiO, (Lee et al.
2009; Simon-Deckers et al. 2008). Thus, the ex vivo test
applied in our study could be considered to be very
sensitive. This is also consistent with the assumption that
nanoparticles interact primarily with cell membranes, and
only subsequently provoke other cytotoxic responses.

There are also some limitations of ex vivo exposure
system. Since digestive glands are isolated tissues, duration
of exposure cannot be longer than 18 h. After 18 h, cell death
occurs and tissue is not appropriate for analysis.

We conclude that biological potential of nanoparticles is
undoubtedly related to their primary size, surface area,
shape, and the concentration of nanoparticles in exposure
media and duration of exposure. However, many parame-
ters, for example pH of the suspension or presence of other
molecules may modify the physiochemical characteristic of
particles and make them more or less biologically active
than would be suggested by the primary particle character-
istics. It is, therefore, necessary to provide a list of
characteristics of particles to better understand their
biological potential. Even if the particles are well charac-
terized, biological testing is necessary to grasp their
biological potential. Two types of data will be required in
the future; data on biological potential of nanoparticles and
data on nanotoxicity with real relevance for human health
and environment. Any of the standard tests can be used to
generate data on the biological potential of nanoparticles.
Such data could be supplementary to primary particle
characteristics and characteristics of particles in a suspen-
sion before nanotoxicity studies are started. The ex vivo test
system reported here is well suited to the fast screening of
the biological potential of nanoparticles. These data may
significantly contribute to define further procedures related
to particle labeling or further nanotoxicity studies.
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