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a  b  s  t  r  a  c  t

We  provide  experimental  evidence  that  changes  in the  membrane  fatty  acid  profile  of  Tetrahymena  ther-
mophila incubated  with  nano-  or bulk  TiO2 particle  are  not  accompanied  by  ROS  generation  or  lipid
peroxidation.  Consequently  these  changes  are  interpreted  as  acclimation  to  unfavorable  conditions  and
not as  toxic  effects.  T.  thermophila  cells  were  exposed  to TiO2 particles  at different  concentrations  for
24  h at  32 ◦C. Treatment  of  cultures  with  nano-  and  bulk  TiO2 particles  resulted  in  changes  of  membrane
eywords:
iO2 nanoparticles
cclimation
embrane fatty acid profile

etrahymena thermophila

fatty  acid  profile,  indicating  increased  membrane  rigidity,  but no  lipid peroxidation  or  ROS  generation
was  detected.  There  were  no  differences  in membrane  composition  when  T. thermophila  was  exposed
to nanosized  or  bulk-TiO2 particles.  We  also  observed  reversible  filling  of  food  vacuoles,  but  this  was
different  in  case  of  nano-  or bulk TiO2 exposure.  Our  results  suggest  that  interactions  of  particles  and  cell
membranes  are  independent  of oxidative  stress.
ood vacuoles

. Introduction

There have been many studies on the effects of nanosized TiO2
nano-TiO2) on aquatic and terrestrial organisms [1,2]. The most
requently studied consequences of exposure to nano-TiO2 are
ytotoxicity and genotoxicity via oxidative stress [3,4].

Irrespective of the exposure route, the first contact between
he cells and nanoparticles must involve the cell membranes [5].
ccordingly, we investigated whether a suspension of TiO2 parti-
les could affect the cell membrane composition of a eukaryotic
icroorganism Tetrahymena thermophila in the absence of light

when ROS generation due to catalytic activity of TiO2 was expected
o be minimized) and whether this is evidence of a toxic response or
f acclimation to unfavorable environmental conditions. A signifi-
ant decrease in membrane fluidity after exposure of Tetrahymena
p. to TiO2 has already been documented [6,7].
There are numerous reports on functional alterations of cell
embranes occurring under unfavorable environmental condi-

ions involving for example, temperature or chemicals. Bearden

Abbreviations: RM, nutrient rich medium; PM,  nutrient poor medium.
∗ Corresponding author. Fax: +38 617241005.

E-mail addresses: katarina.ales@bf.uni-lj.si (K. Rajapakse),
amjana.drobne@bf.uni-lj.si (D. Drobne), janez.valant@bf.uni-lj.si (J. Valant),
asa.vodovnik@bf.uni-lj.si (M.  Vodovnik), alenka.levart@bf.uni-lj.si (A. Levart),
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et al. [8] and Schultz et al. [9],  described membrane fatty acid
profile alterations in Tetrahymena sp. resulting from exposure to
chemicals, such as pentachlorophenol and 1-octanol, acting non-
covalently. Shug et al. [10] detected a marked effect of iron ions on
the desaturation of fatty acids in the membrane of T. thermophila.
When exposed to methyl mercury, small but distinct changes in the
profile of membrane fatty acids were detected (personnel commu-
nication) and it was  suggested that profiling of fatty acid methyl
esters (FAME-s) could be used for identification of different groups
of chemicals in T. thermophila. The study of effects of an aqueous
suspension of fullerene (C60) on bacteria also showed changes in
lipid composition which were dependent on the C60 concentra-
tion [11]. The same authors also successfully employed profiling
of FAME-s. Alterations in membrane lipid profiles have been inter-
preted as a physiological adaptation or an acclimation to extreme
conditions [10,12–14].  Mortimer et al. [7] demonstrated changes
in the fatty acid profile of protozoon T. thermophila exposed to
nano-CuO.

Functional alterations of cell membranes could also be
interpreted as acclimation to unfavorable conditions. However,
acclimation is not linked only to membranes. This phenomenon
acclimation has been defined as a short-term phenotypic change,
which allows survival in suboptimal environmental conditions,

including pollution [8,15,16]. When suboptimal conditions result
from exposure to chemicals, the primary stress response of an
organism compensates for the potential adverse effects on cells, but
with elevated concentrations of chemicals and prolonged exposure

dx.doi.org/10.1016/j.jhazmat.2012.04.029
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Fig. 1. Experimental arrangement. Three major toxicity endpoints were studied: changes in cell membrane, viability and physiological responses of T. thermophila to different
exposure concentrations of TiO2 particles. The culture of T. thermophila was preincubated in the PM for 24 h before beginning the exposure to TiO2. Changes in membrane
composition were assessed by FAME-s method (at 0.1, 10 and 1000 �g TiO2/ml) and by the extent of lipid peroxidation (measuring MDA content). Viability was assessed
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y  ATP concentration. Two physiological biomarkers distinctive of T. thermophila, 

escribed by Dai et al. [24].

o them, toxic effects are unavoidable. An association of alter-
tions in membrane structure with cytotoxicity has been reported
y Clarke et al. [17] for human breast cells and also by Mortimer
t al. [7] for T. thermophila. So far, Tetrahymena pyriformis has been
hown when exposed to temperature changes, to respond through
hanges in membrane fatty acid profiles [15] and to organic chem-
cals considered to act via a nonpolar toxic action [16] [8].  Very
ecently, changes in membrane lipid composition in terms of low-
ring membrane fluidity were demonstrated by Mortimer et al. [7]
nd explained as an adaptation mechanism to exposure to CuO
anoparticles [7].  These authors studied the effects of toxic con-
entrations of nano-CuO on the membrane of T. thermophila [7].

The aim of this research was to assess the total membrane fatty
cid profile of T. thermophila after exposure to TiO2 particles in a
ange of concentrations. Organisms were exposed to particles via
ood as well as substratum. In parallel experiments, some addi-
ional biomarkers such as lipid peroxidation, ATP concentration,
ell morphology and filling of particles in vacuoles were analyzed in
n attempt to correlate changes in membrane fatty acid saturation
ith potential cytotoxic effects. The effects of nano- and bulk TiO2
articles were compared. We  hypothesize that if changed mem-
rane fatty acid profile of T. thermophila exposed to TiO2 particles

s not accompanied by a cytotoxic response this is direct evidence of
cclimation to the particles present in media and not an indication
f particle toxicity.

. Materials and methods

.1. Chemicals
All reagents were purchased from Sigma Aldrich Co. (St. Louis,
O,  USA), Merck (Darmstadt, Germany) or Biolife (Milan, Italy),

nless specifically stated otherwise.
ly filling of TiO2 particles in food vacuoles and cell rupture were also assessed as

2.2. T. thermophila growth and exposure conditions

Axenic cultures of T. thermophila from the Protoxkit FTM (Micro-
BioTests Inc.) were grown for 24 h in the dark at 32 ◦C in a
semidefined proteose-peptone based medium [18] – a nutrient rich
medium; RM.  The nutrient rich medium contains 5 g d-glucose, 5 g
proteose-peptone, 1 g yeast extract, 1.2 g Trisma-base, chlorides
(2.28 �M CaCl2·2H2O, 0.29 �M CuCl2·2H2O, 0.05 �M FeCl3·6H2O,
0.03 �M MnCl2·6H2O, 0.004 �M ZnCl2) and sulphates (4.1 �M
MgSO4·7H2O, 0.64 �M Fe(NH4)2(SO4)2·6H2O), up to 1000 ml dou-
bly distilled H2O, pH corrected to 7.35 with HCl. The cell
density obtained in these culture conditions was approximately
105 cells/ml.

The cells were harvested by centrifugation (3 min, 60 rcf),
washed and resuspended in a medium specifically modified for
this experiment: semidefined proteose-peptone based medium by
Schultz [18] lacking yeast extract and bacteriological peptone – a
nutrient poor medium; PM.  This nutrient poor medium contains 5 g
d-glucose, 1.2 g Trisma-base, 1000 ml  doubly distilled H2O.  The pH
of the medium was adjusted to 7.4 with HCl and temperature was
held constant at 32 ◦C for the entire experiment. All experiments
were performed in batch cultures of 100 ml  in Erlenmeyer flasks,
and aerated by shaking (90 rpm) in darkness.

After 24 h in the PM,  cells were treated with bulk or nano-TiO2.
The final concentrations of particles in the medium were: 0.1, 1,
10, 100, 1000 �g/ml. Following the addition of TiO2, T. thermophila
cultures were incubated at 32.0 ◦C for 48 h. Assays of ATP concentra-
tion, total protein concentration, filling of vacuoles with TiO2 and
morphological characterizations were performed at several time

intervals (Fig. 1). For each concentration of nano- or bulk TiO2, three
independent assays were carried out. A supplementary set of three
replicates, without TiO2 particles, was  set up for each assay as a
control.
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ig. 2. Food vacuoles filled with particles were first visible under a light microscope
isible  vacuoles, however were not filled with dark matter (TiO2) (B).

.3. Bulk and nano-TiO2 tested suspension

The TiO2 nanoparticles were supplied in the form of a powder
ith guaranteed 99.7% purity having the following characteristics
rovided by the manufacturer: Anatase crystalline structure; aver-
ge particle size 15 nm;  and surface area, 190–290 m2/g. Bulk and
ano-TiO2 particles were dispersed in PM using bath sonication for
0 min.

The dispersions of nanoparticles (1000 �g/ml) were inspected
y dynamic light scattering (DLS) using a 3D DLS–SLS (dynamic

ight scattering–static light scattering spectrometer; LS Instru-
ents, Fribourg, Switzerland). This allows the determination of

ydrodynamic radii of particles in extremely turbid suspensions by
 so-called 3D cross-correlation technique that successfully elimi-
ates multiple scattering of light. As the light source a HeNe laser
perating at a wavelength of 632.8 nm was used. Scattering was
easured at an angle of 90◦.
Zeta potentials of nano-TiO2 suspensions (1000 �g/ml) were

easured with ZetaPals (Brookhaven Instrument Corporation) in
he PM medium, and used to assess the exposure to living cells.
eta potentials were measured at different pH values, adjusted by
dding NaOH or HCl to the suspension.

.4. Assessment of cellular fatty acid composition by gas
hromatography

T. thermophila cells were harvested by centrifugation, pellets
ere resuspended in sterile doubly distilled water (1 ml), frozen

t −20 ◦C and then lyophilized. Dried samples were pulverized and
ransferred to HACH screw cap test tubes. First, the sample was

ixed with hexane (0.5 ml)  and then 1.5 M HCl in MeOH (1 ml)
nd pure MeOH (1 ml)  were added. The test tubes were filled with
2 and incubated at 80 ◦C for 10 min. The reaction was  stopped by
ooling the tubes in ice. Following the addition of doubly distilled
ater (2 ml), each reaction mixture was vigorously mixed for 1 min

nd centrifuged (30 s, 670 rcf). The organic phase containing FAMES
xtracted in hexane was transferred to a clean vial and filled with
2. The samples were stored at −20 ◦C until analysis.

Fatty acid methyl esters (FAME-s) were separated by capillary
as chromatography using Omegawax TM 320 (30 m × 0.32 mm
D × 0.25 mm)  capillary column with polyethylene glycol as the sta-

ionary phase. Helium was used as a carrier gas with a flow rate
f 2.0 ml/min, and a split ratio of 10:1. The initial temperature for
nalysis was 185 ◦C and the final temperature was  215 ◦C with a
emperature increase rate of 1 ◦C/min. The run time was 54 min  and
 4 h at exposure concentrations higher than 10 �g/ml of TiO2 (A). Control cells with

volume injected was 2 �l. Identification of fatty acid methyl esters
was achieved by comparison of retention times and results were
calculated using response factors derived from chromatographic
standards of known composition (Nu Chek Prep, GLC-85, Nu-Chek
Prep Inc., Elysian, USA). The gas chromatography system used was
an Agilent 6890 series GC equipped with Agilent 7683 Automatic
Liquid Sampler, 7683 Injector and FID detector.

Results were analyzed using ChemStation Plus® software. Mem-
brane fatty acids which were present as less than 0.5% of total
fatty acids were designated as “trace fatty acids” and were not
considered further. The data were analyzed statistically applying
Student’s t-test with significance level of 0.05.

2.5. Assessment by MDA measurement of the extent of lipid
peroxidation

Lipid peroxidation was measured as the formation of malondi-
aldehyde (MDA) in T. thermophila samples at 32 ◦C after 0, 4 and 24 h
of incubation [19]. Cells were homogenized and total protein con-
centration was measured spectrophotometrically at 280 nm,  and
used as a measure of biomaterial in the experiments. For measure-
ment of MDA  concentration, 500 �l of homogenized sample was
mixed with 500 ml  of buffer A (30% trichloroacetic acid, 0.75% 2-
thiobarbituric acid, 0.5 M HCl and 0.02% butylated hydroxytoluene),
incubated at 90 ◦C for 30 min, then chilled on ice. n-Butanol (1.5 ml)
was mixed with the sample and centrifuged (10 min, 6700 rcf). The
absorbance of the resulting chromophore was measured at 535 nm
and 600 nm.  The latter was  subtracted from the former to correct
for nonspecific turbidity. The concentration of MDA  was calculated
using an extinction coefficient of 156 mM−1 cm−1 [19]. For statis-
tical analysis, each concentration of MDA  was divided by the total
protein concentration of the corresponding sample.

2.6. Viability assessment by ATP assay

Adenosine 5′-triphosphate (ATP) Bioluminescent Assay Kit
(Sigma Aldrich, Germany) was employed for the quantitative bio-
luminescent determination of ATP. For ATP extraction, protozoa
culture samples (100 �l) were added to boiling extraction buffer
(900 �l), as described previously [20], 0.1 M Tris and 2 mM  EDTA
were added and the pH was adjusted to 7.8 with acetic acid [21].
The relative light units (RLU) were recorded in JUNIOR LB 9509

(Berthold technologies). The ATP concentration (measured in �mol
ATP/l) was  calculated using the equation:

[ATP] = 10(log RLU−b)/a × 10
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Fig. 3. Zeta potentials of TiO2 nanoparticle suspensions (1000 �g/ml) measured in
the  nutrient poor medium and used in experimental exposures to living cells.
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here a and b are factors calculated from the calibration curve with
 correlation coefficient R = 0.99.

.7. Assessment by light microscope of percentage of T.
hermophila cells containing at least one vacuole filled with TiO2

Total and dead cell numbers were estimated by conventional
irect microscopic counting under observation at 200 times magni-
cation in a Neubauer chamber. The uptake of TiO2 by food vacuoles
Fig. 2) was studied from two perspectives: treatment with sev-
ral TiO2 exposure concentrations (at 0.1, 1, 10, 100 and 1000 �g
iO2/ml) and with different time exposures (0, 1, 2, 4, 24 and 48 h).

 10 �l sample of culture was put into a Neubauer chamber, and
ead cells, including non-motile cells and cells with changed mor-
hology were counted, then 5 �l of 4% formalin was  added to kill
he cells and a total cell count was performed.

The percentage of cells containing at least one food vacuole filled
ith TiO2 particles was calculated as follows:

acuole formation (%)

= number of cells containing at least one TiO2 vacuole
100 cells

.

. Results

.1. Characteristics of TiO2 nanoparticle suspensions

The primary and secondary characteristics of the nanoparticles
sed in the experiments were assessed. Primary characteris-
ics include particle size, shape and crystallinity and have been
escribed previously and the same particles were used in the
urrent experiments [22]. Secondary characteristics are those of
anoparticles in a suspension. In our study, particles were sus-
ended in nutrient poor medium (PM) and analyzed. DLS analysis
howed that the average value of the hydrodynamic radius of TiO2
anoparticles suspended in test medium was 820 nm. The average
article size of bulk TiO2 could not be accurately measured by this
pproach because of the presence of many larger agglomerates.

Zeta potentials of TiO2 nanoparticle suspension (1000 �g/ml)
ere measured in the same medium used to expose cells, at differ-

nt pH values. The Zeta potential recorded at pH 7.4 was −15 mV,
hich is equivalent to a suspension of incipient stability (Fig. 3).

.2. Cellular fatty acid composition (FAME-s)
A 24 h exposure of T. thermophila to TiO2 at 32 ◦C resulted
n differences of relative percentages of straight chain saturated,

onounsaturated, saturated iso and ante-iso fatty acids in cell

able 1
ercentage composition of membrane fatty acid samples from T. thermophila exposed to Ti
f  fatty acids of lipid extracted from the three independent cultures. Percentages are expr
oncentration), FA (fatty acid).

Particle type Bulk (B) 

Particle concentration (�g TiO2/ml) 0 0.1 

Unsaturated FA (%) 48.9 ± 2.5 48.6 ± 3.2 

Monounsaturated FA (1×)  (%) 16.3 ± 2.5 18.6 ± 3.3 

Polyunsaturated FA (2×)  (%) 8.6 ± 0.8 8.1 ± 0.6 

Polyunsaturated FA (3×)  (%) 19.0 ± 4.1 17.6 ± 0.4 

Saturated FA (%) 47.8 ± 3.1 47.5 ± 4.2 

Straight chain saturated FA (%) 23.1 ± 3.6 42.0 ± 4.9 

Branched chain iso and ante-iso saturated FA (%) 24.7 ± 3.5 6.5 ± 0.7 

Saturated iso FA (%) 8.6 ± 1.1 5.8 ± 0.7 

Saturated ante-iso FA (%) 16.1 ± 0.2 0.7 ± 0.1 

Average number of C-atoms in membrane FA 15.3 16.0 
represent the standard deviation. *Indicates significant differences of straight chain
fatty acids from control values (p < 0.05). B (bulk concentration), NP (nanoparticle
concentration).

membranes of T. thermophila between TiO2 treated populations and
controls (Table 1). A significant increase of straight chain saturated
fatty acids in membrane cell lipids was  detected in exposed cells
(Fig. 4). The increase of saturated fatty acids was  mostly due to the
increase of 15:0, 16:0, 17:0 and 18:0 fatty acids (data not shown). All

these changes were independent of TiO2 size (nano- or bulk) and
exposure concentration (0.1, 10 and 1000 �g TiO2/ml) but com-
pared to control cells, the proportions of unsaturated fatty acids
remained unchanged (Fig. 4).

O2 particles at 32 ◦C after 24 h. The data are presented as total sums of different types
essed as means ± standard deviation (SD). B (bulk concentration), NP (nanoparticle

Nanoparticles (NP)

10 1000 0.1 10 1000

44.3 ± 2.5 44.5 ± 3.9 41.8 ± 3.1 42.7 ± 2.2 42.8 ± 2.2
18.5 ± 2.8 18.2 ± 1.6 23.5 ± 2.9 24.7 ± 2.3 23.0 ± 2.0
10.0 ± 0.5 8.5 ± 0.3 9.7 ± 0.2 9.3 ± 0.3 11.1 ± 0.2
19.1 ± 1.3 19.6 ± 2.0 18.4 ± 1.0 17.5 ± 1.6 16.2 ± 0.9
44.3 ± 3.5 44.5 ± 1.9 41.8 ± 2.7 42.7 ± 2 42.8 ± 3.1
39.6 ± 4.1 39.0 ± 2.4 37.9 ± 2.6 38.4 ± 2.0 38.1 ± 3.1

4.7 ± 1.1 5.5 ± 0.6 3.9 ± 0.6 4.3 ± 0.6 4.7 ± 0.5
4.6 ± 0.7 5.1 ± 0.5 3.7 ± 0.7 4.1 ± 0.8 4.5 ± 0.6
0.1 ± 0.2 0.3 ± 0.1 0.1 ± 0.0 0.2 ± 0.0 0.3 ± 0.0

15.9 15.5 16.1 16.2 16.0
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4. Discussion

Our results showed that exposure of T. thermophila to nano-TiO2
or bulk TiO2 in a range of exposure concentrations of 0.1, 10 and
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Fig. 6. Variation of ATP concentration (measured in �mol/l) in cultures of T. ther-
ig. 5. Changes of portions of iso and ante-iso branched fatty acids in T. thermophil
rom  control values (p < 0.05). B (bulk concentration), NP (nanoparticle concentratio

A certain proportion of saturated membrane fatty acids has
 branched-chain structure, which exist in either iso or ante-iso
orms. These two isoforms are known to differ in their influ-
nce on membrane fluidity, and consequently we  further analyzed
he potential association between the relative amount of each
ranched-chain isomer and the exposure conditions. The results
howed that both isoforms were decreased in cells exposed to bulk
r nanoTiO2 (iso mostly on account of 15:0 iso and 16:0 iso fatty
cids) in comparison to controls, regardless of the concentration
data not shown). However, the decrease in ante-iso saturated fatty
cids was much more pronounced (Fig. 5), mostly on the account
f 15:0 ante-iso fatty acid (data not shown).

Another difference between controls and TiO2-treated popula-
ions of T. thermophila was in the average length of membrane fatty
cids (Table 1). An increase in the average length of fatty acids from
5.3 C atoms in control samples to 16.0, 15.9 and 15.5 in cultures
reated with bulk TiO2 in exposure concentrations of TiO2 of 0.1, 10
nd 1000 �g TiO2/ml, respectively, was noted. An increase to 16.1,
6.2 and 16.0 C atoms in nano-TiO2 treated cultures (in exposure
oncentrations of TiO2 of 0.1, 10 and 1000 �g TiO2/ml, respectively,
as detected (Table 1). Thus, the lipid bilayer in cultures exposed

o TiO2 particles appears, in comparison to controls, to be wider
23], namely from 0.2 to 0.7 C atoms in cultures treated with bulk
iO2 and from 0.7 to 0.9 C atoms in nano-TiO2 treated cultures.

.3. Lipid peroxidation

When T. thermophila is exposed to TiO2, elevation of the amount
f MDA, compared to controls, is not detected. The average content
f MDA  in the control sample is 140 ± 23 nM of MDA  per mg  of
rotein.

.4. ATP concentration in T. thermophila cultures

When T. thermophila is exposed to bulk or nano-TiO2 for 24 h, no
ignificant alterations in ATP could be observed. ATP concentrations
ere similar to that measured in controls (Fig. 6).

.5. Filling of vacuoles with TiO2

Filling of vacuoles with dense material was observed in cells
xposed to nano- or bulk TiO2 present in the media at concen-
rations higher than 10 �g/ml. At concentrations of TiO2 particles
elow 10 �g/ml and in control samples, no vacuoles filled with dark

aterial were observed.
Significant differences were observed in the proportion of cells

ontaining vacuoles filled with TiO2 that were exposed to bulk TiO2
s opposed to nano-TiO2. T. thermophila cells exposed to bulk TiO2
◦C after 24 h. Bars represent standard deviation. *Indicates significant differences

contained a higher percentage of vacuoles filled with TiO2 than
those exposed to nano-TiO2. This was recorded at all observation
times throughout the experiment (Fig. 7). A relatively small amount
(<5%) of cells containing vacuoles filled with TiO2 was observed
after 24 h compared to those exposed for 1, 2 or 4 h at the highest
exposure concentrations of bulk and nano-TiO2 indicates clearing
of T. thermophila after 24 h (Fig. 7).

3.6. Morphological alterations characteristics of T. thermophila

In investigated samples of T. thermophila treated with, bulk or
nano-TiO2, the type of cell rupture as described previously by Dai
et al. [24] was observed. The proportion of ruptured cells in all
experiments was  between 0% and 5%. The pattern of cell rupture
was not related either to particle exposure concentration, or to the
duration of exposure. These cells were enlarged, round shaped and
vacuoles appeared more pronounced. The oral apparatus was dis-
rupted and formed a large vacuole, from which the content of cells
leaked. This phenomenon was  not observed in control samples.

Further, we did not observe either normal or abnormal mature
resting cysts in cultures exposed to nano- or bulk TiO2, as some
authors have reported in stress conditions for ciliates [24].
mophila exposed to TiO2 for 24 h at 32 ◦C in one of the two  independent assays.
The results are expressed as a percentage compared to time (h) of exposure to TiO2

particles (100% viability). Values were calculated from the averages of three sub-
samples, standard deviations are given. B (bulk concentration), NP (nanoparticle
concentration).
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ig. 7. The percentage of cells containing food vacuoles filled with TiO2 after expos
eans  of three independent assays. Standard deviations are given. B (bulk concent

000 �g/ml caused changes in membrane lipid composition but
o differences in ROS concentration or lipid peroxidation. Since
hanges in membrane lipid composition were not correlated with
oxicity markers they are interpreted as acclimation to unfavor-
ble conditions, in this case the presence of TiO2 particles in the
edium. However, in groups exposed to either nanoparticles or

ulk TiO2, up to 5% of ruptured cells were observed. Ruptured cells
ere never observed in control populations. Obviously, for a certain

mall portion of cells, TiO2 particles caused destruction.
We  were able to detect the effects of TiO2 particles on cells

efore toxic responses occurred. Both nano- and bulk TiO2 caused
ignificant decrease in the ratio of unsaturated to saturated straight
hain fatty acids. Further, a significant decrease in percentage of iso
nd ante-iso branched fatty acids in cultures treated with nano- and
ulk TiO2 (Fig. 5) was detected. Both structural and geometrical iso-
ers of fatty acids are known to affect membrane fluidity [25] and
odes of modulation of membrane fluidity by inducing changes

n fatty acid isomerization are well known for bacteria exposed to
xtreme environmental conditions [26] [27]. Our results are in line
ith these findings where for example, a decrease of ante-isoforms

s reported to lead to a decrease in the fluidity of membranes.
Changes in membrane composition leading to its increased

igidity have been reported often and associated with acclimation
o suboptimal environmental conditions, such as rise in tempera-
ure [25,28], hyperosmotic stress [29], particles and UV light [6] as
ell as nanoparticles [7].  Most authors report, that cell membrane

igidity is accompanied by lipid peroxidation [30]. Consequently, it
s difficult to differentiate whether the response is acclimation to
uboptimal conditions or a result of their adverse effect. In the cur-
ent study, we succeeded in documenting membrane lipid changes
n the absence of any lipid peroxidation. In this way, we  were able
o confirm that changes in membrane lipid composition represent
n acclimation to incubation of cells with both nano- and bulk par-
icles. In our study no lipid peroxidation was detected in cultures
ith increased membrane rigidity. Observed membrane changes

ssociated with TiO2 particles and resulting in increase of mem-
rane rigidity. In our experiments the choice of temperature was
ased on literature data, where optimal growth temperature for T.
hermophila in the semidefined proteose-peptone based medium is
2 ◦C [18,31].  Growth of T. thermophila at the temperature selected

s accompanied by de novo fatty acid synthesis, which is necessary in
he type of membrane acclimation observed. The degree of change
n membrane composition associated with the increase in rigidity
ndicated was not dose-dependent in relatively wide concentration
ange, from 0.1 �g/ml to 1000 �g/ml.
In published studies, different mechanisms of interaction
etween nanoparticles and cell membranes have been proposed.
ussain et al. [32] report that cell membranes associate with
anoparticles, some of which are internalized by the cells. Sayes
f T. thermophila to different nano- and bulk TiO2 exposure concentrations. Data are
), NP (nanoparticle concentration).

et al. [33] interprets the affected cell membrane stability (lac-
tate dehydrogenase release) and the decrease in mitochondrial
membrane potential, assessed by the MTT  method, after nanosized
TiO2 exposure as symptoms of ‘leaky membranes’, a mechanism in
which cytoplasmic membrane rupture is a possible defence mecha-
nism/strategy in case of overload concentrations of particles. Other
authors explain disruption of membrane structures and stability
either as a result of direct physical interactions between particles
and membranes [5] or as a result of lipid peroxidation, itself a conse-
quence of oxidative stress provoked by particles [34,35]. Our results
provide evidence that the interactions between TiO2 particles and
T. thermophila are independent of oxidative stress.

Ingested particles were observed in food vacuoles where the
percentage of cells containing at least one vacuole filled with TiO2
recorded at exposure concentrations 10, 100 and 1000 �g TiO2/ml
was dose- and time-dependent (Fig. 7). However, the amount of
dense material in vacuoles failed to correlate with the detected
membrane effect or alter ATP or protein concentration. This sug-
gests that ingestion of nanoparticles and their sequestration into
vacuoles does not pose a serious threat to the organism at expo-
sure concentrations up to 1000 �g/ml and exposure times of up to
48 h. Mortimer et al. [36] observed a more rapid uptake by T. ther-
mophila of CuO nanoparticles than bulk CuO particles. This is not
consistent with our results, where the uptake was higher for the
bulk form when compared with equal exposure concentrations of
nano-TiO2. The CuO particle uptake reported by Mortimer et al. [36]
was also much faster (requiring only 4 h) when compared to uptake
of TiO2, and further, in our study, cells were never completely filled
with particles as they were in the CuO study.

We observed clearing of vacuoles filled with TiO2 after 24 h of
exposure. There are no similar previous reports on nanoparticle
ingestion and clearing by protozoa, and we consider clearing to
be a phase of feeding activity. Initially, a high percentage of cells
containing at least one TiO2-filled vacuole is observed and sub-
sequently, almost no cells are observed containing food vacuoles
filled with TiO2. This clearance is then followed by another intense
period of ingestion (Fig. 7). The increase of percentage of cells con-
taining at least one food vacuole filled with TiO2 (after 0, 1, 2, 4, 24
and 48 h) correlated with increased particle concentration in the
media (aggregate size and amount 10, 100 and 1000 �g TiO2/ml)
(Fig. 7). The presence of particles in the food vacuoles indicates an
exposure route of cells, in addition to the body surface, to nanopar-
ticles.

We used a modified exposure medium for T. thermophila in
order to reduce the effects of media on nanoparticle behav-

ior. The exposure media for T. thermophila was modified in
order to reduce interactions between nanoparticles and biologi-
cal media, TiO2 toxic buffering with organic compounds and ions
in media, but it still provided satisfactory energetic conditions for
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voidance of starvation and competition for food. Murdock et al.
37] showed that particle size changed dramatically in media con-
aining organic molecules as compared to distilled water. The rich
roteose-peptone media described by Schultz [18] was modified
y complete reduction of protein content.

The exposure concentrations used in our experiments (0.1, 1, 10,
00 and 1000 �g/ml) were higher than those predicted to be found

n the environment [38,39] and consequently, we  were able to con-
lude that TiO2 particles at levels to be expected in the environment
ose little threat to a protozoan T. thermophila.

. Conclusions

Our results show that effects of nano- and bulk TiO2 particles
n exposure concentrations ranging from 0.1, 10, to 1000 �g/ml
esult in acclimation of a protozoan T. thermophila by its changing
ts membrane composition in a manner associated with increased

embrane rigidity. This study is the first nanoparticle-related
tudy successfully employed fatty acid profiling in eukaryotic cells
o elucidate the acclimation response to suspended particles, inde-
endent of oxidative stress. In T. thermophila cultures treated with
iO2 concentrations above 10 �g/ml, we have observed a deliberate
lling of TiO2 particles into food vacuoles, and this is followed by
learing. The expected environmental concentrations of TiO2 par-
icles do not pose a threat to a protozoan T. thermophila but chronic
xposure may  result in undesirable effects on protozoans. The nov-
lty of this study is the finding that changed fatty acid profile lead to
ncreased membrane rigidity while exposure of T. thermophila is not
ccompanied by cytotoxicity. This is a proof that cell–TiO2 particle
nteractions are also independent of ROS and oxidative stress.
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