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Abstract: Manufactured nanoparticles are potentially capable of inducing
defects in lipid membranes. The effects of nanoparticles on cell membranes are
one of the key issues in nanomedicine, nanotoxicology, food and
pharmaceutical application of products of nanomaterials and others. Our aim is
to demonstrate the nanoparticle — lipid vesicle interactions and to develop a
controllable experimental setup for data acquisition. We studied interactions
between nanoparticles (Cgy) and lipid vesicles (POPC), using ZnCl, as a
positive control. Light microscopy computer aided image segmentation was
developed and population differences among vesicles incubated in different
media were assessed. Data obtained by statistical image analysis methods
revealed that nanoparticles (Cqp) caused changes in vesicle size distribution in
the population of lipid vesicles as well as a burst of vesicles in time and in a
concentration gradient. No significant changes in shape of vesicles were
recorded. The advantage of the experimental set up presented here is that it
employs statistical image analysis methods and direct microscopy observation
of large populations of lipid vesicles. We discuss the applicability of this
in vitro approach in analysing the effects of nanoparticles on simplified
biological membranes.
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1 Introduction

Novel properties of engineered nanoparticles offer infinite possibilities in their
application, but at the same time they underlie new kinds of biological effects.
Nanoparticles differ substantially from bulk materials having the same composition.
Properties distinguishing nanoparticles from the bulk material typically become apparent
at critical particle lengths below 100 nm. Engineered nanoparticles are recognised as
capable of inducing cellular perturbations according to the oxidative stress paradigm
and/or by interacting directly with biological membranes (Leroueil et al., 2007). The cell
membrane, mitochondria and cell nucleus are considered as major cell compartments
relevant for possible nanoparticle-induced toxicity (Unfried et al., 2007).

Recent studies indicate that nanoparticles can strongly interact with cell membranes,
either by adsorbing onto the membrane or compromising its integrity (Lipowsky, 1995;
Imparato et al., 2005; Linke et al., 2005; Lipowsky et al., 2005; Binder et al., 2007; Liu et
al., 2008). When nanoparticles interact with cell membranes, they cause defects such as
physical disruptions, formation of holes and thinned regions. Recent papers report in vivo
and in vitro effects of nanoparticles on membrane stability and pore formation (Linke et
al., 2005; Hong et al., 2006; Valant et al., 2009). The term hole or pore refers to a wide
range of structural changes that could lead to enhanced permeability ranging from the
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formation of an actual hole in the membrane to more subtle changes in content of the
membrane leading to enhanced diffusion (Antonov et al., 2007). Membrane permeability
could arise from a reduction in density of the plasma membrane. In this case, a hole or
pore corresponds to a region of reduced material (lipid, protein, cholesterol, etc.). Further,
it is well-known that the phase transition of membrane lipids from the liquid crystalline
state to the gel is followed by the ion permeability increase (Antonov et al., 1980, 2007).
To what extend nanoparticles affect phase transition of membrane lipids and
subsequently increase ion permeability is of high importance in all bio-nano interaction
studies (Wang et al., 2008a, 2008b).

Size and shape of lipid vesicles are of interest in many scientific studies (Moona et
al., 1998; Bagatolli et al., 2000). For example, routine liposome size analysis is carried
out by photon correlation spectroscopy (PCS) using commercial instruments. This
technique gives a measure for the mean size of the vesicles. Although PCS allows in
principle the determination of particle size distributions, the reproducibility and reliability
of the method for calculation is insufficient. Quantitative determination of the liposome
size distribution, thus, is still difficult. Although a number of powerful approaches like
electron microscopy, ultracentrifugation, analytical size exclusion chromatography, and
field-flow fractionation have been suggested, none of these approaches has found
widespread use due to various limitations.

Until recently, the biophysical behaviour of lipid membranes was not of fundamental
importance in toxicological studies. This is rapidly changing with the emergence of
nanoparticles and questions regarding their safety. Concerns about cell plasma membrane
disruption resulting in toxic effects are also paramount in the minds of nanoparticle
designers.

The key issues we are interested in are interactions of nanoparticles with lipid
membranes. We hypothesise that manufactured nanoparticles cause defects in lipid
vesicles as a result of physical interactions and these effects are demonstrated as shape
transformations or a claps of vesicles.

The phospholipid bilayer is the basic constituent of the cell membrane. It is believed
that the cell membranes and phospholipid membranes share some important features.
Phospholipid vesicles are suitable since the composition of the membrane bilayer can be
controlled to some extent. As artificial membranes are much less heterogeneous than cell
membranes it is easier to focus on a particular mechanism of interest (Peetla et al. 2009).
Also, giant phospholipid vesicles are large enough to be clearly observed live under the
phase contrast optical microscope, so some processes such as shape transformations can
be directly followed. Vesicles can be made of different lipid compositions while the
surrounding solution can be manipulated by adding substances and changing the
temperature. It was previously found that some substances can have strong effect on giant
phospholipid vesicles, so it would be possible that we would observe such features also
due to the presence of nanoparticles (Hungerbuhler et al., 1993; Bensasson et al., 1994;
Zhang and Granick, 2006; Ikeda et al., 2008; Peetla and Labhasetwar, 2009; Peetla et al.,
2009).

In the work presented here we studied the effect of fullerene (Cqy) on artificial
phospholipid membranes, which can be readily obtained by forming phospholipid
vesicles in water solution. Fullerene are a family of carbon allotropes, molecules
composed entirely of carbon, in the form of a hollow sphere, ellipsoid, tube, or plane.
Spherical fullerenes are also called buckyballs. Fullerene Cg, molecules are unique for
their multifunctional uses in materials science and optics and are considered for a variety
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of biological applications, such as imaging probes, antioxidants and drug carriers (taxol).
Data on toxic effects of fullerene were reported already in 2004 (Oberdorster, 2004).

The aim of our work was to study the behavioural changes of populations of lipid
vesicles after incubation in a suspension of nanoparticles or a reference chemical by
taking advantage of a possibility of direct observation of the vesicles combined with
computer aided image analysis approach. The experimental set up is based on analysing
and comparing populations of vesicles exposed to nanoparticles or a reference chemical.

2 Materials and methods

2.1 Vesicle preparation

Giant unilamelar phospholipid vesicles were prepared by electroformation from
1-palmitoyl-2-oleoyl-sn-glycero-3phosphatidylcholine (POPC). They were created in
saccharose solution and rinsed with equiosmolar glucose solution. Since the intact
membrane is impermeable to sugar molecules the sugar composition inside (saccharose)
differed from the composition outside (saccharose and glucose). Therefore lipid vesicles
appeared darker from the surrounding medium and thus easy for detection. The 45 pl of
5% glucose suspension of was applied on its own object glass. A strip of silicone gel was
applied on each side of cover glass to act as a spacer between the cover and the object
glass. Subsequently, a droplet of a tested suspension/solution was added to vesicles and
finally the other two edges of the cover glass were filled with the silicon past to prevent
evaporation.

2.2 Characterisations of nanoparticles

We used transmission electron microscopy and dynamic light scattering (DLS) to
characterise Cg. Measurements were performed by 3D DLS-SLS spectrometer (LS
Instruments, Fribourg, Switzerland). Nanoparticles were dispersed in 100 pg/ml distilled
water (see Valant et al., 2009). The mean hydrodynamic radius determined by DLS was
2, 7 and 182 nm. A portion of Cg was agglomerated and the size of agglomerates was
over the detection limit of the machine (over 1,000 nm). The dispersions of nanoparticles
(100 pg/ml) were inspected by DLS using a 3D DLS-SLS spectrometer (LS Instruments,
Fribourg, Switzerland). The instrument enables the determination of hydrodynamic radii
of particles in extremely turbid suspensions by a so-called 3D cross-correlation technique
that successfully eliminates multiple scattering of light. As the light source a HeNe laser
operating at a wavelength of 632.8 nm was used. Scattering was measured at an angle of
90°.

2.3 Tested solutions and substances

A solution of ZnCl, was used as a reference chemical. On the basis of our preliminary
studies, concentration 1,000 ug/ml was selected. During the experiment, we added 5 pl of
ZnCl, in 5% glucose to 45 pul of suspension of lipid vesicles (Figure 1). Likewise, the
same concentration, 1,000 pg/ml of a suspension of C¢, was prepared. Here also, 5 ul of
Csoin 5% glucose was added to 45 pul of suspension of lipid vesicles.
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2.4 Experimental setup

In each individual experiment, three object glasses with a suspension of vesicles and
tested solution/suspension were inspected. On each object glass, two places: P1 and P2
were chosen where images of vesicles were taken (Figure 1). These places were selected
sufficiently apart to allow observing the dynamics of the vesicle behaviour in a
concentration gradient. Testing suspension of nanoparticles (Cq) and a reference
chemical (ZnCl,) were applied close to place P1. Consequently, the concentration of a
tested substance at place P1 was higher than at place P2 which is more distant. The aim
of this was to create a continuous concentration gradient. The width of each place of
imaging is equivalent to the width of field of view of the microscope at the magnification
400x, which is 190 pm. At each place, 15 light microscope images were taken several
times during the incubation period. Imaging was performed systematically from the upper
toward the lower edge of the object glass. First sets of images were obtained immediately
after suspensions of vesicles were applied and covered by cover glasses. In further text
these images are referred to as being taken at time zero minutes. The next sets of images
were taken after 5 pl of either control (glucose solution), nanoparticles (Cgp) in a glucose
solution or a reference chemical (ZnCl,) in glucose solution were added to vesicles. For
the convenience of the analysis, these sets are referred to as being taken after three
minutes of incubation. Third and the last sets of images were taken after 90 minutes of
incubation.

Figure 1 Sequence of steps in our experiment is presented from left to right (see online version
for colours)

P2 P1 Added 5l of solutions
or suspensions

»

45yl glucose solution
with lipid vesicles -/

“~ microscope

/ Control (5% glucose) & camera
/ _Reference (ZnCl)

Images were acquired by an invert microscope (Nikon Eclipse TE2000-S) at
magnification 400x. This allowed us to capture vesicles with radii larger than 1 um
(largest captured vesicle had a radius of 30 pm). The field of view (visible area) at this
magnification is 190 x 143 pm. With 15 images in a vertical session we were able to
capture approximately 15% of vesicles at the selected places. Altogether, each
experiment with three different solutions was repeated three times.

2.5 Image analysis

As a result of our experiments, a database containing more than 1,600 images was built.
All images were labelled so their time, sample group and place on the object glass could
be uniquely identified at any later point. Contrast increasing and noise cleaning filters
were applied to the images to make the vesicles stand out from the background. The
expert used an image editing software to segment all objects of interest [Figures 2(a) and
2(b)]. Because our automatic image segmentation algorithms are not sufficient yet, the
expert’s segmentation is a very important step of our research. This is the main link
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between qualitative and quantitative data, which has to be executed with a high degree of
confidence not to spoil our statistical image analysis approach. Furthermore, much
information can be added (or lost) at this point and this is why we based this experiment
on images labelled by an expert. Attempts that were already made towards automating
the image segmentation required for this research are presented in the next chapter.

Next, computer aided image analysis was performed to analyse objects in segmented
images. At this point of our research, we were mostly focused on size (presented with
vesicle radii, since most of them were circular) and quantity of lipid vesicles in the
images. However, other properties and other interesting objects could also be segmented
and evaluated in our future work. After the objects were segmented, we were able to link
properties of every single vesicle to the solution sample (control, reference or
nanoparticles), incubation time (0, 3 or 90 minutes), place on the object glass (P1, P2),
and number of the image, where the object was identified.

Figures 2 (a) An example of a light micrograph image (b) image from Figure 2(a) after being

labelled
® ® °®
.
9.
]

" L]

®

e

(b)

Notes: Objects (mostly circular) represent segmented lipid vesicles. Their properties are
evaluated in our computer aided image analysis.

2.6 Automatic image segmentation

Like in most data mining applications, large amounts of highly informative data are
necessary for the connections between different features in our experiment to become
obvious and significant. In this respect, the collected images of vesicle population alone
are not informative enough. Our long term goal is automatisation the whole image
processing in the experiment, but currently the segmentation part has to be done by an
expert [Figures 2(a) and 2(b)]. This way, the required information is added by identifying
lipid vesicles. From this point on, a completely automated computer aided image analysis
was performed to analyse objects in segmented images.

In this experiment, we were mostly focused on size (presented with radii, since most
of vesicles were circular) and quantity of lipid vesicles in the images. However, other
properties and other interesting objects could also be segmented and will be a task of our
future work.

As this is an early stage of our research, automatised image segmentation is not yet
satisfactory and cannot replace the manual segmentation by experts. Nevertheless, some
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steps in this direction were already made and the results we achieved are promising for
our future work towards fully automated image segmentation and feature analysis
approach. In this direction, we adapted and tried an algorithm for circle detection - a
variation of the adaptive Hough transform, proposed by Illingworth and Kittler (1986), to
automatically segment lipid vesicles. Similar algorithm was previously successfully used
by Tao et al. to locate positions of individual micro spheres in images obtained by optical
section microscopy (Peng et al., 2007). Algorithm takes advantage of the image gradient
field, where object boundaries are more determinable compared to intensity field. The
image gradient vectors are summed up in an accumulation matrix, where the increased
gradients at the edges of circular objects contribute to the accumulation in their centres. A
transform is used to convert these gradients into an accumulation matrix. In the latter,
intensity of each pixel corresponds to the probability of that pixel being the centre of a
circle. Although such centre detection works well for circular lipid vesicles, those with
more elliptical eccentricity can still be missed. Our current adaptation of the Hough
transform detects approximately 90% of all circles. Since the non-circular lipid vesicles
are also a large part of our interest, detecting all elliptical objects (not only circles) is an
important goal for our future work.

2.7 Statistical analyses

After more than 20.000 vesicles in 1.600 images were segmented, we analysed their
properties. We compared vesicle size distributions of vesicle populations, eccentricities,
and quantities. Two-sample Kolmogorov-Smirnov test, for comparing the distributions of
values, was used to compare vesicles’ size distributions. The null hypothesis is that the
(two) compared data vectors with sampled vesicle sizes of vesicle populations are from
the same continuous distribution. The alternative hypothesis is that they are from
different continuous distributions. The result / is 1 if the test rejects the null hypothesis at
the 5% significance level and zero otherwise.

3 Results

3.1 Reproducibility of experimental setup

Reproducibility of the experimental set up was confirmed by running the experiment
where only controls, non-treated vesicles, were analysed [Figures 3(a) and 3(b)].

No significant differences were observed in size distribution of control vesicles when
different experiments were compared at various durations of exposure. When comparing
distributions at the two places [Figures 3(a) and 3(b)], there is a noticeable deviation
among distributions at time zero, particularly at place P1. We explain this as a
result of initial turbulence in the vesicles solutions immediately after application to the
object glass. Interestingly, this deviation is not seen at place P2 at nominal time zero.
Here, the size distribution of vesicles is similar to those at three and 90 minutes of
observation, as pictures at P2 were taken after those at P1. The turbidity is most probably
calmed down already after the initial minutes of placing vesicle solution on the object
glass.
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Figure 3 Comparison among size distributions of populations of untreated lipid vesicles at places
(a) P1 and (b) P2
Control group, vesicle sizes CDF: experiments at P1

g —Time = 0

7 - —Time=3
0.8} —Time =90
06"
‘@
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7]
004
0.2
Dl. Al L 1 1 L L
0 5 10 15 20 25 30
Size of vesicle [um]
(a)
Control group, vesicle sizes CDF: experiments at P2
= —Time =0
j —Time = 3
~—Time = 90
10 15 20 25 30
Size of vesicle [um]
(b)

Notes: Each curve presents cumulative distribution function (CDF) of lipid vesicles’ sizes
which were observed at a specific time and place on the object glass. Three curves
of the same colour represent three experiments while the different colours identify
at which time of incubation the properties were measured. These were: the time
before adding the tested solution (time = 0), immediately after adding the testing
solution (time = 3) and after 90 minutes of incubation (time = 90). In the case of
controls, the testing solution was a 5% glucose solution only. The X axis presents
sizes of the lipid vesicles in micrometers and F(X) is the cumulative distribution

of vesicle size in vesicle populations.
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3.2 Effects of Csp and ZnCl; on lipid vesicles

Various parameters for describing the behaviour of vesicles in experimental media were
observed. These were shape transformations, quantity of vesicles per experimental group
and size distribution of a population of vesicles before and after treatment with
nanoparticles or a reference chemical.

3.2.1 Shape transformations of vesicles

We expected transformations of vesicles from round shaped toward ellipse shaped
vesicles. This parameter is described as eccentricity. Since we used Matlab™
programming together with image processing toolbox for image analysis the default
eccentricity definition it uses can be summarised as:

“Scalar that specifies the eccentricity of the ellipse that has the same
second-moments as the region. The eccentricity is the ratio of the distance
between the foci of the ellipse and its major axis length. The value is between 0
and 1. (0 and 1 are degenerate cases; an ellipse whose eccentricity is 0 is
actually a circle, while an ellipse whose eccentricity is 1 is a line segment.)”

A comparison of different eccentricities is presented in Figure 4(b). We detected no
outstanding differences in the vesicles’ eccentricities when different treatments and
durations of exposure were compared. In all cases vesicles were predominantly round and
deviations from that shape were rare. The average (and median) eccentricity of treated
vesicles varied between 0.3 and 0.4 [Figure 4(a)]. No significant and consistent trend
toward oval shaped vesicles was observed through time (three or 90 minutes of exposure)
or with treatment (controls or Cg or ZnCl, treated vesicles).

Figure 4 (a) Comparison of eccentricities of vesicles after different treatments and different
exposure durations, vesicles at places P1 and P2 are presented (b) examples of
segmented vesicles with corresponding eccentricity value, 0, 3, 90 — durations of
exposure in minutes

Eccentricity
05

04 -

03 -

Eccentricity

02 -

01

Time (0, 3, 90 min) & Place (1, 2)

@ (b)

Notes: C — control, N — nanoparticles, R — reference chemical
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3.2.2 Quantity of vesicles

In the experimental set up which we elaborate and present here, quantity of vesicles
before and after application of nanoparticles or a reference chemical, was evaluated. In
controls, the number of vesicles recorded immediately after addition of a glucose solution
was higher as at time 0, which is immediately after application of vesicle solution on the
object glass [Figure 5(a)]. During the course of experiment, the number of vesicles in a
control group remained constant. Again, we explain this with gravity induced behaviour
of vesicles, where vesicles are sedimented after some minutes of being placed on the
object glass. The turbidity of a vesicle solution is reduced after first minutes of exposure.

In experiments with the nanoparticles or reference chemical incubated vesicles,
significant differences in quantity of vesicles were detected during the course of
incubation. At place P1, nanoparticles (Cqy) or the reference chemical (ZnCly)
significantly reduced the quantity of vesicles [Figure 5(b)]. However, at place P2 only the
ZnCl, solution reduced the quantity of vesicles, while the influence of Cgy was not
noticeable. This could be explained by the fact that the concentration of nanoparticles in
the suspension at place P2 is too low to cause collapse of vesicles. Reduction of the
concentration of the Cgy suspension could be due to aggregation of nanoparticles in
glucose media or attachment of Cg to the vesicles.

Figure 5 Comparison of quantity of lipid vesicles among different treatments and different
exposure durations

Quantity of vesicles at P1 Quantity of vesicles at P2
1000 1000
800 800
z 600 z 600
5 uC s uC
3 3
9 400 | =N @ 400 | uN
R R
200 - 200 .
0 - 0 -
0 3 90 0 3 90
Time of incubation [minutes] Time of incubation [minutes]
(a) (b)

Notes: Charts respectively present places (a) P1 and (b) P2.
C — control, N — nanoparticles, R — reference chemical.

3.2.3 Size distribution of vesicles

Results in Table 1 show that both nanoparticles and a reference chemical significantly
affected the size distribution of vesicles on both tested places (P1 and P2). The difference
in size distribution exists also between nanoparticles and ZnCl,.

Figure 6(a) and (b) present cumulative distributions of vesicles’ sizes at time zero at
both places on the object glass of every inspected group (C, N, R). No noticeable
differences can be observed when comparing various curves at this time, because all
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suspensions were untreated. However, at nominal time three minutes curves describing
size distributions of differently treated vesicles vary evidently. In case of vesicles treated
with a reference chemical, the effect can be described as a significant shift toward smaller
vesicles. It appears that larger vesicles were affected more drastically resulted in their
burst while smaller vesicles remained in less reduced quantities. Interestingly,
nanoparticles also affected the vesicles [Figures 5(a) and 5(b)], but size distributions
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remained similar compared to untreated vesicles.

Table 1 Results of statistical comparison between various vesicle size distribution functions
Place 1 Place 2
. Result . . Result .
Experiment Experiment Experiment Experiment
of test of test

Ti C 1 N Ti C 1 N

1me C 1 R e C 1 R
0 min 0 min

N 0 R N 0 R

) C 1 N ) C 1 N

Tlm.e C 1 R Tlme C | R
3 min 3 min

N 1 R N 1 R

Time C 0 N Time C 1 N

90 C 1 R 90 C 1 R

Notes: 0 — no significant differences between the groups, 1 — significant differences
between the two groups. C — control, N — nanoparticles, R — reference chemical.

Figure 6 Figures a—f describe cumulative distributions of vesicles’ sizes at recorded durations of
incubation, places and treatments

Notes: Figures a, ¢ and e present distributions of vesicles recorded at place P1 and

1
—— Control
—Nanoparticles
0.8 Reference
> 0.6
‘©
C
a
04
0.2
0 1 1 L I 1
0 5 10 15 20 25

Vesicle sizes CDF: P1 at time 0 min

Size of vesicle [um]

@

Figures b, d and f those at place P2 on the object glasses.
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Figure 6 Figures a—f describe cumulative distributions of vesicles’ sizes at recorded durations of
incubation, places and treatments (continued)

Vesicle sizes CDF: P2 at time 0 min

— — Control
——Nanoparticles
— Reference

15 20 25 30

10
Size of vesicle [um]
(b)
Vesicle sizes CDF: P1 at time 3 min
-E .
— Control
——Nanopatrticles
0.8+ — Reference
> 0.6+
a
[}]
Boa
0.2+
0= : : : : !
0 5 10 15 20 25 30

Size of vesicle [um]
(c)

Notes: Figures a, ¢ and e present distributions of vesicles recorded at place P1 and
Figures b, d and f those at place P2 on the object glasses.
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Figure 6 Figures a—f describe cumulative distributions of vesicles’ sizes at recorded durations of
incubation, places and treatments (continued)

Vesicle sizes CDF: P2 at time 3 min

— Control
——Nanoparticles
-|—Reference

10 15 20 25 30
Size of vesicle [um]
(d)

Vesicle sizes CDF: P1 at time 90 min

—— Control
——Nanoparticles
— Reference

! |

0 5 10 15 20 25 30
Size of vesicle [um]
©

Notes: Figures a, ¢ and e present distributions of vesicles recorded at place P1 and
Figures b, d and f those at place P2 on the object glasses.
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Figure 6 Figures a—f describe cumulative distributions of vesicles’ sizes at recorded durations of
incubation, places and treatments (continued)

Vesicle sizes CDF: P2 at time 90 min

1r g .
7 —Control
—Nanaoparticles
Reference
Pary
‘@
C
)
m)
10 15 20 25 30
Size of vesicle [um]
®

Notes: Figures a, ¢ and e present distributions of vesicles recorded at place P1 and
Figures b, d and f those at place P2 on the object glasses.

By comparing the two places of the same object glass, one can observe that vesicles at
place P1 are more affected than those at place P2. We explain this by the concentration
gradient, where on place P1 the concentration of the tested substance is higher than on
place P2.

4 Discussion

The experimental set up was designed to acquire multiple images of subsets of lipid
vesicle populations incubated in different media. Reproducibility and repeatability of the
experimental set up was tested by repeated observations and statistical analyses of
untreated vesicles. Behaviour of vesicles when interacting with nanoparticles (Cg) was
described by quantity of vesicles, their shape transformations, and cumulative distribution
of vesicles’ sizes in vesicle populations.

Many spectroscopy and microscopy methods already exist for describing parameters
of lipid vesicle behaviour. However, the method presented here allows recording shape
transformations in time and in concentration gradient. This experimental set up is
advantageous because it employs statistical image analysis methods and direct
microscopy observation of large populations of lipid vesicle.
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The results obtained in this study show that tested concentrations of both Cgy and
ZnCl, have the potential to affect the lipid vesicles. Interactions in our experiments led to
a burst of vesicles, which resulted in changed quantities of vesicles and, in the case of
ZnCl,, in a significant change in size distribution of vesicles. Shape transformations were
not observed to be significantly altered by neither of tested substances. Vesicles’ size
distribution of a population of vesicles is related to duration of exposure and
concentration of tested substance. With the selected parameters we are able to
differentiate between effects of the two tested substances (Table 2). Very pronounced
differences were detected already after 3 min of exposure to Cgy or ZnCl,. Data on size
distributions of vesicles needs to be interpreted together with data on the quantity of
vesicles in order to not underestimate the effect of Cyy or ZnCl,.

Table 2 Significant differences between treated and untreated populations after three minutes
of exposure
Quantity of vesicles Vesicle size distribution of population
Place 1 Place 2 Place 1 Place 2
Ceo 1 0 1 1
ZnCl, 1 1 1 1

Notes: 1 — statistically significantly different from untreated, 0 — not statistically
significantly different from untreated.

Similar data on the potential of C¢ to interact with biological membranes were reported
also by other authors. The damage of Cg colloidal suspension to cell membranes was
observed both with chemical assays, and confirmed physically by visualising membrane
permeability with high molecular weight dyes (Sayes et al., 2005). The results presented
by Tang et al., (2008) favour the hypothesis that fullerenes cause more membrane stress
than perturbation to energy metabolism.

In is explained that shape transformations of vesicles are governed by curvature and
bending elasticity (Lipowsky, 1995; Linke et al., 2005; Imparato et al., 2005). The lipid
vesicles could be deflected by osmotic pressure (Mathivet et al., 1996), rising the
temperature (Kraus et al.,, 1995; Ginzburg and Balijepalli, 2007) or electric fields
(Kummrow and Helfrich, 1991), or by different surfactants (Babnik et al., 2003). At
present stage we cannot explain the mode of action of nanoparticles or ZnCl, on vesicles.
This remains our future task.

ZnCl, was used in our study as a reference chemical in positive control to provoke the
shape transformations of vesicles. In a negative control, vesicles were treated only with
glucose solution. Reference chemical appeared to be adequately selected since
statistically significant differences between behaviour of control vesicles and those
treated with a reference chemical were recorded. Besides, the effects of Cgy on lipid
vesicles were different form that of the reference chemical. This is a proof that the effects
are not provoked by experimental conditions (rising temperature, osmotic pressure etc.)
but is due to a specific mode of action of the tested substance.

The computer assisted analysis of images obtained by microscopy as presented and
discussed here is designed to quantify and validate these perturbations. Further, the
potential of this tool to analyse shape transformations of spherical objects in general is
considered. Even though our population based approach to identify properties of vesicles
proved to be successful, our experimental and computer analysis algorithms still need
improvement (Illingworth and Kittler, 2007; Zupanc et al., 2009). In the future, our work
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will be focused on adapting and improving methods for automatic vesicle detection
(circle and ellipse detection algorithms). Additionally, semi-supervised methods will be
studied to combine the knowledge of experts with computer automated approach. When
an expert segments a small subset of the images, the information obtained could be used
to successfully identify similar objects in other images. Such semi-supervised methods
could further improve the percentage of correctly identified vesicles and reduce amount
of work required to manually segment images. Consequently, the same amount of
expert’s work would allow segmentation of even larger lipid vesicles’ populations and
more relevant and precise calculations.

The lack of methodologies for nanotoxicological evaluation contributes much of the
confusion in the current exposure/risk assessment framework, causes uncertainty in the
prediction of toxicity of nanoparticulate material and adds to the challenge of bio-nano
interaction research (Drobne et al. 2009; Valant et al., 2009). The lack of assessment
technology is a critical issue for regulators and investors, agencies who fund the research
or industries that expect to profit from the nanotechnology (Borm et al., 2006;
Oberdorster et al., 2007). On the basis of present knowledge it appears that lipid vesicles
fulfil many requirements to be used in assessment of biological potential of nanoparticles
in vitro. They are simple models for biological membranes and provide controllable and
repeatable experimental conditions. In addition, such in vitro systemsare a cost effective
mean for toxicological and pharmaceutical studies. A lot of knowledge already exists on
interactions between nanoparticles and lipid membranes. This knowledge might
significantly contribute to the emerging field of nanotoxicology and support
determination of safe doses of nanoparticles for humans and environment.

In the future, studies on lipid vesicles could provide basic understanding of
nanoparticle-membrane interactions and more, the information on biological reactivity of
nanoparticles could be used as an additional, biological characteristic of nanoparticles
apart their physicochemical properties. The method presented here holds many promises
for future investigation of the potential of different nanoparticles to interact with lipid
membranes. We presented here an approach for studding nanopaticle membrane
interactions under highly controlled conditions. The application of machine learning in
investigating shape transformations of vesicles illustrates the potential of computational
imaging in understanding of the dynamics of nanoparticle-vesicle interactions.
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