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Abstract

Given the increasing variety of manufactured nanomaterials, suitable, robust, standardized
in vitro screening methods are needed to study the mechanisms by which they can interact
with biological systems. The in vitro evaluation of interactions of nanoparticles (NPs) with
living cells is challenging due to the complex behaviour of NPs, which may involve dissolu-
tion, aggregation, sedimentation and formation of a protein corona. These variable parame-
ters have an influence on the surface properties and the stability of NPs in the biological
environment and therefore also on the interaction of NPs with cells. We present here a
study using 30 nm and 80 nm fluorescently-labelled silicon dioxide NPs (Rubipy-SiO, NPs)
to evaluate the NPs dispersion behaviour up to 48 hours in two different cellular media
either supplemented with 10% of serum or in serum-free conditions. Size-dependent differ-
ences in dispersion behaviour were observed and the influence of the living cells on NPs
stability and deposition was determined. Using flow cytometry and fluorescence microscopy
techniques we studied the kinetics of the cellular uptake of Rubipy-SiO, NPs by A549 and
CaCo-2 cells and we found a correlation between the NPs characteristics in cell media and
the amount of cellular uptake. Our results emphasize how relevant and important it is to
evaluate and to monitor the size and agglomeration state of nanopatrticles in the biological
medium, in order to interpret correctly the results of the in vitro toxicological assays.

Introduction

Nanotechnological products are attracting increasing interest in biomedicine and industry as
they offer novel solutions for a variety of applications [1,2]. Despite a huge number of in vitro
and in vivo studies aiming to evaluate the risk associated with these formulations, limited prog-
ress has been achieved in this domain. NPs characterization data are often not sufficient or not
accurate enough to allow proper comparison of results [3,4]. Due to their small size, NPs pos-
sess unique properties compared with bulk material since their enhanced surface area to mass
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ratio results in greater chemical and biological reactivity. Surface properties including electric
charge and hydrophobicity are crucial for the dispersion characteristics and each modification
of size, shape, surface coating and charge can lead to modified interactions with biological
structures and consequently can alter the cell response [5-9]. It is particularly important is to
characterize accurately the properties of NPs in the relevant biological environment to under-
stand and interpret correctly the results of an in vitro study. The proteins present in the cellular
medium and cellular components can interact with NPs and form a protein corona on their
surface, leading to modified surface properties and subsequently influencing the cytotoxicity
and cellular internalization [10-12]. In some situations, interaction with proteins can lead to
the destabilization of colloidal systems favoring the formation of agglomerates. This has been
shown to be an important factor in determining cellular response to NPs including pro-inflam-
matory reactions, generation of oxidative stress and genotoxicity [13-16]. Moreover, the size of
agglomerates has to be considered, since it has been shown that nano-sized agglomerates may
be less easily internalized by the cells than either monodisperse NPs or larger agglomerates
[17]. A careful characterization of the properties of NPs in the biological medium and in con-
tact with cells is also needed for understanding the effect of the complex biological environ-
ment on the NPs dispersion and on the effective dose of NPs reaching the cell layer. This latter
point has been addressed in many dosimetry studies [18,19], and enables the impact of NPs
deposition on the living cells to be determined. Indeed, the increased size of agglomerates
could promote gravitational sedimentation and lead to a locally higher concentration of NPs
on the surface of cells that are usually placed on the bottom of the wells for in vitro studies [20].
However, the behaviour of the agglomerates is more complex and their sedimentation velocity
depends not only on their size but also on their density and diffusion characteristics [21].

In this study we focused on the assessment of the characteristics of NPs in the cell culture
environment and on understanding the influence of these characteristics on the observed bio-
logical effect, in particular on the cell uptake of NPs. Amorphous fluorescent Rubipy-SiO, NPs
of two different sizes, 30 nm and 80 nm, were selected for the study, since fluorescent labelling
allows rapid and direct detection of NPs in cells using easily accessible techniques. We
employed two human cell lines frequently used in nanotoxicity studies: adenocarcinoma alveo-
lar basal epithelial cells (A549) [22], and colorectal adenocarcinoma cells (CaCo-2) [23,24].
Characterization of NPs including size distribution, zeta potential and fluorescence parameters
was carried out both in PBS and in all tested cell culture media taking into account the time-
frame of the cell experiments and the specific conditions such as temperature or humidity. The
deposition of NPs on the well bottom was measured in different media using a fluorescence
spectrophotometer. Finally the cell uptake was evaluated in complete medium containing 10%
of serum and in serum-free medium using flow cytometry and fluorescence microscopy. As a
result, a correlation of the physico-chemical properties of SiO, NPs dispersion with the
observed biological response was observed.

Materials and Methods
Nanoparticles

To obtain monodisperse fluorescent particles of silicon dioxide with sizes in the range from
20-110 nm a synthesis method was developed based on an adaptation of a procedure previ-
ously described by Kitaev et al. [25], where a water/amino acid (arginine or lysine) mixture is
placed in a glass vessel and a smaller volume of an immiscible organic liquid (cyclohexane) is
added and allowed to float above the aqueous phase. This bi-phase solution is then heated (if
necessary) and allowed to stabilize at the desired reaction temperature with slow stirring of the
aqueous layer. At this point TEOS is gently added to the organic phase where it preferentially
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dissolves. The system is then left under slow stirring for time periods of a few hours to several
days. During this time there is a slow diffusion of TEOS from the upper organic layer into the
aqueous phase where hydrolysis and condensation occurs with the nucleation and growth of
small SiO, particles with a narrow size distribution.

In this study the same basic method was adopted except that the aqueous phase containing
the arginine or lysine catalyst was doped with 15 mg/100 ml of a cationic inorganic fluorescent
dye: Ruthenium-tris(2,2’-bipyridyl) dichloride (Ru(II)(bypy)s). The cationic nature of the fluo-
rescent dye results in its rapid incorporation into the SiO, particles as they grow. This method
was found to be able to produce particles with different sizes in the range 20-110 nm by appro-
priate selection of the catalyst (arginine) concentration, reaction time and reaction tempera-
ture. For the preparation of 30 nm particles the reaction was conducted at 20°C for 24 hours
using an arginine concentration of 136 mg/100 ml. For the preparation of 80 nm particles the
reaction was conducted at 20°C for 72 hours using an arginine concentration of 45 mg/100 ml.

Before the biological experiments Rubipy-SiO, NPs were purified in centrifugal filters
(Amicon Ultra, 10 K, Milipore, Italy) at 3000 rpm for 10 min at room temperature and sus-
pended in sterile PBS at the required concentration (30 nm) or two times higher concentration
(80 nm). The fluorescence spectrum of the purified Rubipy-SiO, NPs was checked and com-
pared with the original suspension for the calculation of the concentration.

Cell lines and culture conditions

A549 (human epithelial lung cells) and CaCo-2 (human epithelial colorectal adenocarcinoma
cells) were obtained from European Collection of Cell Cultures (Sigma-Aldrich, Italy). A549
cells were cultured under standard cell culture conditions (37°C, 5% of CO,, 90% of humidity)
in F-12 Nutrient Mixture (Ham) medium containing 10% of heat inactivated Newborn Calf
Serum (New Zealand origin), 1% penicillin-streptomycin and 5 mM HEPES buffer. CaCo-2
cells were cultured under standard cell culture conditions in Dulbecco’s modified Eagle’s
medium with high glucose (4.5 g/L), supplemented with 10% of heat inactivated Foetal Bovine
Serum (North American origin), 1% penicillin-streptomycin, 4 mM L-glutamine and 1% non-
essential amino acids. All cell culture reagents were purchased from Invitrogen (Invitrogen,
Italy). The experiments were performed between passages 1-10 after defrosting of cells from
liquid nitrogen.

Physicochemical characterization of Rubipy-SiO, NPs

The size distribution of Rubipy-SiO, NPs was determined by centrifugal liquid sedimentation
(CLS) in a sucrose density gradient using a CLS Disc Centrifuge model DC24000UHR (CPS
Instruments Europe, Netherlands) and by Dynamic Light Scattering (DLS) using a Zetasizer
Nano ZS instrument (Malvern Instruments, UK). The samples were prepared as a suspension
of NPs at 1 mg/ml in water or in cell culture media (CCM) appropriate for the corresponding
cell line, either containing 10% serum (complete CCM) or serum-free. In addition, cell pre-
conditioned serum-free medium was prepared by incubation with sub-confluent A549 or
CaCo-2 cells for the corresponding time-point. Before the CLS measurements the NPs suspen-
sions were incubated at 37°C in the conditions of the cell uptake study: 1 to 48 hours incuba-
tion in complete CCM or 1 to 5 hours incubation in serum-free cell pre-conditioned medium.
To evaluate the effect of cell debris and large molecules on the NPs dispersion stability the cell
pre-conditioned medium was filtered through the centrifugal filters (Amicon Ultra 10 K) at
3000 rpm for 10 min in room temperature, then the measurements were repeated. The zeta
potential of the NPs in water, PBS and cell culture media for both A549 and CaCo-2 cells was
determined by electrophoretic mobility (Zetasizer Nano-ZS instrument, Malvern Instruments,

PLOS ONE | DOI:10.1371/journal.pone.0141593 October 30, 2015 3/18



@’PLOS ‘ ONE

Nanoparticles Dispersion Influences Cellular Uptake

UK). In order to obtain the fluorescence spectra of Rubipy-SiO, NPs the stock solutions of 30
and 80 nm NPs were diluted either in water, in PBS or in complete cell culture medium at con-
centrations of 0,2 mg/ml and the fluorescence emission intensity was measured using a fluores-
cence spectrophotometer (Cary Eclipse, Varian, Australia Pty Ltd).

Analysis of uptake of SiO, NPs by flow cytometry

The cells were seeded in 12-well plate (Costar) at a density of 100 000 cells/well, grown until
80-90% confluence and exposed to 100-200 pg/ml of 30 nm or 80 nm Rubipy-SiO, NPs in
fresh complete or serum-free medium. After the end of the exposure the cells were washed 3
times in PBS, trypsinised and blocked with a complete cell culture medium, washed again in
PBS and analysed immediately by flow cytometry.

Evaluation of cell associated fluorescence, forward scattering (FSC) and side scattering
(SSC) were carried out using a CyFlow space flow cytometer (Partec, Munster, Germany) and
the data were analysed using FCS Express 4 software (De Novo, Los Angeles, CA). Laser excita-
tion was at 488 nm and the emission band pass wavelength was 590/50 nm (FL-2) for Rubipy-
SiO, NPs related fluorescence. A minimum of 10 000 cells per sample were analysed; cells
debris, nanoparticles and doublets were excluded from the analysis by gating on the FSC versus
SSC log graph and on the FL-2 area versus FL-2 width graph respectively. The results are
reported as median of the cell associated fluorescence intensity averaged between three inde-
pendent experiments (2 replicas each) and after the subtraction of cell autofluorescence.

Fluorescence microscopy

A549 and CaCo-2 cells were seeded at a density of 8x10* cells/well on 4-chamber polystyrene
vessel tissue culture-treated glass slides (BD Falcon, Italy). 24 h after seeding, cells were exposed
to 200 pg/ml of 30 or 80 nm Rubipy-SiO, NPs for different exposure times at 37°C either in
complete cell culture medium containing 10% serum or in serum-free medium. Following
exposure, cells were washed 3 times in PBS to remove unbound particles, fixed with 4% (v/v)
paraformaldehyde in PBS and permeabilised with 0.1% (v/v) Triton X-100 in PBS (Sigma-
Aldrich, Italy). To delimit cell boundaries and discriminate between NPs present inside or out-
side of the cell actin filaments were stained for 40 min at room temperature with AlexaFluor
488-conjugated Phalloidin (Invitrogen, Italy) diluted 1:100 in PBS. The nuclei were counter-
stained with Hoechst 33342 dye (Dako, Italy), diluted 1:2000 in PBS. After staining, the cells
were washed in PBS and mounted for microscopy. Images were acquired with an Axiovert 200
M inverted microscope equipped with ApoTome slide module and Axiovision 4.8 software
(Carl Zeiss; Jena, Germany), using a 40x/1.0 objective lens.

Kinetics of NPs deposition

A549 cells were seeded in 12-well plate (Costar) at a density of 100 000 cells/well, grown until
80-90% confluent and exposed to 100 pg/ml (30 nm) or 200 pg/ml (80 nm) Rubipy-SiO, NPs
in fresh complete or serum-free medium. A separate plate was prepared for each time point (10
min, 30 min, 1 h, 3 h and 5 h) including the wells with non-treated cells, cells exposed to
Rubipy-SiO, NPs, and control wells with Rubipy-SiO, NPs dispersion, in triplicates. After a
given exposure time the supernatant from the wells with the exposed cells (deposition wells)
was transferred to the wells with non-treated cells (supernatant wells) and the fluorescence
intensity was measured in all wells, excitation/emission 495/590 nm, by a multiwell plate reader
(FluoStar, Omega, BMG Labtech, Offenburg, Germany). The signals from non-treated cells
were used as blanks and subtracted from the readings; the signal from the control wells with
Rubipy-SiO, NPs dispersion was treated as 100% and used to calculate a percentage of the NPs
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in deposition wells and in the supernatant. In parallel, the same experiment was performed in
the absence of cells, in order to compare the kinetics of NPs deposition in both conditions.

Results

Size measurement and colloidal stability of Rubipy-SiO, NPs in cellular
media

The size distribution of Rubipy-SiO, NPs was measured by DLS and CLS first in water and in
serum-free medium suitable for A549 and CaCo-2 cell cultures (Table 1). The obtained hydro-
dynamic size values measured by DLS were: 30-33 nm for 30 nm SiO, NPs and 78-80 nm for
80 nm SiO, NPs, whereas the CLS values were 26 nm and 62-68 nm, respectively. The disper-
sions of both sizes of Rubipy-SiO, NPs in water and in serum-free media were stable at least up
to 72 h. The electric charge was strongly negative in water (-37 mV and- 52 mV for respec-
tively 30 and 80 nm NPs) and less negative in PBS and cell culture media (-14 mV and -16
mV) (S1 Table).

When suspended in complete culture media in the presence of 10% serum, both sizes of
Rubipy-SiO, NPs showed clear differences in the dispersion behaviour (Fig 1). The average
diameter of 30 nm Rubipy-SiO, NPs measured by CLS increased after 24 h in both media to
around 130 nm and the size distribution shifted to larger values in a time-dependent manner
clearly indicating agglomeration of NPs. The number of particles in the agglomerate could be
estimated by using the formula of Sterling [26]. The size of an agglomerate of 130 nm corre-
sponds to roughly 30 NPs by assuming a spherical agglomerate with fractal dimension of 2.5
and a packing factor of 0.637 [19,27]. The density can be determined leading to a value of 1.6
g/cm?, instead of 2.3 g/cm” which is the density of bulk silica. Using these parameters allowed
us to use the theoretical model of the particles deposition in the well (S1 Fig) and comparing
these values with the experimental findings.

The dispersion of 80 nm SiO, NPs was different in two different cell culture media: in A549
complete medium the dispersion remained stable for the whole duration of the experiment (48
hours) whereas in CaCo-2 complete medium the 80 nm NPs behaved similarly to the 30 nm
particles, showing an increased polydispersity, an average size of 130 nm after 24 h and
agglomeration (Fig 1). In this case, the size of the agglomerate corresponds to only a few NPs
(<5) leading to a density of roughly 1.8 g/cm”.

To confirm our CLS results we performed transmission electron microscopy (TEM) analysis
of the NPs suspended in cell culture media, both serum-free and complete. We employed a
sample preparation procedure that minimizes agglomeration artefacts in dried TEM samples
and allows a more homogenous distribution of the particles on the TEM grid.[28] In serum-
free A549 and CaCo-2 medium we observed more or less a uniform layer of NPs surrounded

Table 1. Particle size distribution in water and serum-free cell culture media.

DLS CLS
(Z-average) PDI (by weight)

SiO, 30 in H>0 30.2+4 0.052 26.1 £ 11

in A549 CCM 328+5 0.081 26+ 8

in CaCo-2 CCM 33.1%5 0.075 26+ 10
SiO, 80 in H20 80.2+9 0.044 68.8 + 22

in A549 CCM 80.3+9 0.003 62+ 16

in CaCo-2 CCM 78.8+9 0.023 61.8+ 16

doi:10.1371/journal.pone.0141593.1001
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Fig 1. Size distribution of Rubipy-SiO, NPs in complete media. Rubipy-SiO, NPs were suspended either in A549 (left) or CaCo-2 (right) complete cell
culture medium (10% of serum) at concentration 1 mg/ml and the size distribution was measured in time up to 48 hours by CLS.

doi:10.1371/journal.pone.0141593.g001

by traces of dried culture medium (S2 Fig), which is indicative of a good dispersion in solution.
In complete medium, particularly in CaCo-2 complete medium, the abundant presence of
serum proteins together with other components was a limiting factor that hampered the proper

visualization and analysis of NPs morphology and dispersion. Nevertheless, we could distin-

guish the agglomerates of NPs from the covering precipitates of salts and proteins. Only in one
condition (80 nm NPs in A549 complete medium) the NPs were distributed more homoge-
nously among the whole TEM grid, even if embedded in the protein mixture, indicating
absence of agglomeration. This is in agreement with the CLS results (Fig 1).

In addition, we assessed the effect of cell presence on NPs dispersion characteristics. The

fresh serum-free medium was pre-incubated with sub-confluent cells for 1, 3 or 5 hours and
then was used to prepare Rubipy-SiO, NPs dispersions. After 1, 3 or 5 hours incubation of NPs
in cell pre-conditioned media at 37°C the size distribution was evaluated by CLS (Fig 2). 30 nm
SiO, NPs remained stable in these conditions and the size did not differ from the size in fresh
medium, whereas 80 nm Rubipy-SiO, NPs showed the presence of agglomerates already after
1 hour incubation in A549 cell pre-conditioned medium, but not in CaCo-2 pre-conditioned
medium. On SEM images of 80 nm Rubipy-SiO, NPs in A549 cell pre-conditioned medium
(S3 Fig right) we can observe regular round particles of variable sizes, mostly much bigger than
the ones dispersed in water (S3 Fig left); these are agglomerates consisting probably of 2 or
more NPs and proteins. Furthermore, the dispersion of 80 nm Rubipy-SiO, NPs in the same
cell pre-conditioned medium but centrifugally filtered showed the same size distribution as in
fresh serum-free medium (Fig 3), indicating that the observed agglomeration was induced by
the cell debris or large proteins secreted by the cells.
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Fig 2. Effect of cell presence on NPs size characteristics. Rubipy-SiO, NPs 30 and 80 nm were suspended in cell culture medium without serum and pre-
conditioned by incubation with cells for 1, 3 and 5 hours and the size distribution was measured by CLS.

doi:10.1371/journal.pone.0141593.9002
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Fig 3. Effect of cell presence on NPs size characteristics. CLS size measurement of 80 nm Rubipy-SiO, NPs suspended at 1 mg/ml in a) serum free
A549 medium (med I), b) serum free A549 medium pre-conditioned by the incubation with cells (med Il), c) filtrated medium Il (med llI), after 24 h incubation
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doi:10.1371/journal.pone.0141593.9003
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In order to verify if the modified colloidal stability of NPs in different cell media conditions
can be explained by the variations in the protein corona composition we isolated, washed and
separated the proteins bound to NPs by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
The results of SDS-PAGE indicated that, indeed, slightly different bands were visible in two dif-
ferent A549 and CaCo-2 complete media conditions as well as in serum-free cell pre-condi-
tioned media (54 Fig). However, little difference, if any, could be observed comparing 30 nm
and 80 nm NPs protein corona in the same conditions. Further studies on this are currently
ongoing.

Fluorescence characteristics of Rubipy-SiO, NPs

Fluorescence spectra were determined for Rubipy-SiO, 30 and 80 nm NPs. The fluorescence
intensity of Rubipy-SiO, 80 nm NPs was higher than that of the 30 nm NPs at the same mass
concentration (S5 Fig). Furthermore the fluorescence emission peak was detected at 603 nm
for Rubipy-SiO, 80 nm and at 597 nm for Rubipy-SiO, 30 nm. The observed blue shift proba-
bly originated from the difference in dye concentration in the two nanoparticle types [29]. The
fluorescence spectra of Rubipy-SiO, NPs suspended in complete media were recorded over
several hours and compared with the spectra of NPs suspended in water. The fluorescence sig-
nal was similar in both conditions and stable over the time, indicating that NPs agglomeration
and protein corona formation had no effect on the fluorescence intensity (S5 Fig).

Determination of cytotoxicity

In our study no cytotoxic effects were observed after 72 h exposure of cells to Rubipy-SiO, NPs
of either 30 nm or 80 nm in complete cell culture medium, as assessed by the MTT assay (S6
Fig and not shown). In serum-free conditions already after 3 h exposure to 30 nm Rubipy-SiO,
NPs (and slightly also for 80 nm Rubipy-SiO, NPs) a morphological change and a decrease of
cell size were observed by fluorescent microscopy. These morphological effects were not visible
when cells were incubated in serum-free medium in the absence of NPs suggesting that they
were due to NPs exposure (S7 Fig). However, the metabolic activity of cells assessed by MTT
assay was significantly decreased only after 48 h exposure to 30 nm Rubipy-SiO, (S6 Fig),
showing that the cell metabolism was less affected by the exposure. Nevertheless, because of
the observed cytotoxicity, the concentration of 30 nm Rubipy-SiO, NPs applied for the study
of the kinetics of cell uptake was decreased to 100 pg/ml instead of 200 ug/ml and the exposure
time reduced to a maximum of 5 h in serum-free conditions.

Kinetics of cell uptake of Rubipy-SiO, NPs

Cellular uptake of Rubipy-SiO, was studied qualitatively by fluorescence microscopy (allowing
visualization of NPs inside the cells) and quantitatively by flow cytometry. Fluorescence
microscopy studies showed that both 30 and 80 nm-sized Rubipy-SiO, NPs were efficiently
and in a time-dependent manner taken up by A549 cells and that they accumulated progres-
sively in the perinuclear area, but not in the cell nucleus (Fig 4). The orthogonal view of z-stack
images of cells exposed to Rubipy-SiO, NPs provided evidence that NPs were localized within
the cell boundaries indicating that fluorescence of the exposed cells measured by flow cytome-
try was mainly due to the internalized NPs and not NPs attached to the cell membrane (S8
Fig).

The flow cytometry experiments indicated a fast cell uptake of Rubipy-SiO, NPs during the
first hours of exposure that slowed or ceased completely after 24 h (Fig 5). Differences in the
level of the internalization were observed between the two cell lines. In complete medium, a
higher uptake of 30 nm Rubipy-SiO, NPs was observed in A549 cells as compared to Caco-2
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Fig 4. Kinetics of the cell uptake of Rubipy-SiO, NPs. A549 cells were exposed to 200 pg/ml of 30 nm (left
column) and 80 nm (right column) Rubipy-SiO, NPs in complete CCM for different time intervals up to 48 h,
and stained with Hoechst-33342 (nuclei; blue) and with AlexaFluor 488-conjugated phalloidin (actin; green),
and observed by fluorescence microscopy (Rubipy-SiO, NPs, red). Scale bar: 50 pm.

doi:10.1371/journal.pone.0141593.9g004

cells (Fig 5, upper graph). In contrast, the 80 nm Rubipy-SiO, NPs were taken up more effi-
ciently by Caco-2 cells (Fig 5, lower graph).

In serum-free conditions the cell uptake of both sizes of Rubipy-SiO, NPs much faster and
to a higher level than in complete cell medium (Fig 6), showing signs of saturation already after
1 h exposure. The 80 nm Rubipy-SiO, NPs were taken up faster by A549 cells as compared to
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Fig 5. Quantification of the cell uptake of Rubipy-SiO, NPs. The cellular uptake of Rubipy-SiO, NPs, was quantified by flow cytometry after exposure of

A549 and CaCo-2 cells to 100 pg/ml of 30 nm Rubipy-SiO, NPs (up) or to 200 pg/ml of 80 nm Rubipy-SiO, NPs (down) in complete CCM during 1 h, 3 h, 5 h,
24 hand 48h.

doi:10.1371/journal.pone.0141593.g005

CaCo-2 cells, while no significant difference in the rate of uptake was seen for the 30 nm NPs
in both cell lines.

Kinetics of NPs deposition

In parallel to the cell uptake studies, and using the same conditions, the kinetics of deposition
of silica NPs at the cell surface or at the cell-free (plastic) surface was evaluated by quantifica-
tion of fluorescence intensity in the multiwell plate reader. In the study performed in complete
medium both in the presence and in the absence of cells only a small percentage of the NPs (30
nm and 80 nm) was detected on the bottom of the well (deposition part) and most of them
were found in the supernatant part over the duration of the study, i.e. up to 48 h (data not
shown). Similar results were obtained in serum-free medium in the absence of cells. However,
in the study performed on A549 cells in serum-free conditions, the fluorescence of the cell
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Fig 6. Effect of serum depletion on the kinetics of cell uptake. A549 cells and CaCo-2 cells were exposed to 100 pg/ml of 30 nm Rubipy-SiO, NPs (top)
or to 200 pg/ml of 80 nm Rubipy-SiO, NPs (bottom) either in serum-free conditions or in complete medium. Cell associated fluorescence was quantified by
flow cytometry after 10 min, 30 min, 1 h, 3h and 5 h exposure.

doi:10.1371/journal.pone.0141593.g006

layer increased continuously with time reaching 80-90% of the initial NPs suspension after 5 h.
A corresponding decrease was observed in the supernatant part (Fig 7). The kinetics of the
deposition was similar for both sizes of Rubipy-SiO, NPs.

Discussion

The complex behaviour of NPs in cell culture media should always be considered in nanoparti-
cle-cell interaction studies in vitro. Several processes such as dissolution, aggregation, sedimen-
tation and formation of a protein corona have an important influence on the surface properties
and on the stability of NPs in the biological environment, and consequently on the NPs inter-
action with cells. The aim of the present study was to investigate the differences in the disper-
sion behaviour of silica NPs of two different sizes in two distinct cell culture media in the
presence or absence of 10% of serum, and to evaluate how the varying NPs characteristics in
the different in vitro conditions affect the NPs intracellular uptake and cytotoxicity.
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SiO, NPs in serum-free conditions for up to 5 h. Fluorescence intensity of the supernatant and of the cell layer
was measured with a spectrophotometer at every time point.

doi:10.1371/journal.pone.0141593.g007

It is worth stressing that the characterization of NPs dispersion in standard conditions for the
in vitro biological experiments, i.e. in serum-containing cell culture medium, remains a challenge
despite the recent improvement of the analytical methods [30]. The presence of the proteins is a
limiting factor for a correct interpretation of the obtained data. Furthermore, the concentration
of NPs in the sample should be ideally equal to the one used for the biological experiments, so
relatively low. Very often this is not possible since in order to obtain good quality data a suffi-
ciently high sample concentration and a high particle to protein ratio is required. Therefore, the
choice of appropriate methods for assessing size distribution in cell culture medium is challeng-
ing. In this study, the size of Rubipy-SiO, NPs in complete medium containing 10% serum was
measured only by CLS, as DLS data are not reliable for polydisperse samples or when agglomer-
ates are present [21,31]. CLS was shown to be one the most accurate methods to evaluate the size
of NPs and their agglomeration state, especially in cell culture media [32], but care has to be
taken in the interpretation of the data. CLS measures the sedimentation time of a complex under
centrifugation which can then be related to its mass and size. The time of sedimentation is a
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function of the fixed experimental parameters such as viscosity of the fluid, density of the gradi-
ent of sucrose, the rotational speed and the dimension of the disc and two unknowns parameters
related to the NPs, namely the NPs density and diameter. However, the particle density usually
is assumed to be the density of the bulk material (2.3 g/cm” for silica) leading to an underestima-
tion of the NPs diameter. This is due to the fact that the bulk density does not account for contri-
bution of the hydration layer covering the NPs which decreases the nanoparticle apparent
density. Indeed in our case the NPs diameter values obtained from CLS were calculated by using
the density of bulk silica so are slightly underestimated and lower as compared to the DLS values.
Nevertheless, despite the method limitations, the CLS spectra provided important information
on the behaviour of the particles in complete medium and showed clear differences in the disper-
sion behaviour of both sizes of Rubipy-SiO, NPs in two distinct cell culture media for both A549
and Caco-2 cells. The changes in NPs size distribution and their agglomeration were time-
dependent, highlighting that NPs dispersion behaviour should be monitored in the biological
conditions throughout the whole experiment and not only one time-point.

Another important point is the influence of living cells on the NPs stability and deposition.
Indeed, when exposed to medium without serum, that has been pre-conditioned with the A549
cells, 80 nm NPs agglomerated already after 1 hour, while the same NPs were stable when sus-
pended in serum-free medium that has not been in contact with cells as well as in medium
with 10% of serum. Pre-conditioning of medium with the CaCo-2 cells did not affect the size
distribution of 80 nm NPs. Moreover, NPs did not agglomerate if the A549 pre-conditioned
medium was filtered before adding the nanoparticles. This observation highlights the impor-
tance of the source and type of the proteins present on NPs surface, since depending on their
origin (serum, cell secreted proteins) and properties they can either stabilize or destabilize NPs
dispersion and consequently influence nanoparticle-cell interactions [33]. However, it is likely
that this will vary depending on NPs composition, since another study demonstrated the oppo-
site trend for gold NPs: an increased NPs agglomeration in the filtrate of A549 pre-conditioned
medium comparing to non-filtrated pre-conditioned medium [34]. Moreover, depending on
NPs size and surface curvature, and despite the same surface chemistry, different types of pro-
teins contribute to protein corona formation, and lead to different behaviour of the dispersion
in the same medium [35,36]. Here, in agreement with existing reports [34], we observed an
increased tendency to agglomerate for the smaller NPs than for the larger NPs, even if the pro-
file of the protein corona was very similar for both sizes of Rubipy-SiO, NPs.

We also evaluated if changes in size distribution of silica NPs have an effect on their cyto-
toxic potential. The size of the NPs has been highlighted in many studies as one of the main
parameters determining particle cytotoxicity [37,38]. Smaller NPs were reported to be more
toxic than the larger ones, inducing oxidative stress and inflammatory process, whereas the
agglomeration of NPs could modulate the cellular response and decrease associated cytotoxic-
ity [15,39]. In our experiments, both sizes of Rubipy-SiO, NPs were not toxic to cells in com-
plete cellular medium, though some cytotoxicity of 30 nm NPs was detected in serum-free
conditions. Moreover, changes in cell morphology and decrease in cell size were observed after
exposure to Rubipy-SiO, NPs in serum-free conditions by fluorescent microscopy. This obser-
vation was already reported by other researchers [33,40], and is most probably a result of the
increased vulnerability of the cells depleted from serum and/or increased adhesion of NPs to
the cell membrane in these conditions [41] enhancing nanoparticle-cell interaction.

To evaluate further whether there is a correlation between NPs characteristics in cell media
and the NPs cell interaction in the corresponding conditions, we determined the kinetics of cel-
lular uptake of Rubipy-SiO, NPs in A549 and CaCo-2 cells using flow cytometry and fluores-
cence microscopy techniques. Clear differences in the level of the internalization were observed
between the two cell lines, but several parameters need to be considered in order to correctly
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interpret the results. Cellular uptake of NPs is a function of the amount of NPs reaching the
cell monolayer (the dose) and of the uptake kinetics parameters such as adsorption rate,
desorption rate, and density of binding sites [42]. The amount of NPs reaching the cell mono-
layer depends on the physical properties of the NPs (size, mass density) and their stability in
culture medium (state of agglomeration). The kinetics parameters are related to cell types,
physical chemical properties of the NPs and the nature of the protein corona. The results of
characterization of the NPs in culture medium show that the particles tend to agglomerate
forming objects of different sizes depending on the cell medium, cell type and time of exposure.
NPs of 30 nm in both complete culture media created agglomerates of a similar size and den-
sity, suggesting that in both situations the dose of 30 nm NPs reaching the cells monolayers
was approximately the same. Thus, the higher uptake observed for A549 cells was due most
likely to a higher affinity of NPs to these cells and to the cell phenotype. CaCo-2 cells are
smaller than A549 cells, proliferate more rapidly and are able to achieve higher cell density in
the wells leading to lower NPs content per cell. On the other hand, 80 nm NPs remained
monodispersed in A549 complete medium and agglomerated slightly in CaCo-2 complete
medium, which should result, according to a theoretical dosimetry model (S1 Fig), in a slightly
higher dose reaching CaCo-2 cell layer than A549 cells. However, the difference in the dose
does not explain completely the difference in the level of uptake, suggesting higher affinity of
80 nm NPs to CaCo-2 cells. As we expected, the protein corona profile was different in A549
complete medium and in CaCo-2 complete medium, and this was shown to be an important
parameter determining NPs uptake [43]. Additionally, in agreement with existing reports
[33,44,45] the cell uptake of both sizes of Rubipy-SiO, NPs was, in the absence of serum, much
faster than in complete cell medium, confirming that the serum protein corona on the nano-
particles modulates the NPs cellular uptake.

In parallel to the cell uptake study we verified if and how NPs are deposited and adsorbed at
the cell surface (or at the plastic surface in cell-free experiments) and if these findings were
reflected in the observed cellular uptake. In the complete medium only a small amount of the
NPs (both 30 nm and 80 nm) was found in the deposition part, as the level of the cellular inter-
nalization was in these conditions rather low and difficult to detect by multiwell plate reader.
Moreover, all other NPs were coated by the proteins and did not adhere to the cells surface or
to the plastic, thus were removed from the deposition wells and remained in the supernatant
part during the measurement. On the contrary, in serum-free A549 medium the deposition of
NPs was fast and almost complete after only 5 h, exceeding the estimation calculated in the
dosimetry model (S1 Fig) which is based solely on the particle size and density and does not
consider the cellular component. We can then conclude that the reason for the enhanced cellu-
lar uptake observed in serum-free conditions comparing to complete medium was the
increased dose of NPs reaching the cell layer in these conditions. Importantly, the kinetics of
the deposition was similar for both sizes of Rubipy-SiO, NPs: 30 nm, which were stable in
these conditions maintaining their original size and 80 nm, which were strongly agglomerating.
Regarding the kinetics of the cell uptake quantified by flow cytometry, we can hypothesize that
the deposition of NPs continued also after the cell uptake was saturated. Interestingly, this ten-
dency was not observed in the absence of cells, where only few percent of the initial NPs in sus-
pension was deposited and attached to the plastic surface. We can then conclude that the
cellular component was critical in determining the deposition of the NPs in the well.

Conclusions

In this study we compared the size distribution and the stability of the dispersion of two sizes
(30 and 80 nm) of amorphous Rubipy-SiO, NPs in two different cellular media with and
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without 10% of serum. Both types of silica NPs had the same surface chemistry and only dif-
fered in size, yet they behaved differently in cellular media containing the proteins, either origi-
nating from added serum or secreted by the cells. By a careful selection of methods we were
able to assess the NPs dispersion characteristics in conditions similar to the uptake study and
to correlate these findings with the results of the in vitro experiments. We observed particularly
low cellular uptake in the conditions where NPs dispersion was stable for the whole duration of
the experiment. The depletion of serum during the exposure to NPs led to enhanced NPs depo-
sition on the cell layer resulting in increased cell uptake and cytotoxicity. Moreover we showed
that the presence of living cells can not only change the size distribution and the colloidal sta-
bility of NPs but also strongly influences the kinetics of the NPs deposition, independently of
their state of agglomeration. Therefore characterization studies of NPs in the biological media
and the dosimetry models should consider the cellular component as well as time-dependent
and cell-dependent changes in the extracellular environment.
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