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ABSTRACT

Amorphous silica is a particularly interesting material because of its inertness and chemical
stability. Silica nanoparticles have been recently developed for biomedical purposes but their
innocuousness must be carefully investigated before clinical use. The relationship between
nanoparticles physicochemical features, their uptake by cells and their biological activity
represents a crucial issue, especially for the development of nanomedicine. This work aimed
at adapting a method for the quantification of nanoparticle endocytosis based on pH-sensitive
and double fluorescent particles. For that purpose, silica nanoparticles containing two
fluorophores: FITC and pHrodo™ were developed, their respective fluorescence emission
depends on the external pH. Indeed, FITC emits a green fluorescence at physiological pH and
pHrodo™ emits a red fluorescence which intensity increased with acidification. Therefore,
nanoparticles remained outside the cells could be clearly distinguished from nanoparticles
uptaken by cells as these latter could be spotted inside cellular acidic compartments (such as
phagolysosomes, micropinosomes...). Using this model, the endocytosis of 60 nm
nanoparticles incubated with the RAW 264.7 macrophages was quantified using time-lapse
microscopy and compared to that of 130 nm submicronic particles. The amount of
internalized particles was also evaluated by fluorimetry. The biological impact of the particles
was also investigated in terms of cytotoxicity, pro-inflammatory response and oxidative
stress. Results clearly demonstrated that nanoparticles were more uptaken and more reactive

than submicronic particles. Moreover, we validated a method of endocytosis quantification.
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1 INTRODUCTION

Amorphous silica is used for many applications because of its chemical stability, its inertness
independently of pH and temperature and its insolubility in water (Merget et al. 2002). The
use of amorphous silica has been particularly extended to biomedical applications (Colilla et
al. 2008; Santra et al. 2001). And more recently the potential applications of amorphous silica
have encompassed the emerging field of nanomedicine (1 to 100 nm) (Fang et al. 2011). A
great advantage with this material lies in the silane chemistry, allowing versatile surface
modifications like addition of specific antibodies or fluorescent probes, resulting in new
applications for diagnosis (tumor labeling) (Chandolu and Dass 2013), drug delivery
(targeting of cancer cells) (Benezra et al. 2011) or gene transfer (Roy et al. 2005). However,
the new physico-chemical properties conferred by the nanometric scale can also potentially
trigger a change in the biological behaviour of the nano-objects (Mamaeva et al. 2013;
Riehemann et al. 2009). Indeed, at this scale nanoparticles might interact more with cells and
consequently be more reactive than bulk material. In vivo studies in mice have shown that
materials classically considered as biologically inert (e.g. titanium dioxide, gold or silica)
have been reported to cause exacerbated biological responses such as lung inflammation when
used at the nanoscale (Kaewamatawong et al. 2005; Oberddrster et al. 2005). More
specifically, a study from Cho et al. (2007) on the impact of 14 nm amorphous silica
nanoparticles on lung has shown severe inflammation in mice with, among others, an
enhancement of interleukin-6, interleukin-8 and tumor necrosis factor-a (TNF-a) expressions.
These results are reinforced by in vitro toxicological studies. For example Gazzano et al.
(2012) have shown a more severe cytotoxicity of 7 and 40 nm amorphous silica nano-spheres
compared to silica micro-spheres on macrophages (MH-S) associated with an enhancement of
reactive oxygen species and TNF-a secretion. Nevertheless, previous studies have concluded

that cytotoxicity should be studied in parallel to the particles/cells interaction and that the



intensity of the biological response may be influenced by the amount of internalized particles
(Clift et al. 2008).

Cellular internalization processes are known to occur through passive or active transport. As
specified in Zhao et al. review (2011), nanomaterials uptake by cells occurs potentially
through endocytosis, a general form of active transport in which cytoplasmic membrane
engulfs extracellular objects. Endocytosis includes pinocytosis, caveolae-dependent or
clathrin-mediated endocytosis and phagocytosis. Most of these pathways lead to the
internalization of the extracellular material in vesicles that will progressively acidify.
Especially during phagocytosis foreign particles are internalized by vesicles called
phagosomes, which fuse with lysosomes, another type of intracellular acidic vesicles, to form
phagolysosomes. The pH is around 6 in a phagosome and decreases to 4.5 in a fully matured
phagolysosome (Griffiths 2004). We had already taken advantage of this acidification to
investigate cellular particle internalization. Indeed, in a previous study (Leclerc et al. 2012),
250 and 500 nm silica particles were synthesized including two fluorophores: fluorescein
isothiocyanate (FITC) and pHrodo™. The respective fluorescence emission of these
fluorophores depends on the surrounding pH: FITC emits a green fluorescence at
physiological pH (Ohkuma and Poole 1978), and pHrodo™ emits a red fluorescence which
intensity increases with acidification and that accurately indicates cellular internalization in
acidic compartments such as a phagolysosomal localization (Miksa et al. 2009). Therefore,
based on the particle pH-sensitivity and double fluorescence, it was possible to quantify
cellular particle uptake.

The aim of the present study was to adapt this method to particles of smaller dimensions,
including one at the nano-scale. 60 nm (P60) nanoparticles and 130 nm (P130) submicronic
particles were synthesized. Those dimensions imply to give up previous techniques not

enough sensitive and develop a new approach. After a thorough physico-chemical



characterization these pH-sensitive and double fluorescent particles were incubated with
RAW 264.7 macrophages and particle endocytosis was quantified using time-lapse
microscopy that furthermore allowed a kinetic follow-up. The amount of internalized particles
was also evaluated by fluorimetry using a Trypan Blue quenching method (Leclerc et al.
2010). Finally, cellular response was investigated in terms of loss of cell membrane integrity
(determined by the Lactate DeHydrogenase (LDH) assay), pro-inflammatory effect (TNF-a

secretion) and oxidative stress (Reactive Oxygen Species (ROS) production).

2 EXPERIMENTAL PROCEDURES
2.1 Reagents

Tetracthyl orthosilicate (Si(OC2H5)4, TEOS, > 99%), (3-aminopropyl)triethoxysilane

(H2N(CH2)3-Si(OC2H5)3, APTES, 99%), isopropanol ((CH3)2CHOH, > 99,5%),
triethylamine ((C2H5)3N, > 99,5%, dimethyl sulfoxide anhydrous ((CH3)2SO, DMSO, >
99,9%), Fluoresceine isothiocyanate Isomere I (C21H11NOSS, FITC, > 90%), sodium
hydroxyde (NaOH) were purchased from Aldrich chemical (Sigma-Aldrich Chimie, Lyon,
France). Diethylenetriamine pentaacetic dianhydride (C14H19N308, DTPA-ba, > 98.0%)
was purchased from TCI Europe (Zwijndrecht, Belgium). pHrodo™ succinimidyl ester
(pHrodo, SE) was purchased from Invitrogen (Cergy Pontoise, France). Ethanol and other
organic solvents (reagent grade) were purchased from SDS (France) and used as received.

2.2 Particle synthesis

The particles were composed of pure silica core doped with FITC grafted by covalent bonds,
as described by Van Blaaderen et al. and Wang et al. (Van Blaaderen and Vrij 1992; Wang et
al. 2003). Then a controlled polysiloxane shell (SiOx) with pHrodo™ probe was added at the
core surface, by reacting firstly pHrodo™ succinimidyl ester with APTES in DMSO.

Afterward the resulting product was added to the reaction of hydrolysis condensation



including APTES/TEQS as organosilane reagent using isopropanol as solvent in the presence
of a catalytic amount ot triethylamine (Fizet et al. 2009). Finally the particles were stabilized
by introducing carboxylic surface groups (COOH) via diethylenetriamine pentaacetic
dianhydride reagent as described in a previous study (Fizet et al. 2009). Briefly, into a
suspension of a DTPA-ba in dry DMSO was added a colloidal solution (DMSO) of hybrid
particles. The reaction was carried out during 18 hours at room temperature. In order to
remove salt and impurities from the suspension, samples were purified against ultrapure
water. After an initial centrifugation two series of purification steps composed by subsequent
centrifugation and redispersion runs were performed in ethanol and ultrapure water MilliQ
H,0. Finally particles were resuspended in MilliQ H,O at 20 g/l in SiO, concentration was
controlled by a dry matter measurement. The amorphous and porous properties of the
polysiloxane shell allowed the probe accessibility to the environmental pH variations. The
fluorescence change of each type of particle was assessed in buffer solutions at pH 2, 6 and 10
by fluorimetry. The particles characteristics are summarized in Table 1.

2.3 Physico-chemical characterization of the particles

Scanning electron microscopy (SEM) images of particles were performed using an ESEM
XL30-FEI microscope equipped with a thermal field emission gun (FEG). Dynamic light
scattering (DLS) method (nano Zetasizer, Malvern) allowed determining the zeta potential (§)
and the size distribution of particles. Measures were performed both in distilled water and in
the complemented medium DMEMc used for cell culture: Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen, Cergy Pontoise, France) supplemented with 10% of fetal calf
serum (Invitrogen), 1% penicillin—streptomycin (penicillin 10,000 units/ml, streptomycin 10
mg/ml, Sigma-Aldrich, Saint-Quentin Fallavier, France).

2.4 Cell culture



RAW 264.7 cell line derived from mice peritoneal macrophages transformed by the Abelson
murine leukemia virus and was provided by ATCC Cell Biology Collection (Promochem,
LGC, Molsheim, France). Cells were cultured in DMEMc at 37°C and under a 5% carbon
dioxide humidified atmosphere.

2.5 Cellular uptake assessment

2.5.1 Time-Lapse microscopy

Macrophages were seeded in a 6-well plate (1 million cells per well) and were allowed to
adhere for 4h. Cell nuclei were stained with 0.1 uM of Hoechst 33342 solution (Sigma) for 15
min and rinsed with PBS. Suspensions of P60 and P130 were added at concentration of 30
and 300 pg/ml for 1h. Then particles were washed in order to reduce background noise. Cells
were maintained at 37°C and under a 5% carbon dioxide humidified atmosphere (Heating
Unit XL S Zeiss and CO,, O, Module). Time-lapse video was performed during 20h (with
photography every 30 min on selected regions) on a numeric inverse microscope platform
(Axiovert observer Z1) combined with a fluorescence imaging system. Images were obtained
from the fluorescence (excitation, emission) emitted by FITC (488 nm, 495-550 nm), pHrodo
(532, 560-650 nm), and Hoechst (350, 408-443 nm) with a HXP 120 lamp and 3 filters (Cy3,
GFP, CFP, through COLIBRI mode). A semi-quantitative analysis was conducted after the
observation of 30 cells in order to determine the particle localization within cells. Cell
viability was also estimated over time and the reported amount of dying macrophages took
into account the cells detached from the well surface. Image analyses were performed with the
Fiji distribution of the ImageJ software (Schindelin et al. 2012). The video was used as a stack
of images taken over time.

2.5.2 Fluorimetric analysis

Macrophages were seeded in 96-well plates (100 000 cells in 200 pl of media per well). Cells

were allowed to adhere for 4h and were incubated with 10, 30, 60 and 300 pg/ml of



suspension of P60 or P130 for 20h. The amounts of particles remained in cell culture
supernatant, of particles adhering to cell membrane and of particles uptaken by cells were
determined by measuring the green fluorescence emitted by FITC with a fluorometer
(Fluoroskan Ascent, Thermolabsystems, France) and using a “trypan blue quenching” (TB)
method described elsewhere (Leclerc et al. 2010). Briefly, in addition to its principal function
as an exclusion dye of dead cells, TB is known for its ability to “turn off” the green
fluorescence emitted by FITC-labeled particles remained outside the cells (Van Amersfoort
and Van Strijp 1994; Nuutila and Lilius 2005). This process allowed distinguishing the
fluorescence of internalized particles from those of particles just adhering to the cell
membrane. For quantification, the fluorescence intensity was reported to a standard curve
previously established for each particle concentration. Control wells without particles were
used to assess the autofluorescence of cells in culture media.

2.6 Cytotoxicity assays

2.6.1 Cell/particles contacts

For LDH, TNF-a and ROS assays, macrophages were seeded in 96-well plates (100 000 cells
in 200p! of media per well). Then cells were allowed to adhere for 4 h and were incubated
with 10, 30, 60 and 300 pg/ml of particles suspension for 20h excepted for the detection of
ROS, that is an early reaction (Chen et al. 2011), for which cells were incubated with particle
suspension for 90 min,

2.6.2 Cell membrane integrity

The release in the cell culture supernatant of the cytoplasmic lactate dehydrogenase (LDH)
from cells with damaged membranes was assessed using the CytoTox-96™ Homogeneous
Membrane Integrity Assay (Promega, Charbonnieres les Bains, France) according to the
manufacturer’s instructions. The optical density of the samples was determined using a

microplate reader (Multiskan RC; Thermolabsystems, Helsinki, Finland) set to 450 nm. The



activity of the released LDH was reported to that of total cellular LDH (measured after the
lysis of control cells) and was expressed as a percent of the control.

2.6.3 Pro-inflammatory effect

After incubation with particles, the secretion of TNF-a was assessed in the supernatant using
a commercial ELISA Kit (Quantikine® Mouse TNF-o Immunoassay; R&D Systems, Lille,
France) according to the manufacturer’s instructions. The optical density of each sample was
determined using a microplate reader (Multiskan RC; Thermolabsystems, Helsinki, Finland)
set to 450 nm. A standard curve was established, and results were expressed in picograms per
milliliter of TNF-a. Each experiment included controls: cells alone (negative control) and
DQ12 quartz (toxicological positive control) (Bruch et al. 2004).

2.6.4 Oxidative stress

A large array of reactive oxygen species (ROS) activity can be assessed with the OxiSelect™
ROS Assay Kit (Euromedex, Mundolsheim, France). The assay uses a non-fluorescent
substrate, 2.7'-dichlorodihydrofluorescein diacetate, that can easily diffuse through cell
membranes and be converted into a fluorogenic molecule 2'.7'-dichlorodihydrofluorescein
(DCF) in the presence of ROS and which fluorescence is proportional to the total ROS level.
DCF production was detected using a Fluoroskan Ascent fluorometer (Thermolabsystems)
using excitation and emission wavelengths of 480 and 530 nm respectively, and the
generation of ROS was expressed as nanomolar.

2.7 Expression of the results

For nanoparticle distribution determined by fluorimetry, the LDH and TNF-a assays, particles
doses were expressed either using mass or surface doses. Surface doses were calculated from
mass doses. We knew that the initial concentration of particles solutions was 20 g/l and that
this concentration corresponded to 8x10™ particles/ml for P60 and 6x10™ particles/ml for

P130 (data provided by the chemists who synthesized the particles). From these data we could



calculate the weight of one particle, for instance one P60 weighted 2.5x10° pg. Then, we
considered particles as spherical and we calculated their surface area, using the formula 4mr?,
where r was determined from SEM measurement. For example, for P60, the diameter
measured using SEM was 62 nm, therefore, r = 31nm. Surface area = 4n*(31)> = 12000 nm?.
10 pg/ml (the first tested mass dose) contained 4x10™ particles/ml. As each particle had a
surface area about 12000 nmz, the total particle surface area in this sample was 4x10%° x
12000 = 48x10™nm#ml. As a well contained 200 pl, the surface dose was 9.6x10%* nm2/well
~ 1 cm?well. These calculations were made similarly for each dose. Finally to compare
comparable surface doses between P60 and P130, the mass dose of 10 pg/ml for P60 was
compared to the mass dose of 30pg/ml for P130, each corresponding to a surface dose of 1
cm?/well. In the same way, 30 pug/ml P60 was compared to 60 pg/ml P130, as these two mass
doses corresponded approximately to a surface dose of 3 cm?/well.

2.8 Statistical analysis

Analysis and graphics were performed on Prism 5.0 software (GraphPad, San Diego, CA).
Significance was established with Bonferroni's Multiple Comparison Test, (1) Two-way-
ANOVA test (compared to negative control: cells alone) and data considered significant with
P < 0.05 are marked with an asterisk (*) sign, and (2) One-way-ANOVA (particle compared
with each other) and data considered significant with P < 0.05 are marked with a sign as
specified in each figure legend. Each data point represents the mean of three independent

experiments (n = 3) and is presented with the arithmetic standard error means (z s.e.m.).

3 RESULTS
3.1 Particle characterization
Geometric diameters were measured from SEM images and hydrodynamic diameters were

measured using DLS. These data, including zeta potential, are reported in Table 2.
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The hydrodynamic diameters of P60 and P130 measured in DMEMCc were correlated with the
geometric diameters but small agglomerates clearly appeared in water. Zeta-potentials of the
two kinds of particles were similar in water and in DMEMc.

3.2 Particle uptake by macrophages

3.2.1 Time-lapse microscopy

Macrophages were incubated either with 30 or 300 pg/ml particles for 1h. 30ug/ml appeared
to be a too low concentration to allow the detection of the particles fluorescence. On the
contrary, and as reported in Fig. 1, images for the 300ug/ml particle dose showed changes in
fluorescence emission due to the two fluorophores (green FITC and red pHrodo) emitting
their fluorescence depending on pH. Uptake of particles by cells was determined by the color
of fluorescence emission. Initially, particles were outside the cells and only a green
fluorescence was emitted. Then particles were uptaken and pHrodo emitted a red fluorescence
more intense within acidic vesicles. Macrophages appeared yellow due to the merge of green
and red fluorescences. Because phagolysosomes are more acidic than phagosomes,
macrophages clearly became orange to red depending on the process stage of uptake and
acidification of medium around particles. For both particles, the color change was found to be
reversible as released particles after loss of membrane integrity and cell death became green
again.

Based on these observations, a semi-quantification of cellular particle uptake was carried out
and is reported in Table 3. T2, T8, T15 and T20 were respectively the 2" 8" 15" and 20"
hours after particles/cells contact. Cells morphology and particles color allowed determining
the stage of particle endocytosis. Activated cells presented cytoplasmic extensions. Dying
cells became spherical and did not adhere to the bottom of the well. Globally cell viability
decreased faster after contact with P60 (63%, 20% and 10% of living cells at T8, T15 and T20

respectively) than after contact with P130 (82%, 70% and 56% of living cells at T8, T15 and
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T20 respectively). P60 emitted red fluorescence earlier (around T2) than P130 (around T8)
and seemed homogeneously distributed in cell cytoplasm. Macrophages after contact with
P130 appeared filled of green and yellow to orange vesicles but vesicles did not become
clearly red certainly due to the particles intrinsic property as shown in graphics of Table 1
(right column).

To better estimate and quantify the changes occurring over time, the FITC/pHrodo
fluorescence intensities ratio was measured for one isolated cell during the 20h of incubation
with particles. For that purpose, a two-step process was carried out: first, and as illustrated in
Fig. 2a, a region of interest containing one isolated cell was selected on the first image of the
stack of images obtained from the video. Then images were analyzed depending on four
channels: phase contrast (to observe cell morphology), blue fluorescence (Hoechst emission),
green fluorescence (FITC emission) and red fluorescence (pHrodo emission). The means of
green and red intensities (Fig. 2b) for the region of interest were measured, and then the green
per red ratio, i.e. the FITC/pHrodo ratio, was calculated for each time point and reported in
Fig. 2c. It clearly appeared that for P60, as well as for P130, FITC/pHrodo ratios decreased at
early time due to the particle endocytosis, and then ratios increased due to the particle release.
Indeed, due to the loss of membrane integrity that accompanied cell death, internalized
particles were released in the extracellular environment where the pH is higher than in
intracellular vesicles, consequently, particles turned green. This observation is consistent with
cell viability: P130 ratio increase began after 8 hours of particles/cells contact, later than that
of P60 (after 6 hours) suggesting that cell death occurred earlier after contact with P60 than
after contact with P130.

To further confirm these results, an average FITC/pHrodo ratio was calculated from measures
from 5 isolated cells exhibiting a loss of cell membrane integrity. The mean ratios for P130

and P60 are given in Fig. 3. As cells incubated with P60 and cells incubated with P130 did not
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die at the same moment, the starting point of the graphic is different: T8 for P130 and T6 for
P60. Results confirmed the FITC/pHrodo ratio increase during cell death corresponding to
particles release.

3.2.2 Fluorimetry

Cellular uptake was then quantified using fluorimetry as reported in Fig. 4. The amount of
nanoparticles in supernatant, adsorbed at cell surface or uptaken by cells were determined at
different doses. In Fig. 4a results are expressed depending on particle mass (pg/ml). It
appeared that particles mainly remained in the supernatant whatever the size. Moreover
uptake was found to be dose-dependent irrespective of the particle size and the amount of
uptaken P60 was significantly higher than that of P130 at each dose. For both particles,
adsorption of particles at the cell membrane was found to be globally constant and the amount
of P60 adsorbed at the cell surface was significantly higher than the amount of adsorbed P130
at each dose. As reported in Fig. 4b, same conclusions were reached when results were
expressed depending on particle surface area per well (cm%/well).

3.3 Cytotoxicity

3.3.1 Cell membrane integrity

Cytotoxicity depending on particle mass (ug/ml) is reported in Fig. 5a. The LDH release
triggered by P60 was significantly different from that of control cells (incubated without
nanoparticles) from the dose of 60 pg/ml, while the LDH release triggered by P130 was
significantly different from that of control cells only at the highest dose of 300 pg/ml. At this
dose the LDH release triggered by P60 and P130 were similar. In Fig. 5b results are expressed
depending on particle surface area per well (cm?2/well) and show no cytotoxicity at the tested

doses.
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3.3.2 Pro-inflammatory effect

The pro-inflammatory effect induced by the particles is shown in Fig. 6. In Fig. 6a results are
expressed depending on particle mass (ug/ml). Basal level of TNF-a secretion was increased
in a dose-dependent manner by the presence of positive control (quartz DQ12). The TNF-a
secretion triggered by P60 was dose-dependent and significantly different from that of control
cells (incubated without nanoparticles) from the dose of 60 pg/ml. TNF-a secretion triggered
by P130 was dose-dependent too and significantly different from that of control cells only at
the highest dose of 300 pg/ml. At this dose TNF-a secretion triggered by P60 was higher than
that triggered by P130 and DQ12. In Fig. 6b results are expressed depending on particle
surface area per well (cm%well) and show a dose-dependent pro-inflammatory response
similar between P60 and P130.

3.3.3 Oxidative stress

No significant oxidative stress was detected when cells were incubated with the different
types of nanoparticles. Relative quantification of ROS probe DCF in cells in contact with P60
or P130 was around 7716 nM (data not shown) and was not statistically different from

62+11 nM detected for control cells.

4 DISCUSSION

This work aimed at adapting a method to quantify the endocytosis of particles at the nano-
scale in parallel to the assessment of their potential cytotoxicity. Many toxicological studies
on silica particles have been reported, however, the literature often reports contradictory
conclusions (Stark 2011). This is sometimes due to a lack of sufficient particles
characterization. Indeed, many particles features may be affected by the chemistry of their
surroundings and the presence of inorganic and biological components (Leclerc et al. 2010;

Van Blaaderen and Vrij 1992). This is why, in this study, particles (complying with very strict
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and standardized guidelines) were thoroughly characterized in water and in cell culture
medium DMEMc by dynamic light scattering instrument (Table 2) before any experiments.
Absence of agglomeration in DMEMc supplemented with serum may be due to the formation
of a protein corona around particles causing steric hindrance (Barrdn-Berddn et al. 2013). This
hypothesis was already demonstrated by Sabuncu et al. (2012) comparing agglomeration of
10 nm gold nanoparticles (functionalized with carboxylic acid groups) in water and DMEM
with and without serum.

Particles with a double fluorescence and sensitive to environmental pH changes were
developed to take advantage of the property of acidification of endocytic vesicles. Different
systems have already been described in the literature such as PEBBLEs or capsules
(fluorescent microcapsules) to detect different cellular processes regulated by intracellular pH
(e.g., apoptosis, phagocytosis, cell growth, and metabolism) (Peng et al. 2007; Lee and
Kopelman 2012). However, these existing systems were not appropriate for this study in the
sense that the FITC/pHrodo particles developed here do not have to be coupled with pH
sensors such as SNARF dye and are directly detected once engulfed in acidic vesicles such as
phagolysosomes (Ramshesh and Lemasters 2012; Nakata et al. 2010). Thus, they are
appropriate to localize particles in any type of acidic compartment during endocytosis.
Furthermore, the aim of this study was not to monitor precise pH changes, but rather to
understand nanoparticle fate inside cells depending of its physico-chemical features. This is
why it was important to test different particle sizes that are characteristics difficult to manage
for PEBBLEs.

The double fluorescent FITC/pHrodo particles have already been developed in our laboratory
but they were not strictly speaking nano-sized (250 and 500 nm) (Ohkuma and Poole 1978).
Particle synthesis was optimized in order to compare nanoparticles of 60 nm and submicronic

particles of 130 nm. The synthesis of particles with such dimensions was a part of the
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technical challenge. Moreover those dimensions imply to give up previous techniques not
enough sensitive and face a new technologic complexity in order to quantify nanoparticle
endocytosis. In this study an original qualitative observation based on time-lapse microscopy
(Fig. 1) confirmed the endocytosis by macrophages of both studied particles at high dose of
300 pg/ml. However, once engulfed P60 emitted a clearly red fluorescence while P130
emitted an orange fluorescence. It was certainly due to intrinsic property of particles shown in
Table 1. Indeed under pH 4 FITC/pHrodo ratio for P60 decreased allowing a red color, while
FITC/pHrodo ratio for P130 stabilized allowing only orange color at low pH. A quantitative
approach based on FITC/pHrodo ratio was used to define profiles of endocytosis of particles
(Fig. 2). Interestingly, P60 and P130 did not exhibit the same endocytosis profiles and P60
triggered an early death of cells. Moreover P60 appeared homogeneously distributed in cell
cytoplasm while macrophages appeared filled of vesicles after contact with P130. This
difference might suggest that other factors may play a role in particles fate within the cell
depending on the size of the particles. Nonetheless results showed that, once engulfed,
particles were in acidic compartments. Another hypothesis could be that bigger particles were
certainly engulfed in bigger vesicles more observable. Profiles of particle release after loss of
membrane integrity and cell death were similar between P60 and P130 (Fig. 3).

In order to quantify the amount of internalized particles a trypan blue quenching method was
used. This method allowed distinguishing FITC fluorescent particles uptaken from particles
adsorbed at the cell membrane (Fig. 4). Interestingly, P60 and P130 did not exhibit the same
uptake profiles. P60 were the particles the most adsorbed at the cell surface and the most
uptaken. For both particles uptake was dose-dependent while adsorption at cell surface was
constant at low doses and strongly increased at high dose of 300 pg/ml. Table 3 revealed that
cell viability was extremely lower after a 15 hours contact with P60 than with P130.

Consistent with this hypothesis was the fact that P60 induced a significant loss of membrane
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integrity (Fig. 5a) and a secretion of TNF-a (Fig. 6a) higher than P130 at the highest dose of
300 pg/ml even if both particles induced a dose-dependent cell response. Results highlight
that nanoparticles are more uptaken by cells and more cytotoxic than sub-micronic particles.
Complementary studies should be performed to deepen the relationship between the amount
of uptaken particles and the cellular response.

No significant oxidative stress was detected which is consistent with a similar study carried
out by Panas et al. (2013) where the same cell type RAW?264.7 macrophages were incubated
with engineered silica nanoparticles of 25 nm diameter.

Those results are in agreement with literature data showing that in “safer by design”
approaches in nanomedicine, particle size is a crucial parameter to take into consideration to
understand particle fate inside cells (Gazzano et al. 2012; Greish et al. 2012; Albanese et al.
2012).

Nonetheless, results expressed depending on particles surface area revealed that P60 were
more adsorbed at cell surface but profiles of particle uptake (Fig. 4b), cytotoxicity (Fig. 5b)
and pro-inflammatory effect (Fig. 6b) were similar for both particles at the same dose. As the
size of a particle is related to its surface area, for a given mass of particles the total surface
area increases with decreasing particle diameter. Particle size is thereby an essential
determinant of the fraction of reactive groups on particle surface (Van Amersfoort and Van
Strijp 1994). For those reasons SCENIHR committee (Scientific Committee on Emerging and
Newly Identified Health Risks) suggests another definition of nanoparticle than the ISO
referential by volume specific surface area above 60 m2/cm?® independent of the density or size
distribution of the material. Finally it appears that data comparison is made more difficult
depending on the choice of metric, a crucial point when analysing nanoparticle size impact
(Oberdorster et al. 2005). For example, a study from Water et al. (2009), conducted using a

whole genome microarray analysis after a cell exposure to 10 and 500 nm particles, concluded
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that the magnitude of change for the majority of the genes affected correlated more tightly

with particle surface area than either particle mass or number.

5 CONCLUSION

This study aimed at developing double fluorescent particles pH-sensitive for biological
investigations of endocytosis. We presented a proof-of-concept that was validated in cellular
conditions. These particles, which physico-chemical characteristics were well-defined and
controlled (fluorescence, size, surface coating, and state of agglomeration), induced different
cellular responses. Compared by mass, submicronic particles were the less cytotoxic particles
and the less significantly uptaken, suggesting that nanoparticle cytotoxicity might be related
to their uptake. Importantly, our findings expressed by surface area instead of mass suggest
that biological activity of particles might be related to the particle specific surface. But both
particles were cytotoxic at the highest dose.

Further investigations are needed to better understand how nano-scale may impact biological
responses of silica particles in order to provide a “safer by design” approach for the
engineering of new nano-objects. This model of particles may be helpful for a better

understanding of uptake mechanisms, a key issue in nanotoxicology.
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FIGURE CAPTIONS

Fig. 1

Automated time-lapse microscopy imaging of RAW 264.7 cells incubated for 20h with
300ug/ml P60 or P130. Images were obtained using different channels: phase contrast (to
observe cell morphology and membrane integrity), blue fluorescence (to detect Hoechst-
labeled nuclei), green fluorescence (reporting particle adsorption at cell surface) and red
fluorescence (indicating cellular uptake of particles). When channels were merged, particles
could appear from green to red through yellow (due to the red and green fluorescence merge)
depending on the surrounding pH. Continue arrows indicate living cells and dotted arrows

point cells with a loss of membrane integrity

Fig. 2

a) Images from time-lapse microscopy of RAW 264.7 cells after incubation with 300ug/ml
P130. A single cell was selected (dotted square) and followed over time. b) Enlargement of
the previously selected cell (the same thing was done with P60). Only the merge image of
FITC and pHrodo signals allowed distinguishing endocytosed particles (that appeared yellow
due to the merge of green and red fluorescences). It also allowed detecting the particle release
outside the cells (green due to the lack of red pHrodo signal) during the cell death as it was
accompanied by loss of membrane integrity. ¢) Automated measurement of the FITC/pHrodo

ratio changes during 20 hours by software

Fig. 3

Average FITC/pHrodo ratio changes during cellular loss of membrane integrity (average

ratios from 5 isolated cells). To compare comparable things, the starting point of the graphic
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corresponds to the beginning of cell death, therefore it is different for P60 and P130 (i.e. T6

and T8 respectively)

Fig. 4

P60 and P130 were incubated for 20h with RAW264.7 macrophages and the distribution of
particles was assessed by fluorimetry and Trypan Blue quenching. Results are presented using
different metrics: a) particle mass (ng/ml) and b) particle surface area per well (cm?/well).
The doses of 1 and 3 cm?/well roughly correspond to the doses of 10 and 30 pg/ml for P60
and 30 and 60 pg/ml for P130 respectively. (n=3) (¢ and ¢ indicate statistical differences in

particle uptake and adsorption at cell surface respectively)

Fig. 5

Cytotoxicity of P60 and P130 investigated using the LDH assay in RAW 264.7 macrophages.
Results are presented using different metrics: a) particle mass (ug/ml) and b) particle surface
area per well (cm?well). The doses of 1 and 3 cm?/well roughly correspond to the doses of 10
and 30 pg/ml for P60 and 30 and 60 pg/ml for P130 respectively. (n=3)(*= statistically

different from negative control)

Fig. 6

Pro-inflammatory response induced by P60 and P130 investigated using the TNF-a assay in
RAW 264.7 macrophages. Results are presented using different metrics: a) particle mass
(ug/ml) and b) particle surface area per well (cm?well). The doses of 1 and 3 cm?/well
roughly correspond to the doses of 10 and 30 pg/ml for P60 and 30 and 60 pg/ml for P130
respectively. (n=3)(*= statistically different from negative control. A = statistically different

between the indicated groups)
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6
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Table 1 Summary of particle characteristics at 100ug/ml.

Particle total

Particle Particle Initial FITC Initial pHrodo Measured FITC/pHrodo
surface
type number/well massic % mole % ratio
(cm?)/well
1,4
. 1,2
P60 8 x 10° 10 0.5 0.2 :
0,8
10 5
pH
1,4
. 1,2
P130 0.6 x 10° 4 1.2 0.2 * )
0,8
10 5
pH

Table 2 Physico-chemical features of the particles used in the present study (Pdi

Polydispersity index).

Method SEM DLS
Hydrodynamic diameter Zeta potential
Particle Geometric
(nm) (mV)
characteristic diameter
in water in DMEMc in water in DMEMc
122+ 1 71+2
P60 62 + 10 nm -445+23 -164 +13
(Pdi 0,07) (Pdi 0,15)
183+ 3 123 +2
P130 140 + 6 nm -444+04 -179 + 17
(Pdi 0,03) (Pdi 0,17)
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Table 3 Semi-quantification of particle uptake by cells over time by time-lapse microscopy.

Macrophages were incubated with P60 and P130 at 300pg/ml. Macrophages initially

exhibited homogeneous cytoplasm and green particles adsorbed at their membrane, and then

activated macrophages cytoplasms contained yellow to red particles depending on pH of

phagocytic vesicles.

Particle ) Schematic repartition
Observation T2 T8 | T15 | T20 ) )
type of particles in cells
Cells containing particles in phagosomes 34% | 29% | 0% 0%
P60 Cells containing particles in phagolysosomes 66% | 38% | 24% | 14%
Dead cells after release of particles 0% | 33% | 76% | 86%
Cells containing particles in phagosomes 83% | 68% | 42% | 40%
P130 Cells containing particles in phagolysosomes 17% | 14% | 28% | 16%
Dead cells after release of particles 0% | 18% | 30% | 44%
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