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of interest for oral administration. The aim of our
study is to evaluate the potential toxicity of these
nanoparticles on human HT-29 cell line.
We studied the proliferation of human intestinal cells

exposed to nanoparticles using an impedancemetry-
based innovative method (Xcelligence Roche) and
the cytotoxicity of two SiO2 nanoparticles (25 and
100 nm) via the conventional cytotoxicity assay sulfo-
rhodamine B (SRB), which evaluated global cell me-
tabolism (Skehan et al., 1990). Additionally, we have
adapted two methods based on flow cytometry and
confocal microscopy to study (i) cell mortality and
(ii) DNA double-strand breaks by the detection of
phosphorylated c-H2AX-foci, together with the intra-
cellular accumulation of nanoparticles (Paget et al.,
2011). In order to track the intracellular nanoparticles,
we have exposed cells with SiO2-25nm and SiO2-
100nm perfectly dispersed nanoparticles core-labeled
with Rhodamine B and TMPyP, respectively, these
two fluorophores being incorporated in mass during
synthesis.
Interestingly, we have highlighted an inverse dose

response for HT-29 cells exposed SiO2-100nm par-
ticles, which well illustrates the complexity of nano-
material hazard.

METHODS

Cell culture

Human HT-29 cells (ATCC number: HTB-38�,
TP53-deficient/MMR-proficient) were routinely grown
at 37�C in a humidified atmosphere of 5% CO2 and
95% air, in Dulbecco’s Modified Eagle Medium
(DMEM) Glutamax supplemented with 10% (v/v)
inactivated fetal bovine serum (FBS) and 1 mM
Anti–Anti (Invitrogen). This medium is considered
as complete DMEM.

Characterization of SiO2 nanoparticles

Materials. Triton� X-100 (TX-100), Igepal CO-
520, 1-hexanol anhydrous (�99%), cyclohexane
reagent plus� (�99%), aqueous ammonia (NH4OH)
solution (25%), tetraethylorthosilicate (TEOS, 98%),
ethanol, Rhodamine B, 5,10,15,20-tetrakis(1-methyl-
4-pyridino)porphyrin tetra(toluene-4-sulfonate)
(TMPyP) all purchased fromAldrichwere usedwithout
further purification. Water was purified with a Milli-Q
system(Millipore,Bedford,MA,USA)includingaSyn-
ergyPak�unit. The exclusive Jetpore�, ultrapuregrade
mixed-bed ion-exchange resin, was also used in this
unit. Water achieved resistivity .18.0 MX�cm at
25�C.AC3.12centrifuge(Jouan,France)andaSonorex
Digitec sonicationwater-bath (Roth, France)were used.

Dialysis tubes have been purchased fromRoth and pos-
sess a nominal filter rating of 3500 and an MWCO of
4000–6000 D.
Synthesis of SiO2-25nm. Silica nanoparticles were

synthesized using a reverse micro-emulsion method,
as described by Bagwe et al. in the literature. In a 50
ml erlenmeyer, Igepal CO-520 (8 ml), cyclohexane
(20 ml), and an aqueous solution or rhodamine
B (650 ll at 0.01 M) were mixed and stirred at room
temperature to form a homogeneous micro-
emulsion. After 10 min of equilibration, aqueous
ammonia NH4OH (35 ll) was introduced in the
micro-emulsion as the catalyst in the synthesis of
the silica shell. After another 10 min of equilibration,
TEOS (60 ll) was added. After a 24 h aging period,
the nanoparticles were centrifuged (8000 g for
15 min) and washed several times with ethanol to
remove unreacted and untrapped chemical species.
Ultrasonification (35 Hz) was used in order to dis-
perse nanoparticles aggregated into the washing sol-
vent and to increase the desorption rate of surfactant
from the surface of the synthesized nanoparticles.
Then, the sample is subjected to dialysis against
deionized water for a week.
Synthesis of SiO2-100nm. Silica nanoparticles

were synthesized using a reverse micro-emulsion
method, as described by Tan et al. in the literature
(Bagwe et al., 2004). Consequently, a quaternary
micro-emulsion consisted in mixing Triton X-100
(12.6 ml, 13.5 g, d 5 1.07), 1-hexanol (12.3 ml),
and cyclohexane (57 ml) under a vigorous stirring
at room temperature, followed by additions of a con-
centrated aqueous solution of TMPyP dye in water
(600 ll at 0.1 M), water (1.2 ml), aqueous ammonia
NH4OH (725 ll at 25%), and TEOS (725ll) in that or-
der. The mixture was allowed to stir for 24 h at room
temperature and a subsequent addition of ethanol
(100ml) disrupted the inverse micelles. Particles were
recovered by centrifugation (8000 g for 15 min) and
washed thoroughly three times with ethanol and one
time with water. Ultrasonification (35 Hz) was used
in order to disperse nanoparticles aggregated into the
washing solvent and to increase the desorption rate
of surfactant from the surface of the synthesized nano-
particles. Then, the sample is subjected to dialysis in
deionized water for a week. No trace of fluorophore
alone was detected in the deionized water after dialy-
sis, testifying their efficient in-mass incorporation.
Transmission electron microscopy. The morphol-

ogies and sizes of dye-doped silica nanoparticles
were characterized using a transmission electron
microscope (JEOL 2000 FX). The sample for trans-
mission electron microscopy (TEM) were prepared
by plunging a 200 mesh carbon-coated copper grid,
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Silica mesoporous nanoparticles have been recently selected for a wide range of applications
from electronics to medicine due to their intrinsic properties. Among medical applications,
drug delivery using SiO2 nanoparticles by oral route is under study. Major benefits are
expected including higher specificity and sensitivity together with side effect reduction. Since
literature shows that very complex and unexpected interactions could occur between nanoma-
terials and biological systems, one critical issue is to control the nanoparticle cytotoxicity/gen-
otoxicity for normal tissues and specially stomach and intestine when oral route is considered.
The aim of the work is to study the cytotoxicity and genotoxicity of SiO2 nanoparticles on
HT29 human intestine cell line, using conventional and innovative methodologies, for measur-
ing cell viability and proliferation, global metabolism, genotoxicity, and nanoparticles uptake.
Core-dye doped SiO2 nanoparticles of 25 and 100 nm were specifically synthesized to track
nanoparticles incorporation by confocal and video microscopy. Besides conventional ap-
proaches (sulforhodamine B, flow cytometry, and g-H2Ax foci), we have performed a real-time
monitoring of cell proliferation using an impedance-based system which ensure no interfer-
ence between measures and nanoparticles physicochemical characteristics. Overall, our results
showed that SiO2-25nm and SiO2-100nm induced a rather limited cytotoxic and genotoxic
effects on HT-29 cells after a 24 h exposure. However, regarding cell viability and genotoxicity,
inverse dose-dependant relationships were observed for SiO2-100nm nanoparticles. In conclu-
sion, it seems that the higher the dose of SiO2-100nm, the lower the cytotoxic/genotoxic effects,
data that well illustrate the complexity in identifying and understanding the hazards of nanopar-
ticles for human health.
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INTRODUCTION

Environmental health (Kahru andDubourguier, 2010),
drug delivery, or biomedical engineering (Fadeel and
Garcia-Bennett, 2010) are some of the promising
fields for the application of nanotechnologies devel-
oped in the past decade (Clift et al., 2010). Further-
more, numerous studies have underlined particular
characteristics of silica nanomaterials to improve the

efficacy of therapeutic agents in tumor cells or as
medical tools for biosensing and imaging (Wang
et al., 2011). Despite intensive research efforts, re-
ports of cellular responses to nanomaterials are often
contradictory due to poorly characterized materials
or unintended cross-reactions (Kurath and Maasen,
2006; Laaksonen et al., 2007; Ai et al., 2011). Toxi-
cological data on the impact of SiO2 nanoparticles
on human intestinal cells in vitro and their detailed
molecular mechanisms still remain unknown. Indeed,
to our knowledge, there are no published data report-
ing the study of such nanoparticles upon biological
human material from intestine, a major natural barrier
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with Rhodamine B and TMPyP, respectively, these
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with a thickness of 30–50 nm, (Euromedex, France)
in the desired nanoparticle-containing aqueous solu-
tion just after dispersion by ultrasonification. Further
to the evaporation of the water, the particles were ob-
served at an operating voltage of 200 kV. Once the
samples were imaged, TEMmicrographs of dye-doped
silica nanoparticles were converted to digital images
using imaging software (IMIX, PGT). Furthermore,
elemental analysis of the samples could be performed
by Energy Dispersion RX Spectroscopy (EDS).
Particle sizing. The hydrodynamic diameter and

dispersivity of the silica nanoparticles were determined
byDynamicLight Scattering technique using aZetasiz-
er Nano ZS from Malvern Instruments. The light scat-
tering measurements were performed using a 633 nm
red laser in a back-scattering geometry (h 5 180�).
The particle sizewas analyzed using a dilute suspension
ofparticles indeionized (or ultrapure)water and in com-
plete culturemedia (containing 10%of FBS). Nanopar-
ticles characterization are summarized in Table 1.
Fluorescence measurements. All fluorescence

measurements were performed at room temperature
on a steady-state FS920 spectrofluorimeter (Edin-
burgh Instruments, UK) with a high spectral resolu-
tion (signal to noise ratio . 6000:1), using water as
the solvent, and a 1-cm cell, the latter oriented at
�45� to the direction of the excitation light beam.
The spectrofluorimeter covers the wavelength range
from 200 to 1670 nm using two detectors: a photo-
multiplier R928 for UV–Vis scans (up to 870 nm)
and a solid InGas TE G8605-23 detector for infrared
scans. The excitation source is a continuous Xenon
Arc lamp (450 W) coupled to two Czerny-Turner
DMX300X 1800 tr/mn monochromators, one for UV
excitation (focal length 300 mm) and one for visible
wavelength (focal length 500 mm). Fluorescence in-
tensity values were integrated over the wavelength re-
gion specified. Data were recorded in a comparative
manner, approximately using the same aperture of slits.
Xcelligence. Background of the E-plates (Roche

Diagnostics) was determined in 100 ll of medium
and subsequently 100 ll of the HT-29 cell suspension
was added (15 000 cells per well). Cells were incu-
bated for 30 min at 37�C and E-plates were placed
into the Real-Time Cell Analyzer (RTCA) station
(Roche Diagnostics). Cells were grown for at least
24 h, with impedance measured every 5 min during
6 h (adhesion phase), then every 15 min (proliferation
phase). After at least 24 h cells were exposed to SiO2-
25nm and 100nm at concentrations from 10, 25, 50,
75, and 150 lg ml�1 and were monitored again every
5 min during 6 h (early effects), then every 10 min
until the end of experiment (late effects). Cell
index (CI) raw data values are calculated as follows:

Zi � Z0 [X]/15[X]; where Z0: is the background re-
sistance and Zi: the individual time point resistance.
Normalized cell index are also calculated by the soft-
ware at the selected normalization time point
(nml_time), which was chosen as time just before
the addition of nanoparticles.

Cytotoxicity

HT-29 human cells were exposed to SiO2-25nm
and -100nm at concentrations of 0, 10, 50, and
150 lg ml�1 for 24 h at 37�C in 96-well micro-
plates. Cytotoxicity was evaluated using SRB assay
(Sigma) according to the Skehan protocol (Skehan
et al., 1990).

Flow cytometry

After 24 h treatments, cells were washed and tryp-
sinized for 5 min. Trypsine was inactivated by com-
plete DMEM, cells were centrifuged for 5 min at
300 g and then resuspended in 500 ll of DMEMwith
serum in flow cytometry compatible tubes (BD
352058). Multi-parametric analyses were performed
on BD Facscalibur using FlowJo 7.5.5 software.
A first analysis was realized on size/granulometry
to collect living and dead cells and to remove frag-
mented cells. Rhodamine-doped SiO2-25nm nano-
particles events are then collected on FL2 (585/
42 nm) and TMPyP-doped SiO2-100nm on FL3
(.670 nm), respectively, corresponding to both
optimal fluorescence emission after Argon Ion
excitation at 488 nm. To-Pro3 (Molecular Probes,
Invitrogen) signal was collected on FL4 (kem: 661/
16 nm) after He-Ne laser excitation at 636 nm and
was used for the analysis of cell viability since this
dye is compatiblewithout interferencewith equipment
and nanoparticles detection. The results are reported
as the mean distribution of cell fluorescence, obtained
on three replicas with at least 15 000 events per rep-
lica. Measurements are given on a bi-parametric repre-
sentation divided in quarters and are associated to four
different cell populations: living cells without nano-
particles (ToPro3/Nanoparticles negative cells), living
cells with nanoparticles (ToPro3 negative/Nanopar-
ticles positive cells), dead cells with nanoparticles
(ToPro3 positive/Nanoparticles positive cells), and
dead cells without nanoparticles (ToPro3/Nanopar-
ticles positive cells).

Genotoxicity

Phosphorylated-c-H2Ax-foci. Thirty thousand cells
were seeded on Lab-Tek� II Chamber Slide� eight
wells (Nunc) 24 h before exposure and cells were trea-
ted for 24 h with nanoparticles at doses of 10, 50, and
150 lg ml�1. After treatment, cells were washed and
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fixed for 15 min with paraformaldehyde 4%, washed
twice with 200 ll of 1� phosphate-buffered saline
(PBS) and then permeabilized for 10 min at room tem-
perature in [1� PBS and Triton 0.1%].We labeled nu-
clei with Hoechst 33342 (kex: 350 nm, kem: 461 nm)
and c-H2Ax with Alexa Fluor� 488 (kex: 495 nm,
kem: 519 nm). Cells were blocked in [1� PBS,
0.025%, 10% of goat serum (Jackson ImmunoRe-
search)] for 1 h at room temperature, then incubated
for 75min at room temperaturewith 1:500 ofmonoclo-
nal c-H2Ax antibody (Anti-phospho-Histone H2Ax
(Ser139), clone JBW301, 05-636, Upstate Millipore),
washed with 3 � 300 ll of [1� PBS, Triton 0.025%]
and then incubated at room temperature for 45minwith
1:500 dilution of Alexa Fluor� 488 goat anti-mouse
IgG (H þ L) (Molecular Probes, Invitrogen) as a sec-
ondary antibody. Samples were washed with 3 � 300
ll of [1� PBS, Triton 0.025%] and cells were incu-
bated at 37�C for 20 min with 200 ll of [1� PBS and
Hoechst 33342 at 0.1 lgml�1 (Molecular Probes, Invi-
trogen)]. Finally, Lab-Tek� Chamber Slide� eight
wells werewashed with 3� 300 ll of [1� PBS, Triton
0.025%] before mounting in ProLong� Gold antifade
reagent (Molecular Probes, Invitrogen) in order to pro-
ceed for confocal microscopy visualization.

Confocal microscopy. Fixed and labeled cells
were photographed with an ACS APO 40X oil CS
(NA 1.15) objective under a fluorescence confocal
microscope (Leica TCS SPE, Wetzlar, Germany)
equipped with four diode lasers (405, 488, 532,
and 635 nm). The spectral sliders were set in sequen-
tial mode and by decreasing excitation wavelengths, to
maximize signal and to reduce spectral overlap. All
the details concerning the proceedings of the acquisi-
tions are reported in Table 2B. Each analysis was made
on at least 100 cells and at least six images of each
condition were analyzed. Confocal microscopy optical
slice sections of 8–20 lmwere made from the luminal
to the basal pole of the cells, each acquisition contain-
ing nine stacks. Images were prepared and stacked
with ImageJ software (Abramoff et al., 2004) by using
the stacks tool. Then, the tiff images were converted
into 8 bits before performing foci counts. Cell Profiler
software (Carpenter et al., 2006) was used for the de-
tection and scoring of foci in Alexa Fluor images.
Statistical analysis. To test whether the basal num-

ber ofc-H2Ax-foci observed incontrol cellswas signif-
icantly different from that observed in nanoparticles
exposed cells, a Wilcoxon rank test based on at least
100 observations for each condition was performed.

Table 1. Summarized characterization of silica mesoporous nanoparticles used.

SiO2-25nm SiO2-100nm

Produced raw materials

TEM diameters (nm) 20 – 3 90 – 5

Core dye-doped fluorophore used Rhodamine B TMPyP

Theoretical fluorophore kex/kem 557/578 405/(670–714)

Nanoparticles kex/kem 556/580 428/(668–718)

Dispersed nanomaterials

Dynamic light scattering in deionized water 22 – 5 97 – 7

Dynamic light scattering in complete DMEM (after 24 h) 25 – 5 95 – 5

Table 2. Dyes characteristics (A) and settings parameters used for confocal microscopy (B). Ordering of sets and conditions
were used for confocal acquisitions.

A. Characteristics of the dyes used in this study

Dye Staining kex (nm) kem (nm)
Hoeschst 33342 Nucleus 350 461
Alexa Fluor 488 c-H2Ax 495 519

B. Ordering of sets and conditions used for confocal acquisitions

Set number Dye Staining Laser used
(nm)

Wavelengths
gathering
used (nm)

Laser power used (%) (upon
the 2 mW (theoretical max.)
delivered by the system)

1 Alexa Fluor 488 c-H2Ax 488 500–540 16
2 Hoeschst 33342 Nucleus 405 410–470 9
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with a thickness of 30–50 nm, (Euromedex, France)
in the desired nanoparticle-containing aqueous solu-
tion just after dispersion by ultrasonification. Further
to the evaporation of the water, the particles were ob-
served at an operating voltage of 200 kV. Once the
samples were imaged, TEMmicrographs of dye-doped
silica nanoparticles were converted to digital images
using imaging software (IMIX, PGT). Furthermore,
elemental analysis of the samples could be performed
by Energy Dispersion RX Spectroscopy (EDS).
Particle sizing. The hydrodynamic diameter and

dispersivity of the silica nanoparticles were determined
byDynamicLight Scattering technique using aZetasiz-
er Nano ZS from Malvern Instruments. The light scat-
tering measurements were performed using a 633 nm
red laser in a back-scattering geometry (h 5 180�).
The particle sizewas analyzed using a dilute suspension
ofparticles indeionized (or ultrapure)water and in com-
plete culturemedia (containing 10%of FBS). Nanopar-
ticles characterization are summarized in Table 1.
Fluorescence measurements. All fluorescence

measurements were performed at room temperature
on a steady-state FS920 spectrofluorimeter (Edin-
burgh Instruments, UK) with a high spectral resolu-
tion (signal to noise ratio . 6000:1), using water as
the solvent, and a 1-cm cell, the latter oriented at
�45� to the direction of the excitation light beam.
The spectrofluorimeter covers the wavelength range
from 200 to 1670 nm using two detectors: a photo-
multiplier R928 for UV–Vis scans (up to 870 nm)
and a solid InGas TE G8605-23 detector for infrared
scans. The excitation source is a continuous Xenon
Arc lamp (450 W) coupled to two Czerny-Turner
DMX300X 1800 tr/mn monochromators, one for UV
excitation (focal length 300 mm) and one for visible
wavelength (focal length 500 mm). Fluorescence in-
tensity values were integrated over the wavelength re-
gion specified. Data were recorded in a comparative
manner, approximately using the same aperture of slits.
Xcelligence. Background of the E-plates (Roche

Diagnostics) was determined in 100 ll of medium
and subsequently 100 ll of the HT-29 cell suspension
was added (15 000 cells per well). Cells were incu-
bated for 30 min at 37�C and E-plates were placed
into the Real-Time Cell Analyzer (RTCA) station
(Roche Diagnostics). Cells were grown for at least
24 h, with impedance measured every 5 min during
6 h (adhesion phase), then every 15 min (proliferation
phase). After at least 24 h cells were exposed to SiO2-
25nm and 100nm at concentrations from 10, 25, 50,
75, and 150 lg ml�1 and were monitored again every
5 min during 6 h (early effects), then every 10 min
until the end of experiment (late effects). Cell
index (CI) raw data values are calculated as follows:

Zi � Z0 [X]/15[X]; where Z0: is the background re-
sistance and Zi: the individual time point resistance.
Normalized cell index are also calculated by the soft-
ware at the selected normalization time point
(nml_time), which was chosen as time just before
the addition of nanoparticles.

Cytotoxicity

HT-29 human cells were exposed to SiO2-25nm
and -100nm at concentrations of 0, 10, 50, and
150 lg ml�1 for 24 h at 37�C in 96-well micro-
plates. Cytotoxicity was evaluated using SRB assay
(Sigma) according to the Skehan protocol (Skehan
et al., 1990).

Flow cytometry

After 24 h treatments, cells were washed and tryp-
sinized for 5 min. Trypsine was inactivated by com-
plete DMEM, cells were centrifuged for 5 min at
300 g and then resuspended in 500 ll of DMEMwith
serum in flow cytometry compatible tubes (BD
352058). Multi-parametric analyses were performed
on BD Facscalibur using FlowJo 7.5.5 software.
A first analysis was realized on size/granulometry
to collect living and dead cells and to remove frag-
mented cells. Rhodamine-doped SiO2-25nm nano-
particles events are then collected on FL2 (585/
42 nm) and TMPyP-doped SiO2-100nm on FL3
(.670 nm), respectively, corresponding to both
optimal fluorescence emission after Argon Ion
excitation at 488 nm. To-Pro3 (Molecular Probes,
Invitrogen) signal was collected on FL4 (kem: 661/
16 nm) after He-Ne laser excitation at 636 nm and
was used for the analysis of cell viability since this
dye is compatiblewithout interferencewith equipment
and nanoparticles detection. The results are reported
as the mean distribution of cell fluorescence, obtained
on three replicas with at least 15 000 events per rep-
lica. Measurements are given on a bi-parametric repre-
sentation divided in quarters and are associated to four
different cell populations: living cells without nano-
particles (ToPro3/Nanoparticles negative cells), living
cells with nanoparticles (ToPro3 negative/Nanopar-
ticles positive cells), dead cells with nanoparticles
(ToPro3 positive/Nanoparticles positive cells), and
dead cells without nanoparticles (ToPro3/Nanopar-
ticles positive cells).

Genotoxicity

Phosphorylated-c-H2Ax-foci. Thirty thousand cells
were seeded on Lab-Tek� II Chamber Slide� eight
wells (Nunc) 24 h before exposure and cells were trea-
ted for 24 h with nanoparticles at doses of 10, 50, and
150 lg ml�1. After treatment, cells were washed and
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fixed for 15 min with paraformaldehyde 4%, washed
twice with 200 ll of 1� phosphate-buffered saline
(PBS) and then permeabilized for 10 min at room tem-
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clei with Hoechst 33342 (kex: 350 nm, kem: 461 nm)
and c-H2Ax with Alexa Fluor� 488 (kex: 495 nm,
kem: 519 nm). Cells were blocked in [1� PBS,
0.025%, 10% of goat serum (Jackson ImmunoRe-
search)] for 1 h at room temperature, then incubated
for 75min at room temperaturewith 1:500 ofmonoclo-
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bated at 37�C for 20 min with 200 ll of [1� PBS and
Hoechst 33342 at 0.1 lgml�1 (Molecular Probes, Invi-
trogen)]. Finally, Lab-Tek� Chamber Slide� eight
wells werewashed with 3� 300 ll of [1� PBS, Triton
0.025%] before mounting in ProLong� Gold antifade
reagent (Molecular Probes, Invitrogen) in order to pro-
ceed for confocal microscopy visualization.

Confocal microscopy. Fixed and labeled cells
were photographed with an ACS APO 40X oil CS
(NA 1.15) objective under a fluorescence confocal
microscope (Leica TCS SPE, Wetzlar, Germany)
equipped with four diode lasers (405, 488, 532,
and 635 nm). The spectral sliders were set in sequen-
tial mode and by decreasing excitation wavelengths, to
maximize signal and to reduce spectral overlap. All
the details concerning the proceedings of the acquisi-
tions are reported in Table 2B. Each analysis was made
on at least 100 cells and at least six images of each
condition were analyzed. Confocal microscopy optical
slice sections of 8–20 lmwere made from the luminal
to the basal pole of the cells, each acquisition contain-
ing nine stacks. Images were prepared and stacked
with ImageJ software (Abramoff et al., 2004) by using
the stacks tool. Then, the tiff images were converted
into 8 bits before performing foci counts. Cell Profiler
software (Carpenter et al., 2006) was used for the de-
tection and scoring of foci in Alexa Fluor images.
Statistical analysis. To test whether the basal num-

ber ofc-H2Ax-foci observed incontrol cellswas signif-
icantly different from that observed in nanoparticles
exposed cells, a Wilcoxon rank test based on at least
100 observations for each condition was performed.

Table 1. Summarized characterization of silica mesoporous nanoparticles used.

SiO2-25nm SiO2-100nm

Produced raw materials

TEM diameters (nm) 20 – 3 90 – 5

Core dye-doped fluorophore used Rhodamine B TMPyP

Theoretical fluorophore kex/kem 557/578 405/(670–714)

Nanoparticles kex/kem 556/580 428/(668–718)

Dispersed nanomaterials

Dynamic light scattering in deionized water 22 – 5 97 – 7

Dynamic light scattering in complete DMEM (after 24 h) 25 – 5 95 – 5

Table 2. Dyes characteristics (A) and settings parameters used for confocal microscopy (B). Ordering of sets and conditions
were used for confocal acquisitions.

A. Characteristics of the dyes used in this study

Dye Staining kex (nm) kem (nm)
Hoeschst 33342 Nucleus 350 461
Alexa Fluor 488 c-H2Ax 495 519

B. Ordering of sets and conditions used for confocal acquisitions

Set number Dye Staining Laser used
(nm)

Wavelengths
gathering
used (nm)

Laser power used (%) (upon
the 2 mW (theoretical max.)
delivered by the system)

1 Alexa Fluor 488 c-H2Ax 488 500–540 16
2 Hoeschst 33342 Nucleus 405 410–470 9
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RESULTS

Xcelligence profile (impedancemetry)

Xcelligence is a method based on impedanceme-
try to assess the global resistance of adherent cells
using a cell Index (CI) metric (Vistejnova et al.,
2009; Ke et al., 2011). Variation of CI reflects either
variation in cell number or cell morphology and
membrane integrity. An example of CI variation of
exponentially growing of control cells is shown in
black on Fig. 1. With 15 000 cells initially seeded,
the mean doubling time is�22 h, which is consistent
with what is known for HT-29 cell proliferation
(Forgue-Lafitte et al., 1989). Before nanoparticle ex-
posure, untreated cells are monitored for at least 24 h
for controlling adhesion and proliferation. Then, cell
index was standardized (time 0) when nanoparticles
are added to cell culture. As seen in Fig. 1, overall
SiO2-25nm are not cytotoxic, cell growth is quite
similar to that of control cells, except during the first
24 h during which a slightly slower growth rate is ob-
served. By contrast, HT-29 cells exposed to SiO2-
100nm nanoparticles show an inverse relationship
between CI and dose: the lowest dose being more
cytotoxic than the highest dose (Fig. 1).

Cytotoxicity

Cytotoxicity was also evaluated using the sulfo-
rhodamine B test that measures global metabolism
activity (Skehan et al., 1990). Data obtained after
24 h of exposure to various doses of SiO2-25nm or
SiO2-100nm indicate that the global metabolism is
not altered (Fig. 2).

Flow cytometry measurement of nanoparticles
incorporation and cell viability after 24 h of
exposure to nano-SiO2

After adding the cell viability reporter ToPro3,
a bi-parametric analysis permits the detection of
intracellular nanoparticles together with the discrim-
ination of viable and dead cells (Fig. 3). An example
of flow cytometry analysis is given in Fig. 3A for
control cells, Fig. 3B for exposed cells to 25 and
100 nm nanoparticles and data are summarized in
Fig. 3C.
Again, a limited cytotoxicity is observed for SiO2-

25nm for doses ranged from 10 to 150 lg ml�1, the
dead population is increasing from 5 to 15% of the
population at the higher dose (Fig. 3C). Flow cytom-
etry measurement of cell mortality confirmed the

Fig. 1. Cell index real-time monitoring of HT-29 cells non-exposed (in black) and exposed to 10, 50, 150 lg ml�1 of SiO2-25nm
(in red) and SiO2-100nm (in green) for 48 h. Time 0 represents the addition of the nanoparticles. Cell index were normalized at

Time 0 to ensure non inter-wells variability prior to the addition of nanoparticles.
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inverse relationship between doses of SiO2-100nm
and cell death; the lower the dose the higher the mor-
tality. Twenty-four hours after SiO2-100 mm exposure,
cell death ranges from 40 to 15% for 10 and 150 lg
ml�1, respectively. However the proportion of living
and dead cells, which have incorporated nanoparticles,
increases as function of the dose, with a maximum of
intracellular nanoparticles for the higher dose.

Genotoxicity

c-H2Ax phosphorylation and recruitment under
foci pattern is associated to double-strand DNA
breaks (Rogakou et al., 1998). The overall distribu-
tion of c-H2Ax foci and median values are faintly
significantly different in cell exposed to SiO2-
25nm compared to control cells except for the higher
dose, for which a decreased distribution with the
same median value is observed, suggesting a higher
number of foci per nucleus (Fig. 4). For SiO2-25nm
nanoparticles, c-H2Ax-foci per nucleus median val-
ues are not significantly different to that of control
cells, except for the higher dose (13, 12, and 13.5
for 10, 50, and 150 lg ml�1, respectively) (Fig. 4).
Regarding data obtained with SiO2-100nm, as for cy-
totoxicity, it seems that lower is the dose higher is the
genotoxicity. c-H2Ax-foci per nucleus median values
are significantly different to that of control cells,
except for the highest dose (16, and 11 for 10, 50,
and 150 lg ml�1, respectively).

DISCUSSION

In this study, we explored the cytotoxicity and
genotoxicity of nano-SiO2 on HT-29 cells, deriving
from a colorectal adenocarcimona, which are

Fig. 2. Global metabolism activity of HT-29 cells performed
by sulforhodamine B (SRB) assay after a 24 h contact with
SiO2-25nm or SiO2-100nm nanoparticles. Non-exposed cells

were normalized to 100%.

Fig. 3. Continued.
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RESULTS

Xcelligence profile (impedancemetry)

Xcelligence is a method based on impedanceme-
try to assess the global resistance of adherent cells
using a cell Index (CI) metric (Vistejnova et al.,
2009; Ke et al., 2011). Variation of CI reflects either
variation in cell number or cell morphology and
membrane integrity. An example of CI variation of
exponentially growing of control cells is shown in
black on Fig. 1. With 15 000 cells initially seeded,
the mean doubling time is�22 h, which is consistent
with what is known for HT-29 cell proliferation
(Forgue-Lafitte et al., 1989). Before nanoparticle ex-
posure, untreated cells are monitored for at least 24 h
for controlling adhesion and proliferation. Then, cell
index was standardized (time 0) when nanoparticles
are added to cell culture. As seen in Fig. 1, overall
SiO2-25nm are not cytotoxic, cell growth is quite
similar to that of control cells, except during the first
24 h during which a slightly slower growth rate is ob-
served. By contrast, HT-29 cells exposed to SiO2-
100nm nanoparticles show an inverse relationship
between CI and dose: the lowest dose being more
cytotoxic than the highest dose (Fig. 1).

Cytotoxicity

Cytotoxicity was also evaluated using the sulfo-
rhodamine B test that measures global metabolism
activity (Skehan et al., 1990). Data obtained after
24 h of exposure to various doses of SiO2-25nm or
SiO2-100nm indicate that the global metabolism is
not altered (Fig. 2).
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incorporation and cell viability after 24 h of
exposure to nano-SiO2

After adding the cell viability reporter ToPro3,
a bi-parametric analysis permits the detection of
intracellular nanoparticles together with the discrim-
ination of viable and dead cells (Fig. 3). An example
of flow cytometry analysis is given in Fig. 3A for
control cells, Fig. 3B for exposed cells to 25 and
100 nm nanoparticles and data are summarized in
Fig. 3C.
Again, a limited cytotoxicity is observed for SiO2-

25nm for doses ranged from 10 to 150 lg ml�1, the
dead population is increasing from 5 to 15% of the
population at the higher dose (Fig. 3C). Flow cytom-
etry measurement of cell mortality confirmed the

Fig. 1. Cell index real-time monitoring of HT-29 cells non-exposed (in black) and exposed to 10, 50, 150 lg ml�1 of SiO2-25nm
(in red) and SiO2-100nm (in green) for 48 h. Time 0 represents the addition of the nanoparticles. Cell index were normalized at

Time 0 to ensure non inter-wells variability prior to the addition of nanoparticles.
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inverse relationship between doses of SiO2-100nm
and cell death; the lower the dose the higher the mor-
tality. Twenty-four hours after SiO2-100 mm exposure,
cell death ranges from 40 to 15% for 10 and 150 lg
ml�1, respectively. However the proportion of living
and dead cells, which have incorporated nanoparticles,
increases as function of the dose, with a maximum of
intracellular nanoparticles for the higher dose.

Genotoxicity

c-H2Ax phosphorylation and recruitment under
foci pattern is associated to double-strand DNA
breaks (Rogakou et al., 1998). The overall distribu-
tion of c-H2Ax foci and median values are faintly
significantly different in cell exposed to SiO2-
25nm compared to control cells except for the higher
dose, for which a decreased distribution with the
same median value is observed, suggesting a higher
number of foci per nucleus (Fig. 4). For SiO2-25nm
nanoparticles, c-H2Ax-foci per nucleus median val-
ues are not significantly different to that of control
cells, except for the higher dose (13, 12, and 13.5
for 10, 50, and 150 lg ml�1, respectively) (Fig. 4).
Regarding data obtained with SiO2-100nm, as for cy-
totoxicity, it seems that lower is the dose higher is the
genotoxicity. c-H2Ax-foci per nucleus median values
are significantly different to that of control cells,
except for the highest dose (16, and 11 for 10, 50,
and 150 lg ml�1, respectively).
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In this study, we explored the cytotoxicity and
genotoxicity of nano-SiO2 on HT-29 cells, deriving
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representative of the intestinal membrane. Like the
Caco-2 cell line, the HT-29 cells are typical of intes-
tinal compartment (Rousset, 1986) and both are polar-
izable cells (Le Bivic et al., 1988). SiO2 nanoparticles
may be widely used in agro-alimentary industries or
for drug delivery in the foreground future.
Numerous studies described potential toxicity of

SiO2 nanoparticles on cell lines but many are contro-
versial due to lacking information on nanoparticles
synthesis, dispersion, and/or its stability in biological
media. In this study, all experiments were realized us-
ing the same batch of nanoparticles just after synthe-
sis, a 1-week dialysis, and monodispersed suspension
in culture media. In these conditions, SiO2-25nm and
-100nm were both stable for at least 24 h as previ-
ously described (Paget et al., 2011).
The global proliferation assay, based on impe-

dancemetry of adherent cells due to low alternative
current recording, allows to assess nanoparticles
toxicology without any interferences in the meas-
urements, such as for example cell trypzination. It
is specifically important when dealing with nano-
particles since several studies have already reported
interferences due to the presence of nanoparticles in
several conventional colorimetric assays used in
toxicology. Indeed, we have ensured that nanopar-
ticles do not interact to the measurement of impe-
dancemetry. For the highest tested concentration
of nanoparticles (150 lg ml�1), the CI measured
in wells free of cells was closed to 0 during the
whole experiment, testifying the absence of inter-
ferences from nanoparticles. Overall, SiO2-25nm

is not cytototxic for HT29 cells as illustrated by
the rather constant CI, the absence of cell mortality
and of modification of global metabolism. At the
opposite, SiO2-100nm seems to induce more effects
than SiO2-25nm but surprisingly with an inverse re-
lationship with the dose. This unusual tendency was
observed with the CI and was confirmed by the
number of DNA double strand breaks and by cell
mortality, which are higher at the lower dose. On
the other, the SRB assay did not show any signifi-
cant difference compared to non-exposed cells.
It could be explained by modification of HT29 cells
morphology due to exposure to SiO2-100nm nano-
particles, while such phenomenon is detected by
XCelligence system and is integrated in the calcula-
tion of the CI. These data are not related to the
intracellular accumulation of nanoparticles since
after exposure with the higher dose of SiO2-
100nm 20% of living cells contain nanoparticles,
while only few percent of cells treated with the
lower dose contain nanoparticles (Fig. 3C). Interest-
ingly, SiO2-100nm induced genotoxicity in HT29
cells, as seen by the higher number of c-H2AX foci
as compared to control cells except after the highest
150 lg ml�1 dose. Overall, it seems that SiO2-
100nm is more cytotoxic and genotoxic than
SiO2-25nm, but with an inverse relationship be-
tween effects and dose. This unusual effect may
be explained by a biological protective process that
could take place depending on the level of toxicity
or damages within the cells specifically in HT29
cell line since it was not observed on human kidney

Fig. 3. Flow cytometry analysis of nano-SiO2 incorporation and HT-29 cell viability after a 24 h exposure. Bi-parametric analysis
was performed to correlate ToPro3 incorporation (as a living/dead cells reporter) and nanoparticle fluororeporter (rhodamine B for
SiO2-25nm and TMPyP for SiO2-100nm nanoparticles): control cells (A), nanoparticles-exposed cells (B). Summarized data are
reported in (C) for three independent experiments based on 15 000 gated cells with morphology similar to that of control cells.

Toxicity and Genotoxicity of Nano-SiO2

7 of 9

cell lines (Paget et al., 2011). In this respect, it was
shown that HT-29 cells are more efficient to repair
DNA than normal colonocytes (Rosignoli et al.,
2001) but more importantly, a phenomenon of
phagocytosis of damaged cells by non damaged
cells could occur to maintain the islet profile integ-
rity (Polak-Charcon and Ben-Shaul, 1979). This
phenomenon could also explain the greater propor-
tion of SiO2-100nm in living cells after exposure at
the highest dose.
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representative of the intestinal membrane. Like the
Caco-2 cell line, the HT-29 cells are typical of intes-
tinal compartment (Rousset, 1986) and both are polar-
izable cells (Le Bivic et al., 1988). SiO2 nanoparticles
may be widely used in agro-alimentary industries or
for drug delivery in the foreground future.
Numerous studies described potential toxicity of

SiO2 nanoparticles on cell lines but many are contro-
versial due to lacking information on nanoparticles
synthesis, dispersion, and/or its stability in biological
media. In this study, all experiments were realized us-
ing the same batch of nanoparticles just after synthe-
sis, a 1-week dialysis, and monodispersed suspension
in culture media. In these conditions, SiO2-25nm and
-100nm were both stable for at least 24 h as previ-
ously described (Paget et al., 2011).
The global proliferation assay, based on impe-

dancemetry of adherent cells due to low alternative
current recording, allows to assess nanoparticles
toxicology without any interferences in the meas-
urements, such as for example cell trypzination. It
is specifically important when dealing with nano-
particles since several studies have already reported
interferences due to the presence of nanoparticles in
several conventional colorimetric assays used in
toxicology. Indeed, we have ensured that nanopar-
ticles do not interact to the measurement of impe-
dancemetry. For the highest tested concentration
of nanoparticles (150 lg ml�1), the CI measured
in wells free of cells was closed to 0 during the
whole experiment, testifying the absence of inter-
ferences from nanoparticles. Overall, SiO2-25nm

is not cytototxic for HT29 cells as illustrated by
the rather constant CI, the absence of cell mortality
and of modification of global metabolism. At the
opposite, SiO2-100nm seems to induce more effects
than SiO2-25nm but surprisingly with an inverse re-
lationship with the dose. This unusual tendency was
observed with the CI and was confirmed by the
number of DNA double strand breaks and by cell
mortality, which are higher at the lower dose. On
the other, the SRB assay did not show any signifi-
cant difference compared to non-exposed cells.
It could be explained by modification of HT29 cells
morphology due to exposure to SiO2-100nm nano-
particles, while such phenomenon is detected by
XCelligence system and is integrated in the calcula-
tion of the CI. These data are not related to the
intracellular accumulation of nanoparticles since
after exposure with the higher dose of SiO2-
100nm 20% of living cells contain nanoparticles,
while only few percent of cells treated with the
lower dose contain nanoparticles (Fig. 3C). Interest-
ingly, SiO2-100nm induced genotoxicity in HT29
cells, as seen by the higher number of c-H2AX foci
as compared to control cells except after the highest
150 lg ml�1 dose. Overall, it seems that SiO2-
100nm is more cytotoxic and genotoxic than
SiO2-25nm, but with an inverse relationship be-
tween effects and dose. This unusual effect may
be explained by a biological protective process that
could take place depending on the level of toxicity
or damages within the cells specifically in HT29
cell line since it was not observed on human kidney

Fig. 3. Flow cytometry analysis of nano-SiO2 incorporation and HT-29 cell viability after a 24 h exposure. Bi-parametric analysis
was performed to correlate ToPro3 incorporation (as a living/dead cells reporter) and nanoparticle fluororeporter (rhodamine B for
SiO2-25nm and TMPyP for SiO2-100nm nanoparticles): control cells (A), nanoparticles-exposed cells (B). Summarized data are
reported in (C) for three independent experiments based on 15 000 gated cells with morphology similar to that of control cells.
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cell lines (Paget et al., 2011). In this respect, it was
shown that HT-29 cells are more efficient to repair
DNA than normal colonocytes (Rosignoli et al.,
2001) but more importantly, a phenomenon of
phagocytosis of damaged cells by non damaged
cells could occur to maintain the islet profile integ-
rity (Polak-Charcon and Ben-Shaul, 1979). This
phenomenon could also explain the greater propor-
tion of SiO2-100nm in living cells after exposure at
the highest dose.
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