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Background: Amorphous silica particles with the primary dimensions of a few tens of nm, have been widely ap-
plied as additives in variousfields includingmedicine and food. Especially, they havebeenwidely applied inpow-
ders for making tablets and to coat tablets. However, their behavior and biological effects in the gastrointestinal
tracts associated with oral administration remains unknown.
Methods: Amorphous silica particles with diameters of 50, 100, and 200 nm were incubated in the fasted-state
and fed-state simulated gastric and intestinal fluids. The sizes, intracellular transport into Caco-2 cells (model
cells for intestinal absorption), the Caco-2 monolayer membrane permeability, and the cytotoxicity against
Caco-2 cells were then evaluated for the silica particles.
Results: Silica particles agglomerated in fed-state simultaneous intestinalfluids. The agglomeration and increased
particles size inhibited the particles' absorption into the Caco-2 cells or particles' transport through the Caco-2

cells. The in vitro cytotoxicity of silica particles was not observed when the average size was larger than
100 nm, independent of the fluid and the concentration.
Conclusion: Our study indicated the effect of diet on the agglomeration of silica particles. The sizes of silica parti-
cles affected the particles' absorption into or transport through the Caco-2 cells, and cytotoxicity in vitro, depend-
ing on the various biological fluids.
General significance: The findings obtained from our studymay offer valuable information to evaluate the behav-
ior of silica particles in the gastrointestinal tracts or safety of medicines or foods containing these materials as
additives.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Nanomaterials are materials that have at least one dimension in the
nanoscale range (approximately 1 nm to 100 nm). Recently, nanoma-
terials have been applied in various fields, including medicine, cosmetics,
and foods, because nanomaterialsmay have physical, chemical, or biolog-
ical properties that are different from those of their bulk.While nanotech-
nology can exploit the improved and often novel properties of materials,
there have been publications about concerns regarding the safety to
humans and potential environmental impact of such materials [1–4].

In the medical field, nanomaterials have been used as drug carriers
for drug delivery systems (DDS) [5–8].
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Amorphous silica particles have beenwidely applied as additives for
various purposes, for example, to improve the flowability used in pow-
ders for making tablets; they have also been applied as additives to coat
tablets, to improve their hardness. In solid oral dosage form, silicates are
often used as glidants. Glidants are substances that improve the
flowability of cohesive powders and granules. Silicates are well suited
for that purpose, because of their small particle size and large specific
surface area. One of the most frequently used glidants is colloidal silica
(e.g., Aerosil 200), which exhibits very small particle sizes in the nano-
meter range, and a large specific surface area of approximately
200 m2/g [9]. Although the primary dimensions of these particles are
a few tens of nm, they form aggregates of a few hundred nm. These
novel materials have been the focus of medical developments in a num-
ber of areas, and many researchers have investigated their use not only
as additives in tablets, but also as novel carriers for poorly-water-
soluble drugs [10–12].

Amorphous silica particles have also been used in other fields, where
they are applied directly to the human body as ingredients in cosmetics
and toothpaste, or even as powdered food ingredients to prevent caking
[13,14].
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Table 1
The mean particle size, the polydiversity index (PDI), and the ζ-potentials of the silica
particles used in this study.

Sample Particle size (nm) PDI ζ-Potential

Silica
SP-50 47.5 ± 4.0 0.14 ± 0.053 −43.2 ± 2.0
SP-100 99.0 ± 3.2 0.03 ± 0.030 −53.8 ± 1.4
SP-200 176 ± 6.4 0.16 ± 0.024 −51.8 ± 1.4

Samples were dissolved in MilliQ water with a concentration of 0.1 mg/mL.
Each value represents the mean ± S.D. (n = 3).
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However, when amorphous silica particles were swabbed on skin, it
was reported that the nano-sized materials penetrated through the
skin, became distributed in the body, and induced unexpected toxicity
[2]. It has been reported that the toxicity derived from amorphous silica
particles depends on the particle size and the surface properties [15,16].

Generally, tablets are taken via oral administration. Using this ad-
ministration route, the particles contained in the tablets do not remain
at specific sites for a long period. However, if the particles are absorbed
from the intestine and enter the blood circulation, it is important to con-
sider whether the phenomena that occur when the drugs are adminis-
tered intravenously would also occur in this case. In addition, no
studies have been performed to investigate the toxicity associated
with the oral administration of amorphous silica particles as additives
in oral solid dosage forms; the evaluation of the physicochemical prop-
erties, intestinal permeability properties, and intestinal cell toxicity
resulting from the oral administration of nano- or submicron-size amor-
phous silica particles is therefore essential to ensure the safety of solid
oral dosage forms containing these materials.

In the present study,weevaluated the size, the absorption from the in-
testine, and the cytotoxicity using in vitromodels of amorphous silica par-
ticles after oral administration. In particular, we investigated the effects of
the size of the particles and the composition of the intestinal tract fluid on
the intestinal permeability properties and the intestinal cell toxicity. In
this study, we used amorphous silica particles with diameters of 50,
100, and 200 nm. In the oral administration of medicines, the physiolog-
ical conditions in the intestinal tract are dramatically different in the
fasted state and the fed state. It is known that these differences affect
the absorption of drugs from the gastrointestinal tract. This study there-
fore investigated the changes in the size of amorphous silica particles in
the fasted-state and fed-state simulated gastric and intestinal fluids.

As an in vitro model for intestinal absorption, we used the Caco-2
cell. Caco-2 cells grown as a monolayer become differentiated and po-
larized such that their morphological and functional phenotype resem-
bles that of the enterocytes that line the small intestine [17,18]. Caco-2
cells express tight junctions, microvilli, and numerous enzymes and
transporters that are characteristic of such enterocytes. The Caco-2
monolayer is widely used throughout the pharmaceutical industry as
an in vitro model of the human small intestinal mucosa to predict the
absorption of orally administered drugs. The correlation between the
in vitro apparent permeability across Caco-2 monolayers and the
in vivo fraction absorbed is well established [19]. Caco-2 cells have in
fact been used as a model to investigate the possible harmful effect of
silica nanoparticles in the gastrointestinal tract [20]. Furthermore,
Caco-2 monolayers have been used to evaluate the intracellular uptake
of nanosized-drug delivery systems [21,22].

In this study, the intracellular transport into Caco-2 cells, the Caco-2
monolayer membrane permeability, and the cytotoxicity against Caco-2
cells were then evaluated for the amorphous silica particles, in the
fasted-state and fed-state simulated gastric and intestinal fluids.

2. Materials and methods

2.1. Silica particles

Suspensions of fluorescently labeled amorphous silica particles (nom-
inal diameters as stated by suppliers: 50 nm, SP-50; 100 nm, SP-100; and
200 nm, SP-200) were obtained from Micromod Partikeltechnologie
(Rostock, Germany). These were amorphous silica particles [16]. Silica
suspensions were shaded and stored at 4 °C and diluted in various fluids
before each experiment. The suspensions were sonicated for 10 min, and
then vortexed for 1 min immediately prior to use. The silica particles
were suspended in various fluids, and then incubated at 37 °C for 1 h be-
fore the measurements were performed. The mean particle size, the
polydiversity index (PDI), and the ζ-potentials of the silica particles
were measured using a Zetasizer Nano-ZS (Malvern Instruments, UK),
with a concentration of 0.1 mg/mL in water (Table 1). The water used
in this study was purified using Milli-Q system (Millipore, Tokyo,
Japan). Fig. 1 shows transmission electron microscopy (TEM) images
of the silica particles used in this study. The images were obtained
using an H-9000 UHR instrument (Hitachi, Tokyo, Japan).

2.2. Cell culture

Caco-2 cells—human epithelial colorectal adenocarcinoma cells
(American Type Culture Collection (ATCC), Manassas, VA, USA)—were
cultured in Dulbecco's modified Eagle's medium (Life Technologies,
Brooklyn, NY, USA) supplemented with 10% FBS (Nichirei Biosciences,
Tokyo, Japan), 100 U/ml penicillin/streptomycin (Life Technologies).
Cells were grown in a humidified incubator at 37 °C under 5% CO2,
and the culture medium was changed every other day.

2.3. Composition of simulated gastric and intestinal fluids

The fasted-state simulated gastric fluids (FaSSGF) and the fed-state
simulated gastric fluids (FeSSGF)were prepared according to a previous
report [23]. The fasted-state simulated intestinal fluids (FaSSIF) and the
fed-state simulated intestinal fluids (FeSSIF) were prepared according
to the manufacturer's instructions (Celeste Co., Tokyo, Japan). An
Ubbelohde-type viscometer was used for the viscosity measurements.
The detailed components of each fluid are shown in Table 2.

2.4. Stability of fluorescence labeling

Fluorescently labeled silica particles were diluted to 1 mg/mL in var-
ious types of fluids (MilliQ water, D-MEM, PBS, FaSSIF, FeSSIF, FaSSGF,
FeSSGF, 0.25% trypsin-ethylenediamine tetraacetic acid, and lysis buffer
(1.0% Triton X-100 in HBSS)) and incubated at 37 °C for 6 h. After incu-
bation, the particleswere centrifuged (20,000 g, 30 min) and the precip-
itated silica particles were resuspended with the same volumes of fresh
fluids as those before centrifugation. The fluorescent intensities of the
suspension before and after centrifugation were measured at an excita-
tion wavelength of 542 nm and an emission wavelength of 602 nm in
a fluorescence spectrophotometer (F-7000; Hitachi High-Technologies,
Tokyo, Japan). The percentage of thefluorescent dye retained in the silica
particles after 6-h incubation was expressed as follows:

A=B� 100 %ð Þ;

where A represents the fluorescence intensity of the silica particles re-
suspended with fresh fluid after centrifugation, and B represents the
fluorescence intensity of the silica suspension before centrifugation.

2.5. Intracellular uptake study

Fluorescently labeled silica particles were used in this study to eval-
uate the intracellular uptake of silica particles. Caco-2 cells (1 × 106)
were plated in a 6-well plate in medium containing 10% FBS and
100 U/mLpenicillin/streptomycin. Thefluorescently labeled silica parti-
cles were diluted to a concentration of 0.1 mg/mL in various types of
fluids (D-MEM, PBS, FaSSIF, and FeSSIF), and then incubated at 37 °C
for 1 h to mimic the intestinal conditions. In addition, to mimic the
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Fig. 1. TEM images of silica particles used in this study. The scale bar represents 100 nm.
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gastric and intestinal conditions (indicated as “FaSSGF → FaSSIF” and
“FeSSGF → FeSSIF”), fluorescently labeled silica particles were diluted
to 10 mg/mL in FaSSGF or FeSSGF, and incubated at 37 °C for 1 h. Sub-
sequently, the diluted silica particles were further diluted to a concen-
tration of 0.1 mg/mL in FaSSIF or FeSSIF, and incubated at 37 °C for an
additional 1 h. The diluted and incubated fluorescently labeled silica
particles were added to the cells, which were pre-incubated for 96 h
(37 °C, 5% CO2). After incubation for 2 h in the silica particle-
containing fluid, the cells were washed, and the incubation medium
was replaced with Hanks' balanced salt solution (HBSS). The cells
were then trypsinized with 0.25% trypsin-ethylenediamine tetraacetic
acid (Life Technologies), washedwith HBSS three times, and suspended
in lysis buffer (1.0% Triton X-100 in HBSS). The cell suspension was
shaken, centrifuged at 15,000 ×g and 4 °C for 10 min, and the fluores-
cence intensity of the resulting supernatant wasmeasured at an excita-
tionwavelength of 542 nm and an emission wavelength of 602 nm in a
fluorescence spectrophotometer (F-7000). The fluorescence intensity
was expressed as incorporated particle mass per unit protein content
of cells. The protein concentration was determined using a protein
assay kit (Dojindo Molecular Technologies, Tokyo, Japan).
Table 2
Composition of FaSSGF, FeSSGF, FaSSIF, and FeSSIF.

FaSSGE FeSSGF FaSSIF FeSSIF

Sodium taurocholate (μM) 80 – 3 15
Sodium acetate (mM) – 29.75 – –

Sodium chloride (mM) 34.2 237.02 105.4 203.1
Sodium hydroxide (mM) – 10.5 101
Sodium dihydrogen-orthophosphate
(mM)

28.7

Acetic acid (mM) 17.12 – 144.17
Lecithin (μM) 20 – 0.75 3.75
Pepsin (mg/mL) 0.1 – – –

pH 1.6 5 6.5 5.0
Osmolality (mOsm/kg) 120.7 ± 2.5 400 270 ± 10 635 ± 10
2.6. Confocal microscopy study

To observe the intracellular uptake of the fluorescently labeled silica
particles, Caco-2 cells (5.0 × 104) were plated in 35 mm glass-bottom
dishes coated with poly-L-lysine (Matsunami Glass, Osaka, Japan) in
medium containing 10% FBS and 100 U/mL penicillin/streptomycin.
The fluorescently labeled silica particles were diluted to a concentration
of 0.1 mg/mL in various types of fluids (PBS, FaSSIF, and FeSSIF), and
then incubated at 37 °C for 1 h to mimic the intestinal conditions.
After the cells were pre-incubated for 48 h (37 °C, 5% CO2), the diluted
and incubated fluorescently labeled silica particles were added to the
cells. After incubation for 2 h in the silica particle-containing fluid
(37 °C or 4 °C, 5% CO2), the cells were washed and kept in HBSS for im-
aging using confocal microscopy (Carl Zeiss LSM 510, Oberkochen,
Germany). To observe co-localization, endosomes and lysosomes of
cells were labeled with AlexaFluor-488-conjugated transferrin (Life
Technologies) and LysoTracker Green DND-26 (Life Technologies), re-
spectively, in accordance with the manufacturer's instructions. Data
were collected using dedicated software supplied by themanufacturers,
and exported in tagged image file format.

2.7. Transcellular transport study

Caco-2 cells were suspended in a serum-free medium consisting of
D-MEM and Mito + Serum Extender (BD Biosciences, San Jose, CA,
USA), and seeded on 24-well size BD Falcon cell culture inserts (BD Bio-
sciences) at 2 × 105 cells/well [24]. In experiments that required theuse
of differentiationmedium, the seedingmediumwas replacedwith opti-
mized differentiation medium 48 h after cell seeding; the medium was
replaced every 24 h thereafter. The transepithelial electrical resistance
(TEER) was also measured using a Millicell-ERS resistance system
(Millipore, Billerica, MA, USA) every 24 h, and the wells with TEER
values of over 200 Ω cm2 were used as Caco-2 cell monolayers. The
fluorescently labeled silica particles were diluted to a concentration of
1 mg/mL in various types offluids (PBS, FaSSIF, and FeSSIF), and then in-
cubated at 37 °C for 1 h to mimic the intestinal conditions. In addition,
to mimic the gastric and intestinal conditions (indicated as “FaSSGF →
FaSSIF” and “FeSSGF → FeSSIF”), fluorescently labeled silica particles
were diluted to 10 mg/mL in FaSSGF or FeSSGF, and incubated at
37 °C for 1 h. The diluted silica particles were subsequently further di-
luted to a concentration of 1 mg/mL in FaSSIF or FeSSIF, and incubated
at 37 °C for an additional 1 h. The diluted and incubated fluorescently
labeled silica particles were added to the apical side of the Caco-2 cell
monolayers. Phosphate buffer saline (PBS) was added to the basal side
at the same time. Samples (fluorescently labeled silica particles) were
drawn out of the basal side at 15 min intervals. An equal volume of
PBS was added to the basal side immediately after each sampling. The
TEER was simultaneously determined using a Millicell-ERS resistance
system.

2.8. Cytotoxicity study

The cytotoxicity of the silica particles was assessed using a WST-8
assay (Cell Counting Kit-8, Dojindo Laboratories, Kumamoto, Japan).
Caco-2 cells (1 × 105) were plated in 96-well plate in medium contain-
ing 10% FBS and 100 U/mL penicillin/streptomycin. Silica particles were
diluted to concentrations of 0.1, 1, or 10 mg/mL in various types offluids
(D-MEM, PBS, FaSSIF, and FeSSIF), and incubated at 37 °C for 1 h to
mimic the intestinal conditions. In addition, tomimic the gastric and in-
testinal conditions (indicated as “FaSSGF → FaSSIF” and “FeSSGF →
FeSSIF”), silica particles were diluted to 10 mg/mL in FaSSGF or FeSSGF,
and incubated at 37 °C for 1 h. The diluted silica particles were
subsequently further diluted to concentrations of 0.1 or 1 mg/mL in
FaSSIF or FeSSIF, and incubated at 37 °C for an additional 1 h. After the
cells were pre-incubated for 72 h (37 °C, 5% CO2), the diluted and
subsequently incubated particles were added to the cells. After
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incubation for 6 h, the cells were washed, the fluid was replaced with
fresh culture medium without silica particles, and an additional 0, 6,
24, or 48 h of incubation was applied. Cell counting kit-8 solutions
were then added to each well, and the cells were incubated for 2 h.
After incubation, absorbance values at 450 nm were measured using a
microplate reader (Bio-Rad Laboratories, Hercules, CA, USA), and the re-
sults were expressed as viability (%).
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2.9. Statistical analyses

The results are presented here as the mean ± S.D., calculated from
more than three experiments. An analysis of variance (ANOVA) was
used to test the statistical significance of the differences between
groups. Multiple comparisons between control and test groups were
performed using Dunnett's test.
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Fig. 2. Sizes of amorphous silica particles (SP-50, 100, and 200, 0.1 mg/mL) in various
types of fluids. Themean particle size of the silica particles wasmeasured using a Zetasizer
Nano-ZS (Malvern Instruments, UK), with a concentration of 0.1 mg/mL. Each value rep-
resents the mean + S.D. (n = 3).
3. Results

3.1. Effects of simulated gastric and intestinal fluids on the size of silica
particles

The effects of various fluids on the size of the amorphous silica par-
ticleswere evaluated. Following thedispersion of the silica particle sam-
ples (nominal diameters: 50 nm, SP-50; 100 nm, SP-100; and 200 nm,
SP-200, as stated by the supplier) SP-50, SP-100 and SP-200 in MilliQ
water, the mean particle sizes were approximately 48 nm, 99 nm, and
176 nm, respectively (Table 1), which agreed well with the nominal di-
ameters as stated by the supplier. The ζ-potentials of the silica particles
ranged from −43.2 to −53.8 mM (Table 1). Then, to investigate how
the state of the silica particles changed after oral administration, and
during their passage through the gastrointestinal tract, the silica parti-
cles were dispersed in various types of simulated fluids. As shown in
Fig. 2, when these silica particles were dispersed in fasted- and fed-
state simulated gastricfluids (FaSSGF and FeSSGF) and fasted-state sim-
ulated intestinal fluids (FaSSIF), the mean particle sizes of SP-50, SP-
100, and SP-200were not affected. By contrast, when the silica particles
were dispersed in fed-state simulated intestinal fluids (FeSSIF), the
mean measured particle sizes of SP-50, SP-100, and SP-200 all signifi-
cantly increased, to more than 1000 nm (Fig. 2). In addition, the PDI
values of the silica particles dispersed in FeSSIF also increased to ap-
proximately 0.6, indicating that the SP-50, SP-100, and SP-200 particles
all agglomerated in FeSSIF, regardless of the primary particle size. Then,
to investigate conditions more similar to those encountered in actual
oral administration before the passage through the intestinal tract, the
silica particles were first diluted with simulated gastric fluids; this was
then followed by dispersion in simulated intestinal fluids. As shown in
Fig. 2, when the silica particles were dispersed in fasted-state simulated
fluids (FaSSGF and FaSSIF), themean particle sizes of SP-50, SP-100, and
SP-200 were not affected. By contrast, when SP-50, SP-100, and SP-200
were dispersed in fed-state simulated fluids (FeSSGF and FeSSIF), the
mean measured particle sizes increased to more than 1000 nm
(Fig. 2). These results suggested that silica particles—at least those
used in this study—would agglomerate after postprandial oral
administration.
3.2. Stability of fluorescent labeling of silica particles

The intracellular uptake and transcellular transport assay of silica
particles depend on the accuracy of the measured fluorescence. The
studies supporting stability of fluorescent labeling were performed.
After incubation of fluorescently labeled silica particles in various fluids,
the recovery of fluorescent dye was examined. As shown in Table 3, the
fluorescent labeling of silica particles used in this study was stable in
every fluid under the conditions used in this study.
3.3. Effects of simulated gastric and intestinal fluids on the intracellular up-
take of fluorescently labeled silica particles

The effects of dispersion in simulated fluids on the intracellular up-
take of silica particles were investigated using Caco-2 cells. In the pre-
liminary experiments, we confirmed that the internalization occur
linearly with times around 2 h after the addition of silica particles (Sup-
plementary Fig. 1). Therefore, the intracellular amounts of silica parti-
cles were measured after incubation for 2 h with silica particles.
Similarly, the silica particle concentrations for incubation were deter-
mined based on the linearity between silica particlemasses and fluores-
cent intensities of internalized silica particles (Supplementary Fig. 2). As
shown in Fig. 3, the intracellular amounts of SP-50, SP-100, and SP-200
dispersed in fasted-state simulated fluids (FaSSGF and FaSSIF) were al-
most the same as those in cultured medium (control). However, when
SP-50, SP-100, and SP-200 were dispersed in fed-state simulated



Table 3
Stability of fluorescent labeling.

Solution SP-50 SP-100 SP-200

Average SD Average SD Average SD

MiIIiQ water 97.8 ± 0.62 99.8 ± 1.40 98.5 ± 4.18
PBS 98.2 ± 1.06 99.3 ± 1.05 98.9 ± 3.55
D-MEM(+) 98.8 ± 0.91 99.5 ± 1.04 98.2 ± 3.34
FaSSIF 99.1 ± 0.53 99.8 ± 1.00 98.4 ± 3.48
FeSSIF 98.4 ± 0.37 99.1 ± 0.68 98.5 ± 2.30
FaSSGF 98.4 ± 0.73 99.0 ± 0.49 98.1 ± 2.56
FeSSGF 97.6 ± 0.61 99.1 ± 0.37 98.5 ± 1.61
Trypsin 98.5 ± 5.90 98.3 ± 7.49 99.9 ± 11.2
Lysis buffer 101.5 ± 5.76 103.8 ± 6.29 99.9 ± 8.63

After incubation of fluorescent labeled silica particles in various solutions, the recovery of
fluorescent dye was examined and expressed as percentage of the fluorescent intensity of
the resuspended silica particles to that before centrifugation as described in “Materials and
methods.” Each value represents the mean ± S.D. (n = 3).
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intestinal fluids (FeSSIF), the measured amounts of intracellular silica
particles significantly decreased (Fig. 3). This decrease in the intracellu-
lar amounts of silica particleswas also observedwhen the silica particles
were serially diluted using FeSSGF and FeSSIF (Fig. 3). We then exam-
ined the intracellular uptake of silica particles into Caco-2 cells using
confocal microscopy. As shown in Fig. 4 (a), when silica particles were
pre-incubated in fasted-state simulated fluids (FaSSIF), the intracellular
uptake of silica particles was almost the same as that in PBS. In contrast,
when silica particles were pre-incubated in fed-state simulated intesti-
nalfluids (FeSSIF), the intracellular uptake of silica particles significantly
decreased (Fig. 4 (a)). This result agreed with the quantitative values
obtained using fluorescent spectroscopy described above (Fig. 3). It
was also shown that silica particles pre-incubated in PBS and FaSSIF
were observed to co-localizewith endosomes and lysosomes after incu-
bation for 2 hwith Caco-2 cells (Fig. 4 (a)). On the other hand, the inter-
nalization of silica particles was not observed when the particles were
incubated with Caco-2 cells at 4 °C (Fig. 4 (b)). These indicated that
the silica particles were internalized by endocytosis, and that the silica
nanoparticles are not simply adhering to the cells.
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**P<0.01, compared with the corresponding group of D-MEM.

Fig. 3. The intracellular uptake of amorphous silica particles, 2 h after their addition to
Caco-2 cells. SP-50, SP-100, and SP-200 were dispersed in various types of fluids and
pre-incubated for 1 h. After incubation for 2 h in the silica particle-containing suspension,
the cells were then trypsinized, washed, and lysed. The cell suspension was shaken, cen-
trifuged, and the fluorescence intensity of the resulting supernatant was measured as de-
scribed in Section 2.5. ⁎⁎P b 0.01, comparedwith the corresponding group of D-MEM. Each
value represents the mean + S.D. (n = 6).
3.4. Effects of simulated gastric and intestinal fluids on the Caco-2 cell
monolayer transport of silica particles

To investigate the effect of various fluids on the transcellular trans-
port of silica particles, SP-50, SP-100, and SP-200 were dispersed in
PBS, FaSSIF, and FeSSIF, and silica particle transport studies were per-
formed using Caco-2 cell monolayers (Fig. 5). Fig. 6 shows the time-
dependent variations in the TEER and the cumulative amount of
transported silica particles dispersed in various types of fluids. The
TEER is well known as an indicator of the integrity, or tightness, of junc-
tions (a tight junction is described as the closely associated area be-
tween two cells whose membranes have joined together to form a
virtually impermeable barrier against various materials) [25]. As
shown in Fig. 6, the TEER was hardly affected by the addition of SP-50,
SP-100, or SP-200 under these experimental conditions, suggesting
that the silica particles used in this study did not significantly change
the structure of the tight junctions in the Caco-2 cell monolayers.
From the investigation of the cumulative amounts of transported silica
particles, it was clear that after 30 min, the transported amounts of
SP-50 suspended in PBS and fasted-state fluid were significantly higher
than those of SP-50 in fed-state fluid. The transported amounts of SP-50
dispersed in FeSSIF were significantly lower than those of SP-50 dis-
persed in PBS or fasted-state fluids. In the case of SP-100 and SP-200,
the cumulative amount of transported silica particles was negligible
until 60 min, even in the PBS and fasted-state fluids (Fig. 6).
3.5. Effects of simulated gastric and intestinal fluids on the cytotoxicity of
silica particles

The effects of various fluids on the cytotoxicity of the silica particles
were then evaluated. Silica nanoparticles (final concentration 1.0 mg/
mL) were dispersed in various types of fluids and exposed to cells for
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6 h. Up to this time point, no cytotoxicity was observed in Caco-2 cells
exposed to SP-50, SP-100, or SP-200. The cultured media was then re-
placedwith freshmediumwithout silica particles to eliminate any effect
of the fluid itself, and the cells were incubated for another 0, 6, 24, and
48 h (Fig. 7). During this additional incubation with fresh medium,
time-dependent toxicitywas observed in Caco-2 cells that had been ini-
tially exposed to SP-50 dispersed in PBS or fasted-state simulated fluids.
By contrast, no cytotoxicity was observed for SP-100 or SP-200 even
after 48-h incubation (Fig. 7). We then investigated the concentration
dependency of the silica particle toxicity on Caco-2 cells. Silica nanopar-
ticles (final concentration 0.1, 1.0, and 10 mg/mL) were dispersed in
various types of fluids and exposed to cells for 6 h. The cultured media
was then replaced with fresh medium without silica particles, and the
cells were incubated for another 48 h at which time the cytotoxicity of
SP-50 was considerable (Fig. 7). As shown in Fig. 8, cytotoxicity was
not observed for SP-100 or SP-200 in any of the various types of fluids,
even at a concentration of 10 mg/mL. By contrast, when SP-50 was dis-
persed in PBS or the fasted-state simulated fluids, significant cytotoxic-
ity was detected for all concentrations of the particles, with the
cytotoxicity depending on the concentration. However, when SP-50
was dispersed in FeSSIF, cytotoxicity was not observed.

4. Discussion

With the increasing interest in nanotechnology, nanomaterials have
been applied in various fields including medicines. Nanoparticles can
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also be used as excipients of solid oral dosage forms and other products
that are absorbed in a body in a variety of ways.

In solid oral dosage form, silicates are commonly used as glidants. Al-
though the primary particle size of the most frequently used colloidal
silica (Aerosil 200) is between 7 and 40 nm, these particles group to-
gether into so-called aggregates of a few hundred nanometers during
the sintering production process [26]. This study therefore investigated
the size and in vitro behavior using gastrointestinal models; the Caco-2
cell models and bio-relevant dissolution media simulated conditions in
the gastrointestinal system, allowing an evaluation of the intestinal per-
meability properties and the intestinal cell toxicity associated with oral
administration. The critical question regarding the safety of oral dosage
forms iswhether thematerial used as an excipientwill penetrate the in-
testinal barrier of the intestinal membrane.

We used fluorescently labeled silica particles to trace the intake and
the translocation of the intestinal barrier. The silica particles consisted of
amorphous and nonporous silicates, and had a negative charge
(Table 1); these characteristics are the same as those of silicates fre-
quently used in solid oral dosage form (approximately −40 mV in
ansported amounts of amorphous silica particles (b). SP-50, SP-100, and SP-200were dis-
for 1 h. The incubated fluorescently labeled silica particles were added to the apical side of
particles were measured as described in “Materials and methods”. ⁎P b 0.05, ⁎⁎P b 0.01,
4).
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water at pH 7 [27]).We also investigated the size dependence of the ab-
sorption and the in vitro toxicity, using silica particles with diameters of
50, 100, and 200 nm.

First, we investigatedwhether the silica particleswould agglomerate
after oral administration. Simulation of gastrointestinal conditions is es-
sential to adequately predict the in vivo behavior of drug formulations.
We used biorelevant dissolution media that can be used for the in vitro
simulation of different dosing conditions (fasted and fed states) [28].
Regardless of the primary particle size, the observed tendency was the
same. In all cases, the particles formed agglomerates in the medium
representing the fed-state intestinal fluid. It is known that acidic condi-
tions promote agglomeration, due to a decrease in the electrostatic re-
pulsion between negatively charged silica particles; the formation of
agglomerates can therefore occur after passage through the stomach,
which has lower-pH conditions. However, in this case, lower-pH condi-
tions did not cause agglomeration, under fed or fasted conditions.
Furthermore, the viscosity of the FaSSGF = 0.688 mPa s and
FeSSGF = 0.704 mPa s were almost the same, which suggested that
the viscosity did not affect the agglomeration of the silica particles. Judg-
ing from the composition of the bio-relevant dissolutionmedia, and the
above results, we concluded that the high salt concentration was a
major factor causing the agglomeration. In fact, we reported previously

image of Fig.�7
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that silica particles easily agglomerated with high sodium ion concen-
trations in solution eluents [29], and the same phenomenon was also
reported by other researchers [30]. The Derjaguin Landau_Verwey_
Overbeek (DLVO) theory is often used to explain the aggregation/
agglomeration behavior of silica suspensions [31,32]. Briefly, the DLVO
theory combines the effects of the attractive van der Waals forces and
the electrostatic repulsion between charged surfaces. As discussed ear-
lier, the presence of silanol groups (Si–O–H) on amorphous silica sur-
faces and the charge of silanol groups determine the extent of the
repulsive energy needed to keep the silica nanoparticles dispersed.
The surface charge of silica nanoparticles differs as the pH changes
due to protonation and deprotonation of the silanol groups. At
pH 2–3, silica nanoparticles reach the isoelectric point (IEP) where the
particles carry no net charge, causing the nanoparticles to agglomerate.
In the case of biological conditions with high (0.1–0.3 M) salt concen-
trations, ion-specific effects also play a prominent role [33]. Amiri
et al. pointed out that in aqueousmedia, because pure particles are elec-
trostatically stabilized, interparticle interactions at a given concentra-
tions can be changed by varying the ionic strength, particle size, and
pH of the suspension; they demonstrated that high salt concentration
causes agglomeration of silica particles [27].

Next, we studied the cellular uptake of silica particles, using Caco-2
cells as an in vitro model to assess the barrier integrity/permeability ef-
fects of the silica particles. The TEER, which is well known as an indica-
tor of the integrity of junctions, was not affected by the addition of SP-
50, SP-100, or SP-200 under these experimental conditions, suggesting
that the silica particles used in this study did not significantly change
the structure of the tight junctions between the cells in the Caco-2 cell
monolayer, regardless of the particle size, at least for 2 h of exposure
to the particles. Because the length of the tight junction between the
cells is approximately 10–20 nm [25], the silica particles used in this
study did not penetrate the junction. Therefore, the increase in the
amount of particles showed that translocation through the Caco-2
cells occurred. The transport experiments showed that the cumulative
number of transported silica particles increased with exposure time,
and it is notable that translocation occurred under conditions that did
not cause agglomeration. In the investigation of the cumulative amount
of transported silica particles, Fig. 6 showed that the transported
amounts of SP-50 were much higher than those of SP-100 and 200
when these silica particles were dispersed in PBS and FaSSIF. Moreover,
the transported amounts of all of the silica particles were significantly
lower when they were dispersed in FeSSIF than when they were dis-
persed in PBS or FaSSIF. However, in the case of SP-100 and SP-200,
the amounts of silica particles transported were negligible for times
shorter than 1 h, regardless of which fluid was used. Because the transit
time in the gut is approximately 1 h per 1 m of gut length [34], these re-
sults suggest that the intestinal absorption of silica particles or aggre-
gates/agglomerates larger than 100 nm would be negligible. Further
in vivo testing would be necessary to confirm the possibility of silica
particle absorption into the systemic circulation.

We then investigated the cytotoxicity of the silica particles towards
Caco-2 cells. We confirmed that the exposure for 6 h to the silica parti-
cles (SP-50,100, and 200) did not induce cytotoxicity in any of the var-
ious types of fluids, and this coincideswith our results that the structure
of the tight junctions of Caco-2 monolayer was not changed at least for
2 h of exposure to the silica particles (Fig. 6). However, after another in-
cubationwith freshmedium, SP-50 showed time-dependent toxicity for
up to 48 h when SP-50 was dispersed in PBS or fasted-state simulated
fluids. On the other hand, SP-100 and SP-200 did not show any cytotox-
icity, at least for 48 h (Fig. 7). The time lapse of toxicity observed in SP-
50 in this study indicates that the smaller size of silica particles inhibited
cellular proliferation, which has also been reported by Nabeshi et al.
[35]. They showed the size-dependent cytotoxic effects of amorphous
silica particles (70, 300, and 1000 nm) onmouse epidermal Langerhans
cells. The smallest particles induced greater cytotoxicity and inhibited
cellular proliferation [35]. We investigated the concentration
dependency of silica particles on Caco-2 cells and found that SP-50
was cytotoxic. No cytotoxicity was observed, however, for SP-100 or
SP-200, in any of the various types of fluids, even at a concentration of
10 mg/mL (Fig. 8). By contrast, when SP-50 was dispersed in PBS or
fasted-state simulated fluids, significant cytotoxicity was detected for
all concentrations of the particles, with increasing cytotoxicity as the sil-
ica concentration increased. Although SP-100 and 200 were also inter-
nalized in the Caco-2 cells in the fasted state, cytotoxicity was not
observed.

The size-dependent toxicity of amorphous nanosilica has been also
reported by other researchers [16]. The relationship between cytotoxic-
ity and particle sizes observed in our study has been discussed previous-
ly by others. Yu et al. examined the cytotoxic activity of well-dispersed
amorphous silica particles (30–535 nm) in mouse keratinocytes [36].
All sizes of particles were taken up into the cell cytoplasm. The toxicity
was dose- and size-dependent, with 30- and 48-nm particles being
more cytotoxic than 118- and 535-nm particles. Nabeshi et al. showed
the size-dependent cytotoxic effects of amorphous silica particles (70,
300, and 1000 nm) on mouse epidermal Langerhans cells [35]. They
found that the smallest particles induced the greatest cytotoxicity and
inhibited cellular proliferation. These observed effects were associated
with the quantity of particle uptake into the cells. This association was
also present in our study, where the cytotoxicity of SP-50 correlated
with the concentration (Fig. 8). Yang et al. evaluated the effects of amor-
phous silica particles (15 and 30 nm) on cellular viability, the cell cycle,
and apoptosis in the human epidermal keratinocyte cell lineHaCaT [37].
Their microscopic examination revealed morphological changes after
24-h exposures. Cell growth also appeared to be significant inhibited,
and the smaller silica particles were more cytotoxic and induced a
higher rate of apoptosis. Oberdörster et al. argued that since smaller par-
ticles have a bigger surface area per unit of mass, the surface area is a
pivotal factor for the displayed biological activity [38]. The mechanisms
by which silica particles exert their cytotoxic effects are still largely un-
known, and recent research illustrates the complexity in identifying the
hazards of nanoparticles for human health [39]. However, there are
many possibilities, including damage to the plasma membrane before
particles penetrate the cells, intracellular interference after uptake in
late or lysosomal structures, and lysosomal escape [16]. Another re-
search indicated that the effect of silica nanoparticles on HT-29 cells is
mediated by the interference with the signaling pathway such as
MAPK/ERK1/2 [40].

Our study showed that when SP-50 was dispersed in FeSSIF, large
agglomerates were formed, and cytotoxicity was not observed. This in-
dicated that even if the primary particle size was less than 100 nm, the
cytotoxicity was largely affected by the agglomerate formation.

Guidance for the assessment of risks associated with the application
of nanoscience and nanotechnologies in the food and feed chain [41]
recommends in vitro tests, including assessments of the effect of parti-
cles on the integrity of the gastrointestinal barriers. Our studies
proposed onemodel to assess the integrity/permeability of the gastroin-
testinal barrier, and the cytotoxicity based on differentiated Caco-2 cells.
Parameters such as the cell viability and the TEER can be also considered
to be recommended in the guidance.

5. Conclusions

In the present study, we developed the in vitro assay systems includ-
ing cellular uptake, transport study, and cytotoxicity studymodels using
Caco-2 cells and simulated gastrointestinal fluids to help the evaluation
of the intestinal permeability properties and intestinal cell toxicity of sil-
ica particles after theywere administered orally. Our study showed that
the agglomeration of silica particles was affected by the diet and gastro-
intestinal fluids. Our study also indicated that there was no significant
penetration of silica particles through in vitro models (Caco-2 cells),
and the cytotoxicity was not observed if the mean size was larger than
100 nm. This study further showed that the secondary size, including
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the factor of agglomeration, is important to assess the potential harmful
effects of silica particles on Caco-2 cells. Evenwhen the primary particle
sizewas less than 100 nm, the cytotoxicity was affected by agglomerate
formation. The findings obtained from our study may offer valuable in-
formation to evaluate the behavior in the gastrointestinal tracts or safe-
ty of medicines or foods containing silica particles as additives.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.12.014.
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