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Abstract Bulk- and nano-scale titanium dioxide (TiO2)
has found use in human food products for controlling
color, texture, and moisture. Once ingested, and because
of their small size, nano-scale TiO2 can interact with a
number of epithelia that line the human gastrointestinal
tract. One such epithelium responsible for nutrient ab-
sorption is the small intestine, whose constituent cells
contain microvilli to increase the total surface area of the
gut. Using a combination of scanning and transmission
electron microscopy it was found that food grade TiO2

(E171 food additive coded) included ∼25 % of the TiO2

as nanoparticles (NPs; <100 nm), and disrupted the
normal organization of the microvilli as a consequence
of TiO2 sedimentation. It was found that TiO2 isolated
from the candy coating of chewing gum and a commer-
cially available TiO2 food grade additive samples were
of the anatase crystal structure. Exposure to food grade
TiO2 additives, containing nanoparticles, at the lowest
concentration tested within this experimental paradigm
to date at 350 ng/mL (i.e., 100 ng/cm2 cell surface area)

resulted in disruption of the brush border. Through the
use of two independent techniques to remove the effects
of gravity, and subsequent TiO2 sedimentation, it was
found that disruption of the microvilli was independent
of sedimentation. These data indicate that food grade
TiO2 exposure resulted in the loss of microvilli from the
Caco-2BBe1 cell system due to a biological response, and
not simply a physical artifact of in vitro exposure.
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Introduction

TiO2 has found use as a color additive in human food
products because of its brilliant white color, and as a
texture modifier in foods, which is used in a wide variety
of confectionary foods, toothpastes, and other ingestible
products. “E” numbers are codes for substances that can
be used as food additives in the European Union, and
similar coding exists in other countries; food grade TiO2

is coded as E171. In the USA, the Food and Drug
Administration approved the use of TiO2 in 1966 as a
human food additive with the stipulation that TiO2 is not
to exceed 1 % by weight (Regulations 2000). While
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TiO2 has been approved, the study byWeir et al. showed
that approximately 38 % of TiO2 in one food grade
(E171 coded) source had at least one external dimension
that was <100 nm, which was consistent with the size
distribution observed in several food samples containing
TiO2, including confectionary products (e.g., chewing
gum) or toothpastes (Weir et al. 2012). These data
indicate that a subset of TiO2 approved as additives in
human food products is within the accepted definition of
nanomaterial (Dunphy Guzman et al. 2006), yet little
information on the toxicity of food grade TiO2 has been
published since these definitions for nanotechnology
have been established.

Although there is clearly a beneficial niche for the
use of TiO2 as a food additive, it is coming to the
attention of investigators that although not immediately
damaging to an epithelium, TiO2 NPs elicit subtle ef-
fects on cells within an epithelium (Koeneman et al.
2010). An epithelium has a barrier function that
partitions parts of the body and even separates the
body from the external environment. The study by
Koeneman et al. (2010) indicated that exposure to a
70/30 % mixture of rutile/anatase TiO2 NPs result in
what appeared to be a dose-dependent disruption of the
brush border, an anatomical feature that exists on the
epithelial surface of absorptive cells of the intestine.
These data have been corroborated by a number of brush
border expressing cell models with another widely
employed model NP, α-Fe2O3 (Faust et al. 2014b;
Zhang et al. 2010; Kalive et al. 2012). Although the
entire picture has yet to be painted, the role of many
molecular components of the brush border composed
of individual microvilli have been elucidated (Bement
and Mooseker 1996; Mooseker 1985). Briefly, the
brush border has been partitioned into two regions
that make up the apical portion of the enterocyte in
the epithelium: The microvilli and terminal web do-
mains. Within the microvilli domain, the single mi-
crovillus has 20–30 actin filaments organized as par-
allel bundles in a hexagonal array (Bretscher 1983).
Each actin filament is fastened to the other by fimbrin,
villin, and espin (Bretscher and Weber 1980a, b;
Grimm-Günter et al. 2009). The entire microvillus
core is laterally tethered in a helical arrangement to
the overlying plasma membrane by brush border myo-
sin I (Howe and Mooseker 1983). The microvilli are
rooted in the terminal web which is composed of a
number of intermediate filaments and structural proteins
(Hirokawa et al. 1983; Hirokawa and Heuser 1981).

The study by Zhang et al. (2010) postulated that
adsorption of NPs to the cell surface results in disruption
of the brush border. In line with this view, at least one
criticism of the in vitro culture model is the fact that as
NPs agglomerate over time sedimentation ensues and
effectively increases the concentration of NPs at the
bottom of the culture dish that the cells would otherwise
not be exposed to (Cho et al. 2011). This increase in NP
concentration at the apical surface of the cell could result
in artifactual disruption of the brush border. Therefore,
the current study was conducted in order to determine if
exposure to food grade TiO2 (labeled as E171 compliant
by the distributor) as well as TiO2 isolated from the
candy coating of gum (hereafter referred to as gum
TiO2) resulted in brush border disruption, and if this
disruption was a result of sedimentation. In this study
it was hypothesized that brush border disruption occurs
as a result of exposure to food grade TiO2 and that brush
border disruption is an event independent of sedimenta-
tion. If TiO2 disrupts the brush border, then changes will
occur as a result of exposure to food grade TiO2 as
measured by an alteration in the archetypical organiza-
tion of the brush border as well as a reduction in the total
number of microvilli. Furthermore, if brush border dis-
ruption is independent of sedimentation, then removing
the effects of sedimentation due to gravity should result
in disruption of the brush border as measured by an
alteration in the archetypical organization of the brush
border as well as a reduction in the total number of
microvilli.

Methods

TiO2 isolated from candy coatings, and preparation
of culture medium containing TiO2

E171 is a European Union designation for a white food
color additive that is known elsewhere by other desig-
nations (CI 77891, Pigment White 6). For this research,
a sample was obtained from a large commercial supplier
in China, which listed the material as complying with
E171 requirements (referred to in this study as food
grade TiO2). Food grade TiO2 was suspended in sterile
Nanopure™ water (Barnstead; 18.2 MΩ) at a concen-
tration of 1 mg/mL. TiO2 was also isolated from gum
(referred to in this study as gum TiO2) as described by
Weir et al. (2012). Briefly, three servings of gum were
added to 5 mL of sterile Nanopure™ water (Barnstead;
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18.2MΩ) and allowed to dissolve for 10min. In order to
determine the total Ti content in food grade TiO2 and
gum TiO2, approximately 0.03 g of each was digested in
HNO3 and HF (4:1v/v) using microwave digestion ac-
cording to StandardMethod 3030G (APHA et al. 2005).
Element concentrations including Ti, P, Si, and Al were
measured using XSERIE-2 ICP-MS (Thermo Scientific,
USA). The total amount of Ti from this stock concen-
tration was determined by ICP-MS before the samples
were used in any other experiment. Before the TiO2 was
resuspended in cell culture medium, the TiO2 was son-
icated with a Fisher Scientific model 100 probe sonic
dismembrator at the maximum setting of 28 watts (root
mean square, RMS) for no less than 2 min. The TiO2

was diluted to the final working concentration and son-
icated a second time with a Fisher Scientific model 100
probe sonic dismembrator at the maximum setting of
28 watts (RMS) for no less than 2 min. In this study,
concentrations are shown asmass per milliliter. It should
be noted, however, that the cell culture device has a
growth surface area of 3.5 cm2 and the epithelium forms
a confluent layer across this growth area. Consequently,
when 1 mL of culture medium containing 350 ng TiO2

is placed above this growth area, the concentration is
350 ng/mL which is equal to 100 ng/cm2 of TiO2

available to the epithelia.

XPS

Surface elemental composition and chemical state were
analyzed using X-ray photoelectron spectroscopy (XPS)
performed on an ESCALAB 220i-XL (Vacuum
Generators, USA) with a monochromatic Al Kα source
at hν=1486 eV, a base pressure=7×10–10 mbar, and a
spot analysis size of 500 μm. Food grade TiO2 was
prepared by pressing the powder into a disk on clean
indium foil. Gum TiO2 was prepared by drop casting the
isolated suspension onto SiO2. Peak fit was done man-
ually using CasaXPS on the basis of the theoretical
atomic percentages calculated from the wide scan. The
estimated depth of analysis is approximately 2.87 nm as
determined from the inelastic mean free path of electron
scattering for TiO2 (Tanuma et al. 1994). The adventi-
tious carbon peak was used for calibration.

XRD

The crystal structure was determined using powder X-
ray diffraction (XRD) on a D5000 (Siemens, USA) with

a CuKα source and an aluminum holder. Each sample
was scanned from 2θ=20° to 60° to detect the charac-
teristic TiO2 peaks. The XRD spectrum was used to
calculate the lower bound of the crystallites using
Scherrer’s Equation (Patterson 1939). Surface elemental
composition and chemical state were analyzed using X-
ray photoelectron spectroscopy (XPS) performed on a
ESCALAB 220i-XL (Vacuum Generators, USA) with a
monochromatic Al Kα source at hν=1486 eVand a base
pressure=7×10−10 mbar. XPS spectra were calibrated
using the O 1s peak for TiO2 at 530.1 eV.

TEM and primary particle diameter analysis

Food grade and gum TiO2 samples were diluted to
1 μg/mL in Nanopure™ water (Barnstead; 18.2 MΩ)
and sonicated with a Fisher Scientific model 100 probe
sonic dismembrator at the maximum setting of 28 watts
(RMS) for no less than 2 min. Small (10 μL) drops
containing the titanium dioxide were placed on
Parafilm. Formvar-coated copper grids were inverted
and immediately placed on top of the drops for 10 s.
The excess liquid was wicked away with Whatman no.
5 filter paper, and the grids were placed in a grid holder
over night to dry before imaging with a Philips CM-12
TEM. Images were captured by randomly focusing on
five different squares within the mesh of three different
grids. Each of the micrographs (15 in total) were ana-
lyzed with ImageJ by measuring the x and y axis of the
TiO2 and averaging the diameter from every particle
within the field of view. In total 100 particles were
averaged, and the data was found to be consistent with
those results reported elsewhere (Weir et al. 2012).

Dynamic light scattering

Samples were prepared for phase analysis light scatter-
ing (ZetaPALS, Brookhaven Instruments Corporation,
U.S.) to determine the hydrolyzed diameters of particles
by application of 10 mg/LTiO2 samples in Nanopure™
water and bath sonicating for 30 min. The aforemen-
tioned protocol was employed also to analyze particles
in the presence of cell culture medium containing serum.
Preliminary experiments indicated that there was no
significant change in hydrodynamic diameter for either
of the sonication methods employed in the present in-
vestigation (i.e., bath sonication for 30 min compared to
probe sonication for no less than 3 min).
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Zeta potential analysis

In order to determine the zeta potential, the electrode
was stabilized in 100 mM potassium nitrate at room
temperature 24 h prior to measurement. The samples
were prepared by adding 0.03 g of food grade TiO2 or
gum TiO2 to 50 mL of 10 mM potassium nitrate
(Sigma-Aldrich, U.S.) solution, which was mixed
for 24 h. After this time period, the samples were bath
sonicated for 30 min immediately before zeta potential
measurements.

Cell culture

This study exploits the use of the extensively character-
ized Caco-2BBe1 human derived cell system. When
grown appropriately, this cell system exhibits a faithful
representation of the in vivo structural characteristics
(Peterson andMooseker 1992), and mirror differentiation
of the brush border at the molecular level (Peterson and
Mooseker 1993). Furthermore, Caco-2 has been recom-
mended by the International Life Sciences Institute
Research/Risk Science Institute (ILSI RF/RSI;
Oberdörster et al. 2005). The human, brush border ex-
pressing cell line, Caco-2BBe1, was cultured according to
the protocol established elsewhere (Peterson and
Mooseker 1992). Briefly, Caco-2BBe1 cells were pur-
chased from ATCC (Manassas, VA; CRL-2102) at pas-
sage 47 and discarded at passage 67. The cell culture
medium is Dulbecco’s modification of Eagle’s medium
(DMEM; Cellgro; 10-017-CM) supplemented with
10 μg/mL of human transferrin (Invitrogen;
0030124SA), 10,000 I.U./mL penicillin, 10,000 μg/mL
streptomycin and 25 μg/mL amphotericin (Cellgro;
30-004-CI), as well as 10 % fetal bovine serum
(Biosera; FBS2000). The cell culture medium was
replenished every 48 h, and culture vessels containing
the cells were housed in a humified incubator cali-
brated to maintain an atmosphere of 5 % CO2 at
37 °C. The experiments were conducted only after the
cells were aseptically maintained as confluent epithe-
lia for 19–21 days (Peterson et al. 1993), where rep-
licate samples had an electrical resistance of at least
250Ω/cm2 and ZO-1 is apically localized.

Electron microscopy

Preparation of Caco-2BBe1 epithelia for electron micros-
copy was conducted according to a detailed protocol

(Faust et al. 2014a). Briefly, specimens were grown
for 19–21 days, the experiment conducted, and the
specimens were fixed for 1 h at room temperature in
2 % glutaraldehyde made in 100 mM sodium
cacodylate buffer (pH 7.2). The specimens were
washed and post-fixed for 1 h at room temperature
in 1 % OsO4 made in 100 mM sodium cacodylate
buffer (pH 7.2). The specimens were dehydrated, and
either critical point dried and sputter coated, or infil-
trated with Spurr’s resin. Images were procured with
either an XL-30 ESEM coupled with EDX analytical
software, or a JOEL JSM-6300 equipped with an
IXRF digital imaging system. TEMmicrographs were
procured with a Phillips CM-12 fitted with a Gatan
791 CCD camera. The images shown are representa-
tive micrographs from five randomly chosen cells of
three independent experiments.

Procedure for the inversion of specimens to remove
the effects of sedimentation of TiO2 on the surface
of the epithelium

The human, brush border expressing cell line, Caco-
2BBe1, was cultured according to the protocol de-
scribed the in the Cell culture section. After the 19–
21 days necessary to permit differentiation of the
epithelia, the epithelia were transferred to 15-mL con-
ical centrifuge tubes (VWR; 89039–664) containing
no culture medium, the side facing the epithelia were
labeled, and 5 mL of medium was added to the cen-
trifuge tubes while the epithelia remained inverted.
The specimens were returned to the cell culture incu-
bator with the cap of the 15-mL centrifuge tube tight-
ened half way to permit exchange of gas. At the
indicated time points, the specimens were removed
and maintained in the inverted position, the cell cul-
ture medium was aspirated with the epithelia remain-
ing inverted, and the cytological fixative was added
while the specimens were inverted. Only after 1 h of
fixation were the specimens handled in any other
orientation.

Videomicroscopy

Caco-2BBe1 epithelia were cultured on μ-Dish
35 mm, high

glass bottom Grid-50 dishes (Ibidi; 81148) according to
the aforementioned cell culture protocol. Prior to exam-
ination, medium containing the food grade TiO2 was
prepared according to the method of Koeneman et al.

172 Cell Biol Toxicol (2014) 30:169–188



(2010). Briefly, concentrated, TiO2 stocks (no less than
500 mg/L) were thoroughly sonicated with a Fisher
Scientific model 100 probe sonic dismembrator at the
maximum setting of 28 watts (RMS) for no less than
2 min. This TiO2 suspension was subsequently dosed at
a working concentration of 1 μg/cm2 of surface area
(i.e., 3.5 μg/mL), sonicated a second time, and bath
applied to the epithelia. Immediately following expo-
sure to this TiO2-containing medium, the cells were
imaged with a Nikon Eclipse TE300 inverted micro-
scope equipped with a stage warmer and a Hamamatsu
Orca CCD camera. For experiments conducted without
cells, the TiO2 were applied at a 1 μg/cm2 (3.5 μg/mL)
concentration to a gridded glass bottom dish that
contained 50 μg/cm2 collagen I. The TiO2 were visual-
ized by micropipetting the appropriate stock TiO2 vol-
ume corresponding to 1 μg/cm2 to the center of the field
of view while imaging live. The cell culture medium
was washed two times with Nanopure™ water
(Barnstead; 18.2 MΩ), a still frame corresponding to
the same region was captured, and the water was
decanted and allowed to air dry overnight. The follow-
ing day (12 h later), the surrounding region that was
imaged live was scored with a diamond-tipped glass
cutter, immobilized on an aluminum stub, and sputter
coated with gold. The same region that was imaged with
the phase contrast microscope live was imaged with an
FEI XL-30 ESEM equipped with EDX elemental
analysis.

Procedure for culturing Caco-2BBe1 epithelia
under conditions of microgravity

The human, brush border expressing cell line, Caco-
2BBe1, was cultured according to the protocol described
the in the Cell culture section. The epithelia were cul-
tured 19–21 days to permit differentiation of the epithe-
lia and subsequently transferred to disposable rotary cell
culture vessels (Synthecon; D-410), and microgravity
was engaged through the use of a microgravity bioreac-
tor (Synthecon; RCCS-4) with the controller set to 24.3
RPM. After microgravity was obtained, as evidenced by
“floating” epithelia in the center of the disk, the NP-
containing medium was perfused into the chamber and
permitted culture for 24 h in a cell culture incubator. The
specimens were fixed while maintaining microgravity
for 1 h at room temperature prior to removing the
epithelia from the disk.

Data analysis

In this manuscript, an experiment is defined as at least
replicate samples for each treatment with the respective
controls conducted on three different days (i.e., at least
technical duplicate with three biological replicates). The
number of microvilli and the organization of the brush
border were analyzed by randomly imaging at least
three micrographs from each replicate sample.
Random 1-μm2 squares were generated through the
use of Powerpoint and the number of microvilli within
the 1-μm2 squares were counted from at least three
random squares in a single micrograph. The three to
five regions were averaged, and the data from the three
experiments were compiled to generate an average.
Error was determined with Excel and shown as standard
error of the means. Multiple comparisons were accom-
plished via one-way ANOVA with either Dunn’s or
Tukey posttests. Data were considered significant if
p<0.05. If untreated specimens appeared in poor health,
the entire experiment, including those epithelia exposed
to the TiO2 was culled from analysis.

Results

Material characterization

Thorough characterization of the two TiO2 samples was
conducted to provide information on their size, mor-
phology, and chemical composition, for which little
information exists in open peer-reviewed literature on
food grade TiO2. TEM analysis revealed that food grade
and gum TiO2 are colloidal scale and have spherical to a
slightly longer aspect ratio geometry (Fig. 1a, b). The
primary particle diameters for food grade and gum TiO2

were 122±48 and 141±56 nm in any external dimen-
sion, respectively. There were a range of primary parti-
cle diameters (longest dimension) from 51 to 290 nm,
and 48.5 to 305 nm for food grade and gum TiO2,
respectively. The food grade and gum TiO2 samples
contained 23 and 23 % of nano-scale particles upon
the size distributions with a confidence level of 95 %,
respectively, based on counting 100 particles sampled
from a total of 10,000 particles. Separate phase analysis
light scattering for food grade TiO2 and gum TiO2

conducted on an ultrapure water solution containing
TiO2 at a concentration of 10 mg/L indicated the mean
(±standard deviation) hydrodynamic diameter was 220
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±9 nm (polydispersity=0.130±0.013) and 250±10
(polydispersity=0.165±0.014), respectively. In addi-
tional, light scanning for food grade TiO2 and gum
TiO2 was conducted in serum-containing cell culture
medium. When the samples were bath sonicated for
30 min prior to measurements the hydrodynamic diam-
eters were 336±6 nm (polydispersity=0.164±0.0058),
and 365±5 nm (polydispersity=0.162±0.0048) for
food grade TiO2 and gum TiO2, respectively. These
results suggest that many of the primary TiO2 particles
were aggregated together, although primary particles<
100 nm were clearly present.

Figure 2 shows the XRD spectra for food grade and
gum TiO2. Food grade and the gum TiO2 consisted of
anatase crystal structure only and not rutile or brookite,
which have been found in some other food grade TiO2

samples (Yang et al. 2014). For the gum TiO2, there is a
reflection not associated with anatase at 44.6° that is
presumably from the 200 reflection from the aluminum

sample holder (theoretically at 44.8°). XRD spectra
indicated that the lower bound of the food grade TiO2

and gum TiO2 size was 36 and 26 nm, respectively,
which is in good agreement with the TEM results (i.e.,
Fig. 1).

Figure 3 shows the XPS spectrum for the O 1s
spectral line for (a) food grade and (b) the gum TiO2.
For food grade TiO2, the O 1s (532 eV) was shifted
negatively, indicating O bonding on the surface. The
large peak (2) was TiO2 (530.1 eV) and the smaller peak
(1) was presumably phosphate on the basis of the K 2p
spectra (i.e., Electronic supplementary material (ESM),
Supplemental Fig. 1) and the wide scan (i.e., ESM,
Supplemental Fig. 2). For the K 2p spectra, the K 2p3/2
line (294 eV) was shifted negatively to 293 eV, which is
in agreement with referenced K3PO4 binding energies
(Shih et al. 1998). For the wide scan, K is present and if
it is assumed that the phosphate was in the form of
K3PO4, then there would theoretically be an atomic

Fig. 1 Transmission electron
micrographs of food grade TiO2

(a; identified as E171 compliant)
and b gum TiO2. The scale bar in
the lower right corner of the
micrographs is 200 nm

Fig. 2 XRD specta for food
grade TiO2 (solid line) and gum
TiO2 (dashed line) samples, plus
standard reflections for anatase
(bottom)
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percentage of K of 9.6 %, which was in good agreement
with the measured K amount of 10.8 %.

For the gum TiO2, the O 1s was also shifted nega-
tively, indicating bond formation. Similar to food grade
TiO2, there is a peak at 529.8 (peak 5) for TiO2 and at
530.3 eV (peak 4), which was presumably a calcium
phosphate compound on the basis of reference binding
energies (Demri and Muster 1995) and the wide scan
(i.e., ESM, Supplemental Fig. 3) that showed the pres-
ence of Ca. Assuming the compound was Ca3(PO4)2,
the theoretical atomic percentage of Ca would be 1.2 %,
which was in good agreement with the measured value

of 1.8 % in the wide scan. Peak 1 at 533.4 eV, peak 2 at
532.7 eV, and peak 3 at 531.4 eVare carboxyl (COOH)
(Weng et al. 1995), phenol (C-O) (Jouan et al. 1993),
and carbonyl groups (C=O) (Gardner et al. 1995), re-
spectively, as confirmed by referenced data and the C 1s
spectra (ESM, Supplemental Fig. 4). The C 1s spectra
has four peaks that correspond to (1) carboxyl
(289.4 eV) (Clark and Thomas 1978), (2) carbonyl
(288.1 eV) (Delpeux et al. 1998), (3) phenol
(286.3 eV) (Delpeux et al. 1998), and (4) sp2 C–C
(284.8 eV) (Bachman and Vasile 1989). These bonds
and their atomic ratios matched those found in the O 1s

Fig. 3 XPS O 1s spectra of (a) food grade and (b) gum TiO2. The
inset table in (b) shows the theoretical atomic concentration taken
from the XPS wide-scan (i.e., ESM, Supplemental Fig. 2) and

calculated with the assumption of Ca3(PO4)2 presence, and the
fitted atomic concentration that is based on the O 1s XPS fittings
shown in this figure (i.e., peaks 1, 2, 3, 4, and 5)
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spectra, thus confirming the identification of the surface
contamination remaining on the TiO2 gum coating.

In order to provide information on the surface charge
characteristics of the TiO2 samples, zeta potential anal-
ysis (Fig. 4) demonstrated that both the food grade TiO2

and gum TiO2 samples had a negative surface charge
above pH=4. This was found to be a result of the
phosphate and oxygenated functional groups found on
the surface of the food grade TiO2 and gum TiO2,
respectively. For the food grade TiO2, the iso-electric
point (IEP) pHwas at approximately 3.3. The gum TiO2

pHIEP was not observed at the pH range examined (∼3–
8.5), and at neutral pH, its zeta potential was significant-
ly more negative (−46 mV) compared to the food grade
TiO2 (−19 mV).

Food grade TiO2 disrupts the normal arrangement
of constituent microvilli of the Caco-2BBe1 brush border

Under optimal conditions differentiated Caco-2BBe1
epithelia were shown to faithfully mimic the
in vivo epithelium in the mucosal layer of the
human enterocyte brush border (Peterson and
Mooseker 1992, 1993; Peterson et al. 1993) when
grown in cell culture. The organization of the brush
border microvilli gives the apical surface of these
cells an archetypical structure (Heintzelman and
Mooseker 1992; Hirokawa et al. 1982; Mooseker
1985; Mukherjee and Staehelin 1971). Deviations
from this archetypical structure can be easily de-
tected in specimen exposed to experimental treat-
ments when examined by scanning electron micros-
copy (SEM). This study exploits the archetypical
structure of the brush border as an assay that is
sensitive to changes in the normal organization of

the brush border. Food grade TiO2 could be applied
to this cell system to test if the brush border is
disrupted.

In order to test if food grade TiO2 disrupt the normal
arrangement of microvilli, a SEM approach was
employed. A representative, untreated Caco-2BBe1 cell
in a differentiated epithelium is viewed from above the
apical cell surface (Fig. 5a). At this magnification (im-
aged at ×10,000), used in order to permit adequate
detail, one cell occupied the field of view (Fig. 5a–d
are shown at the same magnification). This region rep-
resents the surface that would face the lumen of the gut
and had initial interaction with the TiO2. At the ×10,000
magnification the structure observed are the tops of the
many brush border microvilli. These microvilli stand
straight off the surface of the cell, a condition referred
to as erect ([De Beauregard et al. 1995] Fig. 5a) and had
43±7 microvilli/μm2 (Fig. 5f). This number of micro-
villi in untreated specimens is so great that no relief (i.e.,
the plasma membrane between the bases of adjacent
microvilli) can be seen. In contrast, gum TiO2 (white
arrows) appeared to decorate the surface of the epitheli-
um and resulted in disruption of the brush border
(Fig. 5b–d). Indeed, it was found that exposing Caco-
2BBe1 epithelia to 350 ng/mL (i.e., 100 ng/cm2) of gum
TiO2 (white arrows) for 24 h produced brush borders
whose constituent microvilli appeared limp and fewer in
number (Fig. 5b). Quantification of the number of mi-
crovilli shown in Fig. 5b indicated that the brush borders
contained 25±6 microvilli/μm2 (n=9; Fig. 5f).
Exposure to 3.5 μg/mL (i.e., 1 μg/cm2) of gum TiO2

(white arrows) more clearly illustrated the limpness of
the microvilli (Fig. 5c). These microvilli appeared to rest
on one another to bolster the standingmorphology of the
microvilli (Fig. 5c). Quantification of the microvilli after
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exposure to this concentration indicated that the brush
borders had 18±4 microvilli/μm2 (n=9; p<0.001;
Fig. 5f). Exposure to 3.5 μg/mL (i.e., 10 μg/cm2) of
gum TiO2 (white arrows) demonstrated brush borders
whose apical surface appeared absent of microvilli in
some regions, and whose apical membrane appeared
decorated with membrane “blebs” (dotted white circles)
of approximately 100 nm in diameter (Fig. 5d).
Quantification of the number of microvilli shown in

Fig. 5d indicated that the brush borders contained
12±5 microvilli/μm2 (n=9; p<0.001; Fig. 5f).

It is important to rule out the possibility that leeching
of ions from the food grade or gum materials, or seques-
tration of serum components by the TiO2, resulted in
disruption of the brush border. In order to test this, gum
TiO2 at a concentration of 35 μg/mL (i.e., 10 μg/cm2)
was applied to culture medium, the medium was soni-
cated, and the TiO2 were allowed to settle through

Fig. 5 Exposure to food grade TiO2 isolated from name-brand
gum resulted in disruption of the brush border as evidenced by
SEM. a Untreated, control specimens appeared well-organized
and densely packed with many brush border microvilli. b Expo-
sure to 350 ng/mL gum TiO2 for 24 h reduced the number of
standing microvilli. The white arrows point to the TiO2. c Expo-
sure to 3.5 μg/mL gum TiO2 for 24 h apparently caused the
microvilli to go limp. d Exposure to 35 μg/mL gum TiO2 for
24 h resulted in brush border microvilli that appeared retracted,
and contained almost no erect microvilli. The inset in d is a control
specimen, whereby the TiO2 was applied to complete culture
medium at a concentration of 35 μg/mL, the TiO2 was allowed
to settle, and the top fraction was used to feed the epithelia. This
control specimen appeared identical to the untreated control. (e)

The low magnification micrograph showed that the effect of
exposure to 350 ng/mL gum TiO2 for 24 h was localized to those
cells that were in intimate contact with the TiO2. Some regions
within the micrograph showed signs of microvilli that may have
been depressed by TiO2. The alternating dashed line surrounds
cells that had no material on the cell surface and consequently a
developed brush border. The white arrows point to gum TiO2. (f)
The histogram shows the number of microvilli after the dose
response experiment. The data is shown as mean±SEM, and
significance (p<0.05) was determined based on a one-way
ANOVA followed by Dunn’s posttest. Characters represent sig-
nificance where redundant characters indicate non-statistical
differences
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sedimentation to the bottom of a conical tube. Once the
TiO2 settled as evidenced by visual inspection the cul-
ture medium, the top 1/3 of the supernatant was
employed as growth medium for epithelia and the fol-
lowing day the specimens were cytologically fixed and
processed for SEM. Through the use of single particle
ICP-MS, it was found that approximately 99.99 % tita-
nium settled, while 0.01 % remained in the supernatant,
and when this medium was applied to the epithelium
(shown as the inset in Fig. 5d), SEM analysis indicated
that the brush borders appeared well ordered and dense-
ly packed identical to untreated control microvilli. Of
note, the effect of the 350 ng/mL (i.e., 100 ng/cm2) of
gum TiO2 (white arrows) appeared to be a localized
effect (Fig. 5e). Only those areas that were found to be
in intimate contact with the agglomerated NPs (white
arrows) showed regions devoid of microvilli (imaged at
×4,300 in Fig. 5e). Regions devoid of the TiO2 (outlined
by the alternating dashed lines) had an erect, dense array
of microvilli on the apical surface of the cell whereas
regions with gum TiO2 had limp and fewer microvilli
surrounding the gum TiO2. The regions in Fig. 5 pointed
to by white arrows are presumed to be agglomerated
gum TiO2 as SEM coupled with energy dispersive x-ray
spectroscopy showed round, electron-dense aggregated
material (Fig. 6a) with identifying peaks corresponding
to titanium and oxygen (Fig. 6b). Analysis of particle
diameters indicates that some TiO2 were NPs as the
smallest particle measured was 20 nm whereas the larg-
est was 291 nm in diameter after sputter coating.

In light of the fact that the food grade and gum TiO2

are of the same crystal structure (anatase), and food
grade TiO2 (E171 compliant) is a pigment for use in
human foods, one might predict that exposure to food
grade TiO2 results in a similar disruption of the Caco-
2BBe1 brush border. In order to test this possibility, a
dose–response experiment was conducted. Consistent
with the results of Figs. 5 and 7, it indicates effacement
of the brush border after the 24-h exposure window. It
was found that untreated specimens had microvilli that
appeared erect (Fig. 7a) with 43±7 microvilli/μm2

(Fig. 7f). Similar to the results reported in Fig. 5, expo-
sure to 350 ng/mL (i.e., 100 ng/cm2) of food grade TiO2

(white arrows) resulted in a slightly limp microvillar
morphology (Fig. 7b) and brush borders contained
26±5 microvilli/μm2 (Fig. 7f). Exposure to 3.5 μg/mL
(i.e., 1 μg/cm2) of E171 TiO2 (white arrows) produced
brush border with individual microvilli apparently limp
(Fig. 7c), and quantification of the number of microvilli

indicated that there were 21±7 microvilli/μm2 (Fig. 7f).
After exposure to 35 μg/mL (i.e., 10 μg/cm2) of food
grade TiO2 (white arrows) microvilli appear tethered at
the plus tips and laying perpendicular to the plasma
membrane. This disrupted phenotype was prevented
by permitting sedimentation of the food grade TiO2 to
occur in vitro and subsequently culturing epithelia in the
supernatant largely removed of the TiO2 (inset in
Fig. 7d) as was done early with the gum TiO2. Finally,
incubating 350 ng/mL (i.e., 100 ng/cm2) of food grade
TiO2 (white arrows) appeared only to locally affect the
normal arrangement of the microvilli (originally imaged
at ×4,300), as those cells with agglomerated colloids
at the cell surface showed a mildly limp/clustered
morphology (Fig. 7e).

Agglomerated TiO2 do not remain stationary
at the surface of the epithelium

The presence of agglomerated TiO2 on the cell surface
presents the possibility of a direct interaction between the
agglomerates and the brush border. In order to determine
if there is a direct interaction between the agglomerates
and the brush border, a time-lapsed video microscopy
approach was employed. This was possible because the
agglomerated colloids were within the limit of resolution
of light microscopy , but a large subset of the material
maintained at least one or more external dimension<
100 nm in diameter as a characteristic of a NP
(Dunphy Guzman et al. 2006). When viewed with
phase-contrast microscopy, untreated specimens showed
a typical honeycomb arrangement of cells within the
epithelium (Fig. 8a, Supplemental Video 1). Upon care-
ful inspection of those epithelia exposed to 3.5 μg/mL
(i.e., 1 μg/cm2) food grade TiO2, there appeared to be
phase-dense, granular material at the cell surface. More
importantly, Fig. 8b showed agglomerates (white ar-
rows) decorated the apical surface of the epithelium
and these agglomerates apparently moved position with
respect to time (Fig. 8b, Supplemental Video 2); The
black rectangle in Fig. 8b surrounds one such agglomer-
ate collected as four still frames every 10 s. The white
arrow head points to the TiO2 agglomerate midpoint, and
a white line was inscribed from the midpoint of the
arrowhead to the fixed end of the micrograph. Under
these conditions, the length of the fixed end of the
micrograph to the midpoint of the arrowhead changed
(shown in arbitrary units *; the scale bar is 20 μ in A–B)
indicating movement of the putative TiO2 agglomerates.
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In order to assess if these phase-dense, granular
material might be the TiO2 agglomerates the TiO2

was applied to a glass bottom dish at 3.5 μg/mL (i.e.,
1 μg/cm2) in the presence of cell culture medium, but
devoid of cells. This positive control for the agglomer-
ated TiO2 demonstrated phase-dense, granular material
moving at the bottom of the culture dish. The white oval
in Fig. 8c showed that the position of the agglomerated
TiO2 changed with time. Furthermore, and similar to the
result described in Fig. 8b, the measuring device indi-
cated that the length of the inscribed white line changed
over time (Fig. 8c, Supplemental Video 3; shown in
arbitrary units *; the scale bar in the still frames is
8 μm). The same region shown in Fig. 8c was washed
to remove any unbound TiO2 and a correlated light and
SEM approach was employed in order to show the
material in high magnification, as well as to conduct
elemental analysis (Fig. 8d). From left to right, the first
micrograph indicated that some TiO2 adhered to the
collagen after washing the dish three times with deion-
ized water. The white arrow in each image points to the
top portion of the “L” that was employed as a feducial
marker. The second image showed that the specimen
remained largely unchanged after processing the slide
for SEM. The third image is a higher magnification of
the top portion of the “L” (white arrow). The fourth
image showed a high magnification view of the top of
the “L” etched in the glass. The white dashed box was

the region used to determine elemental composition
(data not shown). It was found that this region contained
peaks corresponding to titanium and oxygen as expected
for TiO2. What follows from these results is that after
sedimentation the agglomerated TiO2 moved, potential-
ly through Brownian motion (Cho et al. 2011). Coupled
the effects of sedimentation and movement might de-
press the microvilli and permit adsorption/effacement of
the brush border.

Disruption of the brush border is independent
of sedimentation due to gravity

The clue that agglomerated TiO2 oscillated on the sur-
face of the epithelium and that food grade TiO2 results in
disruption of the brush border suggested that sedimen-
tation due to gravity and consequently the mass of the
agglomerated TiO2 may account for brush border dis-
ruption. In order to test this prediction, two alternative
approaches to remove the effects of gravity and conse-
quently the mass of the nanomaterial were employed;
first by inverting the configuration of the epithelia dur-
ing exposure to TiO2 illustrated in the cartoon, and
second by culturing the epithelia in a microgravity bio-
reactor (Fig. 9a–b). During inverted culture of untreated
Caco-2BBe1 epithelia, the morphology and density of the
microvilli was not found to be different than untreated
specimens in the upright configuration (Fig. 10a).

Fig. 6 The material on the surface of the epithelia was TiO2 as
determined by EDX analysis. a The micrograph shows a high
magnification view of thematerial that decorated the epithelia. The
morphology of the material appears similar to the TEM micro-
graphs shown in Fig. 1. The red box is the region of interest for

EDX analysis. b EDX analysis indicated that the material was
composed of titanium and oxygen. The osmium peak was appar-
ently due to the secondary fixative (OsO4) used for the underlying
biological specimens (i.e., the brush border), and the Pd/Au was
the material used to sputter coat the specimens
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However, exposure to 350 ng/mL (i.e., 100 ng/cm2) of
food grade TiO2 (white arrows) while the epithelium
was in the inverted configuration appeared to disrupt
both the erect morphology of the microvilli and the total
number of microvilli; SEM analysis indicated that the
microvilli were limp (Fig. 10b) and quantification of the
number of microvilli indicated that there was a signifi-
cant reduction to a value of 23±6 microvilli/μm2.

Furthermore, the brush border effacement was con-
firmed during inverted exposure to food grade TiO2 at
a concentration of 350 ng/mL (i.e., 100 ng/cm2;
Fig. 10c, d). That is, the microvilli appeared limp in
regions decorated with agglomerated TiO2 (white ar-
rows), and the number of the microvilli was significant-
ly reduced to 27±8 microvilli/μm2. The black arrows
point to TiO2 settled at the inverted bottom of the

Fig. 7 SEM analysis indicates that food grade (E171 compliant)
TiO2 disrupted the brush border microvilli. a Untreated, control
specimens retained a well-developed brush border after sustained
culture. Note that at least two edges of individual cells can be seen
as identified by the slight interdigitation of microvilli between
adjacent cells. b Exposure to 350 ng/mL food grade TiO2 for
24 h reduced the number of standing microvilli. The white arrows
point to the TiO2. c Exposure to 3.5 μg/mL food grade TiO2 for
24 h apparently caused the microvilli to go limp. Thewhite arrows
point to the TiO2. d Exposure to 35 μg/mL food grade TiO2 for
24 h resulted in brush border microvilli that appeared
limp/disorganized, and the plasmamembrane of the cell was easily
seen indicating a significant loss of microvilli. The arrows point to
the TiO2. The inset in D is a control specimen, whereby the TiO2

was applied to complete culture medium at a concentration of
35 μg/mL, the TiO2 was allowed to settle, and the top fraction
was used to feed the epithelia. This control specimen appeared
identical to the untreated control. e The low magnification micro-
graph showed that the effect of exposure to 350 ng/mL food grade
TiO2 for 24 h was localized to those cells that were in intimate
contact with the TiO2. The white arrows point to the TiO2. f The
histogram shows the number of microvilli after the food grade
TiO2 dose response experiment. The data is shown as mean±
SEM. Significance (p<0.05) was determined by a one-way
ANOVA followed by Tukey posttest. Characters represent signif-
icance where redundant characters indicate non-statistical
differences
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centrifuge tube (Fig. 9b). No statistical difference in the
number ofmicrovilli was found after exposure to neither
gum TiO2 nor food grade TiO2 at any concentration or

epithelial orientation. These data were confirmed
employing the microgravity bioreactor (Fig. 9c). The
white arrow in Fig. 9c points to the cell monolayer in

Fig. 8 Live cell imaging indicates that agglomerated TiO2 settles
and moves with respect to time. a Untreated, control specimens
show the typical honeycomb arrangement of phase-light junctions
between cells. No granular material is evident in the complete
culture medium, or at the cell surface. b Application of 3.5 μg/mL
food grade TiO2 resulted in granular material, pointed to by white
arrows, that appeared to oscillate on the surface of the epithelia. The
red circle shows one such event; the center of the putative TiO2

agglomerate changed position over time indicated by a change in
arbitrary units from a fixed point at the edge of the micrograph. c
Applying food grade TiO2 to a gridded Ibidi dish in the absence of
cells indicated that the granular material shown in B was

agglomerated TiO2. d The data shown in C were confirmed to be
TiO2 through the use of SEM coupled with EDX analysis. From left
to right, the top of the “L” (white arrow) was employed as a feducial
marker. The first image corresponds to the TiO2 that adhered to the
collagen after washing with deionized water to remove salts. The
second image is the same “L,” but imaged with a SEM. The third
image is a higher magnification of the second. The fourth image is
further magnified and shows agglomerated TiO2. The white arrow
in each micrograph of C and D points to the top portion of the “L.”
The red dashed box is the region of interested employed for EDX
analysis. EDX indicated that these regions contained peaks corre-
sponding to titanium and oxygen
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microgravity at the center of the culture disk and this is
the proper location for the cells to be exposed to micro-
gravity (Schwarz and Wolf 1991).

Food grade TiO2 is internalized by cells
of the Caco2BBe1 human intestinal model

Several lines of evidence indicate that internalization of
NPs could play a role in actin remodeling at the apical
surface of the cell (Faust et al. 2014b; Kalive et al. 2012;
Zhang et al. 2010; Koeneman et al. 2010). Remodeling
of the actin cytoskeleton at the apical surface (i.e., the
brush border) could result in disruption of the brush
border, since microvilli would not exist if remodeling
occurred. In order to test if food grade TiO2 was inter-
nalized by the Caco-2BBe1 epithelia, a TEM approach
was employed. Under optimal conditions the brush bor-
der of differentiated Caco-2BBe1 epithelia demonstrated
polarity with numerous brush border microvilli at the
apical surface as an untreated control (Fig. 11a). After a
24-h treatment with either 350 ng/mL (i.e., 100 ng/cm2)

of gum TiO2 or 350 ng/mL food grade TiO2 (black
arrows) two populations of nanomaterial existed
(Fig. 11b–d). There was a subset of agglomerated TiO2

enclosed by electron dense vesicles as internalized ma-
terial, and another fraction remained in an electron-
dense granular material “tangled” in the brush border
at the cellular apex (Fig. 11b–d). Analysis of the indi-
vidual particle diameters within each of the micrographs
indicated a range of sizes from as small as 58 nm to as
large as 286 nm, indicating that a subset of the internal-
ized particles were NPs.

Discussion

In the present investigation, it was found that food grade
TiO2 disrupted the brush border after exposure to an
in vitro model of the human intestine. A significant
fraction of this food grade TiO2 had dimensions of
primary particles<100 nm in its longest-axis length.
Specifically, we addressed the hypothesis that exposure

Fig. 9 The cartoon and images illustrate the experimental design
to remove the effects of sedimentation. a During exposure to TiO2

in the upright condition could permit sedimentation of the TiO2.
However, an alternative scenario exists whereby the epithelia are
inverted and the TiO2 can no longer settle at the cell surface. b
After culturing epithelia in the inverted position a thin, white line
appeared at the bottom of the tube that housed the specimens. The

arrows point to the TiO2 that settled. c Themicrogravity bioreactor
permitted conditions of microgravity thereby eliminating settling
of the TiO2. The white arrow points to an epithelium whose
collagen-coated, PTFE membrane was excised from the plastic
housing. The central position of the substrate containing the epi-
thelium indicates that it is in a state of microgravity
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to food grade TiO2 results in brush border disruption and
disruption due to TiO2 is an event independent of sed-
imentation in vitro. The study by Cho et al. indicated
that large and/or dense metal NPs have the potential to
rest on top of the cells at the bottom of the culture dish,
which could be due to the effects of NP agglomeration
and subsequently sedimentation. This settling out of
solution after agglomeration could increase the concen-
tration of NPs that the epithelium would otherwise not
be exposed to. In the present investigation it was found
that TiO2 purchased as food grade (E171 coded) as well
as TiO2 isolated from the candy coating of gum were of
similar physico-chemical characteristics. These particles
exposed to the epithelia at the lowest concentration of
350 ng/mL (i.e., 100 ng/cm2) that elicited a cellular
response when grown upright, also resulted in brush

border disruption after removing the effects of TiO2

settling due to sedimentation. This effect was first dem-
onstrated when the substrate with the epithelium was
inverted and exposed to TiO2 at a concentration of
350 ng/mL. Under these conditions, there was no statis-
tical difference between those exposed to TiO2 in neither
the upright nor the inverted configurations. This result
was confirmed by an independent approach where epi-
thelia were exposed to TiO2 under conditions of micro-
gravity, indicating that sedimentation of agglomerated
TiO2 does not account for disruption of the brush border.
Furthermore, results from control experiments indicate
that it is unlikely that leeching of ions, or adsorption of
serum components from/to TiO2 resulted in brush bor-
der disruption as exposure to cell culture medium re-
moved of the TiO2 resulted in brush borders that

Fig. 10 Inverting the specimens to remove the effects of TiO2

settling indicate that sedimentation does not account for brush
border disruption. a Untreated specimens, when grown upside-
down retain a well developed and densely packed brush border. b
Exposing the specimens to a concentration of 350 ng/mL gum
TiO2 while inverted resulted in disruption similar to that found
during right side up culture. Thewhite arrows point to gumTiO2. c
Exposing the specimens to a concentration of 350 ng/mL food

grade TiO2 while inverted resulted in disruption similar to that
found during upright culture. Thewhite arrows point to gum TiO2.
d The histogram indicates that there is a significant reduction in the
number of microvilli between untreated, and TiO2 treated speci-
mens. No statistical difference was observed between inverted and
upright exposure to TiO2. Characters represent significance where
redundant characters indicate non-statistical differences
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Fig. 11 TEM analysis indicates that the TiO2 was internalized as
early as 1 day after exposure to 350 ng/mL of TiO2. a Untreated,
control specimens showed apical differentiations (i.e., brush bor-
ders), an electron-dense terminal web region, and an organelle-free
zone. Themicrovilli appear numerous andwell-ordered. The black
and white arrows point to the plasma membrane of the cell. b
Exposure to 350 ng/mL gum TiO2 after 1 day resulted in internal-
ization of the TiO2, and limp microvilli. The black arrow points to

the electron-dense TiO2. c Exposure to 350 ng/mL food grade
TiO2 after 1 day resulted in a subset of TiO2 found enmeshed
within an amorphous network at the tops of some cells. The
microvilli were disorganized. However, tight- and adherens junc-
tions were seen (pointed to by the white arrows). (d) Exposure to
350 ng/mL food grade TiO2 after 1 day also showed that the TiO2

was internalized. The black arrow points to the TiO2
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appeared healthy and morphologically similar to unex-
posed (control) brush borders.

Studies have shown that exposure to α-Fe2O3 NPs at
a concentration of 100 μg/mL elicited an upregulation of
the gene (CapZ) that encoded the actin capping protein
CapZ in the Caco-2 cell model (Kalive et al. 2012) and in
a brush border expressing model of the human placenta
(Faust et al. 2014b). As indicated in the Introduction, it is
well known that elongation of filamentous actin (F-actin)
coupled with the addition of actin bundling proteins to
the core fine filaments permits the normal morphology of
the microvillus. Studies have also shown that polymeri-
zation of actin occurs at the most distal point of the
microvillus tip in a region referred to as plus tips
(Ishikawa et al. 1969; Tilney and Mooseker 1971;
Begg et al. 1978; Hirokawa and Heuser 1981). Further,
the addition of actin monomers to F-actin is known to be
a dynamic and continuous process (Stidwill et al. 1984).
In the event that the actin capping protein, CapZ is
translated from upregulated messenger RNA, CapZ
could inhibit F-actin polymerization at the plus tips.
This hypothesis is corroborated by the constant turnover
of the structural proteins, and addition of monomers at
the plus tips; should CapZ protein cap F-actin plus tips,
there would be no regulated addition of monomers nec-
essary to maintain the microvilli length.

In vitro analysis necessitates the use of a physiolog-
ical milieu containing serum proteins. Commonly, in-
vestigators use serum at a 10 % concentration in a liquid
medium formulated with the necessary salts, vitamins,
minerals, etc., as a surrogate for a chemically defined
culture medium in order to propagate cells in a culture
dish. When materials such as metal nanoparticles are
applied to this medium, the proteins from the medium
adsorb to the material surface. Since some nanoparticles
have a large surface-area-to-volume ratio and conse-
quently high surface free-energy, a large number of
proteins have been shown to decorate the material sur-
face based on material surface chemistry (Lundqvist
et al. 2008). These decorated proteins bindwith different
affinities and are referred to as the “hard” and “soft”
coronas (Milani et al. 2012). Studies employing non-
functionalized (i.e., pristine) silica nanoparticles clearly
showed the effects of the NP corona (Lesniak et al.
2012). In the study by Lesniak and coworkers, pristine
silica nanoparticles (50 nm in diameter) were exposed to
A549 lung epithelia in serum-free conditions for 1 h and
were found decorated with a variety of proteins after
recovery of the nanomaterial from the cells. Of note, the

proteins spectrin and α-actinin had high spectral counts
during mass spectrometry analysis, indicating a large
number of these proteins were part of the NP corona
(Lesniak et al. 2012). Although purely speculative, one
could hypothesize that a similar process may result in
brush border disruption as was shown to be independent
of sedimentation in the present investigation. Both
spectrin and α-actinin are necessary for the structural
integrity of the terminal web and inter-microvillar root-
lets. If spectrin and α-actinin adsorbed to the NP corona
with a higher affinity than serum components and/or the
proteins that directly bind spectrin and α-actinin in the
terminal web, it could be predicted that particles, such as
the TiO2 employed in the present investigation, seques-
ter these structural components. Sequestration of struc-
tural proteins necessary to maintain the erect morphol-
ogy of microvilli could transiently disrupt the brush
border since, as indicated in the preceding paragraph,
many of the proteins in the microvilli are constantly
turned over, and retrograde actin flux coupled with
monomer addition at the plus tips maintains the length
of microvilli in a highly controlledmanner. Therefore, at
present, the possibility that the biological corona is in
part responsible for brush border disruption cannot be
excluded from the putative list of causal agents.

To date, a number of studies using TiO2 NPs have
been conducted in order to determine whole organism
(in vivo) toxicity as a result of exposure to TiO2 and not
the “subtle” effect of brush border disruption as a con-
sequence of exposure to TiO2 from human food prod-
ucts as was found in the present investigation. Studies
conducted in the mouse model indicate a wide range of
effects after intragastric administration of anatase TiO2

NPs (Duan et al. 2010). The authors, employing con-
centrations of 0, 62.5, 125, and 250 mg/kg body weight
every other day, found significant loss in body weight at
concentrations of 125 and 250 mg/kg TiO2 NPs expo-
sure (Duan et al. 2010). One possible explanation for the
significant loss of body weight between control groups
and those exposed to 125 and 250mg/kg bodyweight of
anatase TiO2 NPs is a disruption manifested as a retrac-
tion of the brush border. If brush borders were disrupted
in this system, there would be a net loss of surface area
by which food stuffs could be absorbed. The decrease in
surface area of the small intestine could result in mal-
nutrition and decreased body weight. However, when
mice were dosed once by oral gavage according to the
OECD protocol, acute toxicity was observed and result-
ed in an increase in body weight (Wang et al. 2007).
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Further, studies employing the rat model indicate no
change in body weight. In the study (Warheit et al.
2007), the authors applied 175, 550, and 1,750 mg/kg
of ultrafine mixtures of TiO2 NPs (79 % rutile 21 %
anatase) once to a single fasted female (n=1) and inves-
tigated the effects 14 days after dosing according to the
OECD protocol (Oecd 1994). Of note the authors dosed
three rats as a single experiment at concentrations of
5 g/kg body weight with the samematerial and found no
change in body weight after 14 days (Warheit et al.
2007). However, many of the in vivo studies have not
directly addressed the “subtle,” non-lethal phenomenon
of brush border disruption. Therefore, at present there is
evidence for and against in vivo brush border disruption,
which appear to be dose and species dependent.

There are several in vivo studies indicating that TiO2

can translocate to the liver, kidney, and brain in rodents
(Duan et al. 2010; Fröhlich and Roblegg 2012; Hu et al.
2010; Powell et al. 2010; Wang et al. 2007). This fact
implies that TiO2 was able to pass several of the phys-
iological barriers that could otherwise sequester the
material from direct interaction with the epithelium.
Perhaps the greatest physiological barrier that exists in
mammals including rodents, but not the in vitro cell
model employed in the present investigation, is mucus.
Mucus is secreted by goblet cells that are interspersed
within the in vivo mucosal layer. Of their many func-
tions, goblet cells largely serve to lubricate and “protect”
the enterocytes/brush borders from abrasion.
Furthermore, it is widely accepted that the entire muco-
sal layer is turned over every 4–5 days in mammals
including rodents (van der Flier and Clevers 2009).
Therefore, if brush border disruption occurred in these
systems, evidence for this event would be found shortly
after administration of the TiO2 and is liable to present
itself as a retraction/shortening of the microvilli.
Disruption of the brush border in vivo could appear as
a retraction for a number of reasons. In an attempt to
investigate proteins necessary to maintain the archetyp-
ical structure of the microvillus, investigators have de-
veloped several knockout models for a number of struc-
turally important brush border proteins in rodents
(Ferrary et al. 1999; Grimm-Günter et al. 2009). In spite
of triple knockdown models, microvilli still appeared on
the apical cell surface (Revenu et al. 2012). These data
potentially indicate that there is functional redundancy
within the in vivo system in rodents to maintain the erect
microvilli morphology that may not exist in the Caco-
2BBe1 human cell model since this cell system appears

amenable to experimental manipulations that result in
changes in the brush border (De Beauregard et al. 1995;
Faust et al. 2014b; Peterson and Mooseker 1993).

These data indicate that food grade TiO2 apparently
elicits a bona fide biological response and not simply a
physical artifact as a consequence of in vitro exposure.
Estimates based on in vitro exposure suggest that ap-
proximately 42 % of microvilli are lost after exposure to
food grade TiO2 at the lowest concentration of
350 ng/mL (i.e., 100 ng/cm2), together these data
indicate a need to: (1) identify the aforementioned
putative effects of food grade TiO2 with the correct
in vivo models that capture cells in their complex social
context, (2) identify which physico-chemical parameters
influence brush border disruption as the food grade TiO2

employed in this study were both anatase, and (3) iden-
tify biological mechanisms by which TiO2 disrupt the
brush border since the loss of microvilli results in a
decrease in the total surface area of the gut.
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