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he use of nano-based consumer prod-
Tucts is growing rapidly, and many of
such products are available in the
market. To date, more than 600 consumer
products that are self-identified by the man-
ufacturers as containing nanotechnology
are included in a public database." Appli-
cations in the food sector are eminent,
widely discussed, and cover many aspects
such as improving food packaging materi-
als, efficient nutrient delivery, formulations
with improved bioavailability, and new
tools for molecular and cellular detection
of contaminants.?~>
Nanoparticles, as a consequence of their
small size, exhibit different physicochemical
properties and biological effects compared
to their respective bulk materials, even at
the same mass dose® A nanoparticle is
generally defined as a discrete entity that
has three dimensions on the order of
100 nm or less.” Various types of nanopar-
ticles are used in the food sector. With
respect to inorganic nanoparticles, various
metal oxides like magnesium oxide, tita-
nium dioxide, silicon dioxide, and silver are
used in, for example, coatings of food
packaging materials. Notably, the conven-
tional forms of magnesium oxide, titanium
dioxide, silicon dioxide, and silver are per-
mitted food additives (e.g., E530,E171, E551,
E174),” but without a definition of the sizes
of the materials. For example, recently, we
showed that silicon dioxide (E551) as used
in food products contains particle sizes in
the nanorange.8 Silver (E174) is only limit-
edly used as food additive (as colorant). If
total use, including in food packaging mate-
rials, is considered, silver nanoparticles are

BOUWMEESTER ET AL.

ABSTRACT Applications of nanoparticles in the food sector are eminent. Silver nanoparticles are
among the most frequently used, making consumer exposure to silver nanoparticles inevitable.
Information about uptake through the intestines and possible toxic effects of silver nanoparticles is
therefore very important but still lacking. In the present study, we used an in vitro model for the
human intestinal epithelium consisting of Caco-2 and M-cells to study the passage of silver
nanoparticles and their ionic equivalents and to assess their effects on whole-genome mRNA
expression. This in vitro intestine model was exposed to four sizes of silver nanoparticles for 4 h.
Exposure to silver ions was included as a control since 6—17% of the silver nanoparticles were found
to be dissociated into silver ions. The amount of silver ions that passed the Caco-2 cell barrier was
equal for the silver ion and nanoparticle exposures. The nanoparticles induced clear changes in gene
expression in a range of stress responses including oxidative stress, endoplasmatic stress response,
and apoptosis. The gene expression response to silver nanoparticles, however, was very similar to
that of AgNOs. Therefore, the observed effects of the silver nanoparticles are likely exerted by the
silver ions that are released from the nanoparticles.
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among the most frequently used nanopar-
ticles, mainly because of its antimicrobial
action.”'® In conclusion, consumer exposure
to nanoparticles is inevitable, and it is there-
fore necessary to assess the health impact of
human exposure to nanoparticles.*""

Only a few oral repeated dose studies
using silver nanoparticles are available
(reviewed in refs 12 and 13). Kim and co-
workers exposed rats orally for 28 consecu-
tive days to high doses of silver nanoparti-
cles (30, 300, or 1000 mg/kg/day), resulting
in an increased silver content in various
organs. The liver appeared to be the main
accumulating organ for silver nanopar-
ticles." This was confirmed in a 90 day
study from the same authors.'® So far, these
are the only oral in vivo studies using silver
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nanoparticles. The usefulness of these studies for risk
assessment is, however, rather limited since the nano-
particles as administered to the rats were not charac-
terized (characterization in the food matrix is essential
because the matrix might affect its properties: e.g.,
agglomeration state), and a control using the conven-
tional form of silver (Ag™*) was lacking.

The mechanism of translocation of nanoparticles
over the gastrointestinal wall is poorly known. The
intestinal epithelium consists of a monolayer of pre-
dominantly enterocytes, with in specific regions spe-
cialized cells for the translocation of particulate matter:
epithelial M-cells.'®'”  Translocation of particles
through the intestinal wall is a multistep process,
involving diffusion through the mucus lining of the
gut wall, contact with enterocytes and particularly the
M-cells, and finally uptake via cellular or paracellular
transport.'® Translocation of nanoparticles through the
epithelium depends on their physicochemical proper-
ties, such as size, surface charge, lipophilicity/hydro-
philicity, presence/absence of a ligand, and physiology
of the intestinal tract, for example, healthy versus
diseased state."®

To study the mechanism of translocation, several
in vitro models for the intestinal epithelium have been
developed. Generally, models use monolayers of Caco-
2 cells, but recently, more sophisticated coculture
models employing M-cells are emerging. In our studies,
we adopted the in vitro model system as developed by
Des Rieux and co-workers.2° This model is based on a
coculture on inverted transwell inserts of Caco-2 cells
and human Raij B lymphocytes. The setup of the
system allows a close contact between the two cell
types to trigger the conversion of Caco-2 cells into
M-cells. The authors showed an M-cell conversion rate
of 15—-30% by means of scanning electron micro-
scopy.%° This in vitro coculture model has great poten-
tial for the combined detection of toxic effects and
translocation properties of compounds or nanoparti-
cles. The present study aimed to answer two questions.
First, do silver nanoparticles exert nanospecific toxic
effects on the cells of the in vitro system, and second,
do these nanoparticles pass the in vitro intestinal
barrier. In our studies, we used well-characterized silver
nanoparticles of four different sizes (ranging between
20 and 110 nm) as well as AgNOs in order to compare
the effects of nanoparticles with those induced by Ag™
ions. We employed a full genome transcriptomics
approach to screen for potential toxic effects.

RESULTS

Characterization of Silver Nanoparticles. Sizes of silver
nanoparticles as derived from transmission electron
microscopy (TEM) images were 31 + 5,30 + 4,69 + 7,
and 112 £ 9, while the sizes provided by the producer
based on TEM analysis were 20 + 2,34 + 3,61 £+ 5,and
113 +£ 8, respectively. Throughout the paper, we will
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Figure 1. Transmission electron microscope (TEM) images
of various silver nanoparticles in MQ water: (A) 20 nm;

(B) 34 nm; (C) 61 nm; (D) 113 nm. Sizes are according to
the information of the provider. Scales are 200 nm.

use the TEM sizes given by the producer. Representa-
tive TEM pictures are shown in Figure 1.In water at t =
0 h, the hydrodynamic sizes as determined by nano-
particle tracking analysis (NTA) of the 34, 61, and
113 nm nanoparticles were only slightly larger than
that of the TEM sizes (Table 1). However, sizes deter-
mined by NTA for 20 nm TEM nanoparticles were
much larger: 70.0 &+ 2.0 nm. At sizes smaller than
30 nm, output of NTA might be affected by a large
measurement uncertainty because the detection
limit of the NTA is around 30 nm and the bias of
NTA is toward larger size fractions.?' This might partly
explain the large NTA measures for the 20 nm (TEM)
nanoparticles.

Compared to water, suspending the nanoparticles
in cell culture medium (DMEM plus FCS) resulted in
larger hydrodynamic sizes for each of the four NPs at
t=0halready (Table 1). Compared tot=0h, t =24 h of
incubation resulted in larger hydrodynamic sizes, both
in MQ water and even larger in cell culture medium,
thatis, 148.7 £ 6.8,174.7 + 6.8,214.0 £ 9.2,and 232.7 +
5.5 nm for 20, 34, 61, and 113 nm NPs, respectively.
After 24 h, NTA sizes in MQ water of the 20 nm (TEM)
nanoparticles were comparable to those of the 34 nm
(TEM) nanoparticles. A brief sonication procedure
slightly decreased the hydrodynamic sizes, but not to
the original size as measured at t = 0 h (Table 1).

Chemical composition of silver suspensions (in cell
culture medium) was analyzed by full spectrum ICPMS.
The composition was compared with control cell cul-
ture medium. We found no impurities in the silver
nanoparticle suspensions (data not shown).
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TABLE 1. Sizes of Silver Nanoparticles As Determined by TEM or NTA in MQ Water and Complete Cell Culture Medium

at 0 and 24 h°

solvent

MQ water DMEM +-++
TEM (nm) NTA (nm)
compound producer TEM (nm) t=0 t=0 t=24 t=24+5 t=0 t=24 t=24+5
20+2 31+£5 70+2 M7+£n 9444 NBEN 149+6 18+8
3443 30+4 47+5 133412 122438 104 +1 175+7 140 £ 12
61£5 6947 6714 18248 138410 547 214+9 14847
113438 M249 115+6 186 410 177 +8 17348 233+6 18948

“ Note: Data are presented as mean = SEM. ® Time (t) = 24 h followed by a sonication procedure as described in the Materials and Methods section.
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Figure 2. Viability of Caco-2 cells after exposure for 24 h to 20, 34,61, and 113 silver nanoparticles and 2.5 and 5 ug/mL AgNO;
as measured by the WST assay. Data are expressed as mean + SEM for triplicate exposures; *p < 0.05; **P < 0.001.

Silver nanoparticles are known to release Ag™ ions
in suspensions. Therefore, the fraction of nanoparticles
and Ag™ ions was determined by ICPMS in both fresh
and 24 h aged cell culture medium in which the silver
nanoparticles were spinned down by double ultracen-
trifugation. The elementary silver present in the super-
natant was most likely Ag™, and the amount was clearly
correlated to the size of the NPs. Suspensions of the
smaller-sized silver nanoparticles contained relatively
more ions than suspensions with larger nanoparticles:
17.4,15.8,5.8,and 7.6% for 20, 34, 61,and 113 nm NPs,
respectively. The control supernatants provided by
Nanocomposix collected immediately after production
contained no or very low levels (<LOD) of elementary
silver.

Viability of Caco-2 Cells Following Exposure to Silver Nano-
partides. No statistical significant treatment effects
were observed, with the exception of the 20 nm silver
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nanoparticles at 37.5 ug/mL (p = 0.004). None of the
nanoparticle treatments induced a reduction of viabi-
lity above 20% as compared to the control group. In
addition, impairment of viability was not correlated to
the doses, suggesting the significant effect to be a
minor incident. AgNO3, on the other hand, both at the
2.5and 5 ug/mL doses, significantly (p < 0.001) reduced
the viability of the Caco-2 cells (Figure 2).

Validation and Characterization of the In Vitro Model for the
Human Intestinal Epithelium. To test the barrier function
of the monolayer of Caco-2 and M-cells (e.g., tight
junction integrity), the translocation of the paracellular
transport markers Lucifer Yellow and 4 and 10 kDa
dextrans was evaluated in HBSS in the presence or
absence of EGTA, a calcium chelator that opens tight
junctions.?*? If converted into the apparent perme-
ability (Papps; cm/s) the Papps of 4 and 10 kDA
dextrans are in the range (10 ° cm/s) as reported in
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Figure 3. Monolayer integrity of the in vitro model. Addi-
tion of EGTA induced a significant increase in the translo-
cation rate of Lucifer Yellow (LY), 4 kDa FTIC dextran (4 kDA),
and 10 kDa FITC-dextran (10 kDa). Data are expressed as
mean + SEM; *p < 0.005; **p < 0.001.

the literature for Caco-2 cell monolayers with good
tightness.?* Addition of EGTA induced a significant
increase in the translocation of Lucifer Yellow (p <
0.001), 4 kDa FITC-dextran (p = 0.005) and 10 kDa FITC-
dextran (P < 0.001), demonstrating the functionality of
the tight junctions in the monolayer (Figure 3).

The transepithelial electrical resistance was mea-
sured in all transwells. TEERs reached a plateau at the
end of the culturing period (data not shown). The
TEERs clearly dropped (p =< 0.001) following EGTA
treatment. TEER ranged between 539 and 590 Q-cm?
before EGTA treatment and decreased to 114—
131 Q-cm? after EGTA treatment. This is in agree-
ment with the passage of Lucifer Yellow and FITC-
dextran. The presence of M-cells was verified by
immunohistochemistry, by using the M-cell-specific
marker anti-galectin 9 (Figure 4).

Whole-Genome Gene Expression: Significantly Affected
Genes. The in vitro model was exposed to four sizes of
silver nanoparticles. In addition, cells were exposed to
1.5 ug/mL AgNOs. The latter concentration was chosen
because it reflects the amount of silver ions present in
the silver nanoparticle suspensions used in the experi-
ments. To obtain an impression of the number of genes
affected per treatment, SAM analysis was performed
using a false discovery rate of 0%. As shown in Table 2,
the supernatants of the silver nanoparticles did not
significantly affect any genes. The number of spots
affected by the silver nanoparticles varied between the
treatments from 2 and 80. No genes were detected
that were significantly down-regulated during the
exposure period of 4 h. In total, 128 spots (97 genes)
were significantly affected by at least one treatment,
and a hierarchical cluster picture for these spots is
shown in Figure 5. This cluster picture shows that,
although many genes did not reach significance accor-
ding to SAM analysis, most of them are at least to some
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extent up-regulated by all NP treatments as well as by
ionic silver (AgNO3). The lack of significance in a part of
the treatments is likely due to variation within the
triplicates. A proportion of the significant genes is a
little up-regulated by the supernatants of the NPs,
although mostly with a lower induction factor. The
lack of difference between silver ions and silver NPs
implies that no genes were specifically affected by a
“nanoparticle effect”.

Whole-Genome Gene Expression: Biological Interpretation.
Two approaches were used to acquire insight into the
biological effects of the silver nanoparticles and ions.
First, Metacore was used to obtain functional informa-
tion about the SAM significant genes. The processes
for which the SAM significant genes were highly
over-represented (P < 0.0001) included AP1 activation,
glutathione biosynthesis, “endoplasmatic reticulum
(ER) and unfolded protein response”, mitochondrial
apoptosis, mitosis, and response to chemical stimulus.
We extended this analysis by acquiring functional
information for each of the SAM significant genes
using Metacore, Source, and, if necessary, literature
study. Functional information could be attained for 79
genes, and this is summarized in Table 3. The genes
have been described as being involved in processes
such as proliferation (23), response to oxidative stress
(20), metal ion binding (19), unfolded protein response
or ER stress (9), apoptosis (9), cell structure and migra-
tion (8), other stress responses (6), and other functions
(5). Part of the genes play a role in two processes.

The induction of 19 genes involved in metal binding
suggests that at least part of the significant genes
specifically responds to the metal exposure. To investi-
gate this, we assessed the expression of the 97 genes that
previously were found to be significantly differentially
expressed upon exposure of Caco-2 cells to the marine
toxins azaspiracid-1 (AZA1), okadeic acid (OA), and dino-
physistoxin-1 (DTX1). These latter data were obtained
using the same microarray platform as described in the
present study (Hendriksen et al., personal communi-
cation). These experiments with marine toxins were done
on 2—3 days cultured Caco-2 cells and differ therefore
from the Caco-2 cells used for the nanoparticle study
which were cultured for 21 days in the presence of Raji
cells. The majority of the genes (82 of 97) up-regulated in
the present study were also up-regulated in the exposure
experiments with OA, DTX1, and/or AZA1.

Silver Translocation. We assessed the translocation of a
selection of the silver nanoparticles following 4 h of
exposure. For this, we focused on the two smallest-sized
silver nanoparticles (20 and 30 nm) because we ex-
pected the smallest particles to have the highest trans-
location rate. AQNOs was included as a control for the
ionic form of silver. Silver was measured as elementary
silver by ICPMS. Translocation rates were not statistically
different for the silver nanoparticles or ionic silver (Figure
6). In addition, the integrity of the monolayer of cells was
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Figure 4. Immunohistochemical picture indicating the presence of M-cells in the coculture of Caco-2 and Raij-B cells on a
transwell membrane. M-cells are stained using the specific antibody anti-galactine-9 (brown, see white arrow). A) Coculture of

Caco-2 and Raij-B cells, B) monoculture of Caco-2 cells.

|
TABLE 2. Significant Genes Affected Per Treatment”

treatment (ug/ml) 20 nm 34 nm 61 nm 113 nm AgNO;

supernatant control® 0 0 0 0
15 19

5 80 28 20 2

25 14 14 37 58

“Significance was assessed by SAM analysis (Tusher et al., 2001); all significant
genes were up-requlated. Sizes of the nanoparticles are indicated. © Supernatant is
the fluid in which the nanoparticles were provided.

not affected by any of the exposures: TEER values before
and after the silver exposure were comparable (Table 4).

DISCUSSION

In this study, we report the effects of four sizes of silver
nanoparticles and silver ions on whole-genome gene
expression of a coculture in vitro model for the human
intestinal wall. We used silver nanoparticles because
these are widely used in commercial products and
readily available. Our most striking observation was
the absence of nanoparticle-specific effects on gene
expression, indicating no nanoparticle-related toxicity.
Silver nanoparticle suspensions and AgNOs induced the
same set of genes. It is important to note that 6—17% of
the silver in the silver nanoparticle suspensions was in
ionic form. This makes it very likely that the gene
expression changes induced by silver nanoparticle sus-
pensions are due to the silver ions, while the contribu-
tion of the nanoparticles themselves is very limited or
absent. In addition, we show that the amount of silver
that translocates over the in vitro monolayer during
exposure to silver nanoparticles or silver ions is compar-
able. This indicates that the contribution of silver nano-
particles to the total of translocated silver is very limited.

Nanotoxicological data are of value for risk assessment
only if the exposure is well-characterized, standardized,
and clearly described dispersion protocols are used.”> 2’

BOUWMEESTER ET AL.

Also, the inclusion of an ionic control group in experi-
ments is an important prerequisite for studies on risk
assessment.'? In the design of our experiments, we took
these recommendations into account. TEM analysis of
the nanoparticle suspensions revealed that the sizes of
the two smallest silver nanoparticles (20 and 30 nm
according to producer specifications) were overlapping
(e.g., 31 = 5 and 30 + 4), while the size distributions of the
60 and 110 nm nanoparticles (e.g., 69 & 7 and 112 £ 9)
were clearly separated from each other. Likely, the
differences between our own observations and the
manufacturer's information are due to batch-to-batch
variation or changes in material properties between initial
characterization and final use. TEM analysis alone cannot
provide an accurate insight in the dispersion character-
istics of nanoparticles in complete cell culture medium,
due to the drying of the suspensions and salt precipita-
tion for imaging under high vacuum conditions. There-
fore, we utilized NTA to determine the nanoparticle size
distribution in suspensions. Hydrodynamic sizes of the
silver nanoparticles were larger in the cell culture med-
ium than in MQ water, which confirms earlier
observations.””?® Clearly, hydrodynamic sizes of the
smallest particles increase more than the sizes of the
larger nanoparticles. This increase is time-dependent.
Hydrodynamic sizes are larger after 24 h of incubation
as compared to fresh suspensions, while brief sonication
results in slightly smaller sizes. The larger hydrodynamic
size of silver nanoparticles in cell culture medium com-
pared to MQ water is likely due to the formation of a
biomolecular corona.?® It is therefore important to char-
acterize nanoparticle properties not only in water but also
in complex cell culture medium.

We detected a considerable dissociation of silver
ions from the silver nanoparticles, 17% from the 20 and
34 nm sized nanoparticles and 6% from the 61 and
113 nm sized nanoparticles. Dissociation of silver ions
from silver nanoparticles has been reported before3°~32
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Figure 5. Hierarchical clustering of silver nanoparticles affected genes. A total of 128 spots were affected by at least one
treatment. Duplicate spots for the same gene were removed. The remaining 97 genes were clustered on the differences in
expression levels between treatment and the average of the control samples. Red: upregulated vs controls; green:
downregulated vs controls. The sizes of the nanoparticles are indicated in nm; 1.5, 5 and 25 refer to the exposure doses in
pg/mL; sup: the fluid in which the nanoparticles were provided.

As a consequence, exposure to 20 and 34 nm NPs nanoparticles resulted in silver ion concentrations of
resulted in silver ion concentrations of 0.85 and 0.3 and 1.5 ug/mL for the low and high dose, respec-
4.25 ug/mL, while the 61 and 113 nm sized tively. These silver ion concentrations are around the
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TABLE 3. Genes Significantly Affected After 4 h Exposure to Silver Nanoparticles”

highest induction ER stress/unfolded response to  other stress metal ion  cell structure
gene symbol value® protein response oxidative stress  response  apoptosis‘ proliferation®  binding  and migration other
HSPAG6 175 +
MT2A 10.0 + +
MT1G 838 + +
MTIM 83 + +
MTIL 8.2 + +
MT1B 8.2 + +
MT1E 79 + +
MT1X 73 + +
MTTH 6.8 + +
MT1F 6.5 + +
HMOX1 5.9 +
ATR3 41 +
ALB 3.9 +
SLC7AT1 3.7 amino acid and ion transport
ERRFIT 3.6 +/—
HSPA1A 34 +
BAG3 33 -
DUSP1 33 +
IL11 3.2 +
NR4A1 3.2 +
MT1A 3.1 + +
EGR1 3.0 +
K 29 +
GCLM 28 +
APOH 28 —
EID3 2.7 transcription inhibitor
DNAJB1 27 +
LDLR 2.6 cholesterol uptake
EGR2 25 +
HTRA3 24 +
FOSB 24 +
JUNB 24 +
SLC30A1 24 +
CLCh 24 —
HOXB3 23 +
S0Cs2 23 —
HOXB9 23 +
McL1 23 +/—
FAM84A 23 +
HBEGF 23 +
NPPB 23 —
TRIB1 23 —
SRXN1 23 +
KIAA1199 22 +
CHORDC1 22 +
FOSL1 22 +
IERS 22 —
LMCD1 22 +
DDITAL 22 +
HMGCS1 2.2 cholesterol biosynthesis
STARD4 22 +
MAFF 22 +
KLF6 21 - +
GALNAC4S-6ST 21 +
TXNRD1 21 +
PMEPA1 21 —
HSPH1 21 +
EPHA2 20 +
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TABLE 3. Continued

highest induction ER stress/unfolded response to  other stress

gene symbol value® protein response oxidative stress  response
AKR1B10 1.9 +
DNAJB4 1.9 +

SL(38A2 1.9

DOK7 1.9

DUSP4 1.9 +
ANKRD1 1.9 +
FLNB 1.9

SAMD4A 1.9

HSP90AA1 1.8 +

HSPA4L 1.8 +

ZSWIM6 1.8

CREB5 1.8

KIF1B 1.8

GCLC 1.8 +
ZBTB20 1.7

PLK2 1.7

0SGIN1 1.7

CCND2 1.7

HSPB8 1.7

SPHK1 1.6

CAMSAP1L1 1.6

metal ion  cell structure

apoptosis‘ proliferation®  binding  and migration other
amino acid and ion transport
+
+
+
+
+
+
+
+
+
+

“Significance was determined by SAM analysis; genes without functional information are not shown. ® The numerical ratio is given for the silver nanoparticle treatment
(average of a triplicate) with the highest induction value. “ The -+ and — indicate positive or negative regulation of apoptosis or proliferation.
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Ag20nm Ag20nm Ag30nm Ag30nm AgNO3
5mg kg 25 mg/kg 5 mg/kg 25 mg/kg

% translocation
N
.

Figure 6. Translocation of silver following exposure of
coculture monolayer for 4 h to silver nanoparticles or
AgNOs. Accompanying TEER values before and after each
exposure are presented below each respective bar. Results
are presented as mean + SEM.

dose of AgNOs (1.5 ug/mL) used in our transcriptomics
and translocation study.

It was important to expose the Caco-2 cells to
noncytotoxic doses of nanoparticles to avoid disrup-
tion of the coculture monolayer of cells and generation
of low-informative gene expression profiles related to
cell death. Potential induction of cytotoxicity was
therefore tested on proliferating Caco-2 cells using
the WST-1 assay that gives a measure for mitochondrial
activity. None of the doses tested resulted in an altered
mitochondrial activity after 24 h of exposure. However,

BOUWMEESTER ET AL.

TABLE 4. Membrane Integrity Following Exposure to
Silver Nanoparticles and AgNO;

TEER” (Q - cm?) + SEM

Ag 20 Ag 20 Ag 30 Ag 30 AgNO;
dose («g/mL) 5 25 5 25 15
before 40 =51 41255 428+£5 40646 4643 £ 29
after 529+ 51 530456 510432 577£19 530+ 89
A% 17+6 2+9 67 30+8 nN+13

“TEER before and after each exposure are presented as mean == SEM.

AgNO; at concentrations of 2.5 and 5 ug/mL decreased
cell viability. In the translocation study, none of
the exposures resulted in disruption of the monolayer,
as shown by unaffected TEER. The concentration of
AgNOs (1.5 ug/mL) used for the translocation and gene
expression study was lower than that used for the
viability assay.

From the several in vitro models for the human
gastrointestinal wall that have been developed,®*’
we adopted the coculture model of Des Rieux.?® The
induction of differentiation of part of the Caco-2 cells into
M-cells results in a more effective and more in vivo-like
intestine translocation model. For example, the com-
bination of Caco-2 cells and M-cells transports poly-
styrene nanoparticles (>200 nm) at a 50-fold higher
rate than a monoculture of Caco-2 cells.*® In our study,
we confirmed the basic characteristics of the model: the
presence of M-cells and integrity and functionality of the
model. Initial translocation of Lucifer Yellow and dextrans
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was very limited, showing the integrity of the monolayer.
Opening the tight junction by EGTA resulted in increased
translocation of the used paracellular markers and a clear
drop of TEER levels confirming the physiological func-
tionality of the coculture monolayer.

For our whole-genome gene expression analysis, we
exposed the coculture model to AgNO; and four sizes
of nanoparticles. Since we were mainly interested in
the primary effects of the silver nanoparticles, a short
exposure time of 4 h was selected. Using SAM analysis,
97 genes were found to be significantly up-regulated
by at least one treatment. No gene was down-regu-
lated, which is likely due to the short exposure time. It
is a general observation that down-regulation, requir-
ing active mRNA degradation, takes longer than up-
regulation (see, for instance, ref 38).

An important aim of the microarray experiments was
to detect possible nanoparticle-specific effects. How-
ever, genes affected by any of the nanoparticles were
at least to some extent affected by AgNOs, as well. As
mentioned earlier, we detected a considerable disso-
ciation of silver ions from the silver nanoparticles, to a
level comparable with AQNO; exposures (e.g., 1.5 ug/mL).
It is therefore very likely that the gene expression
changes are completely caused by the effect of silver
ions. An alternative hypothesis is the intracellular
ionization of silver nanoparticles, for example, via a
Trojan-horse-type mechanism'>*" and thus a constant
release of ions. This, however, cannot explain our
findings because then exposure to silver nanoparticles
would result in stronger effects compared to the
AgNOs exposures. Taken together, it implies that, at
least in the present experimental setting, silver nano-
particles have no effect on the gene expression in
Caco-2 cells. A same finding has been reported for
the effects of tungsten carbide cobalt nanoparticles
and free cobalt ions on human keratinocytes.3® Most
likely the contribution of ions to toxicity is a general
rule for nanoparticles that readily dissociate toxic ions.

The functions of the genes affected by the silver
nanoparticles and ions point to a series of toxic effects:
oxidative stress, AP1 activation, proliferation, (mito-
chondrial) apoptosis, “unfolded protein response and
ER stress”, cell structure, and “response to chemical
stimulus”. The treatments highly up-regulated a group
of nine metallotheinins, which are known to play an
important role in both protection against oxidative
stress and detoxification of metals.*® The increased
expression of genes coding for metallotheinins has
also been observed for RAW264.7 cells exposed to
silver nanoparticles of 70 nm for 24—96 h.*' Two other
up-regulated genes, GCLC and GCLM, are essential for
the synthesis of glutathione that is involved in the
protection against oxidative stress and metals, as
well.*® These genes were also affected in C17.2 neural
stem cells exposed to supermagnetic iron oxide
nanoparticles.*? Exposure to silver ions (and ions from
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other metals) induce reactive oxygen species (ROS)
which causes oxidative stress and a decrease of re-
duced glutathione.”*~*> The induction of ROS is attrib-
uted to two processes: (1) direct formation of ROS from
O, via the Fenton reaction, and (2) increased produc-
tion of ROS within mitochondria likely due to the
reaction of silver ions with SH groups of enzymes
belonging to the respiratory chain *434546

Activation of AP1 is a well-known response to oxi-
dative stress.”> AP1 consists of a group of proteins from
which FOSB, FOSL1, and JUNB were among the up-
regulated genes in our experiment. Dependent on the
context, AP1 can either positively of negatively affect
the cell proliferation.***” In addition, AP1 activation can
induce the expression of apoptosis-related genes.*>*’
Silver ions also have a direct effect on mitochondria
leading to cytochrome c release,*® which is a second
route inducing apoptosis. This is in agreement with the
induction of many proliferation- and apoptosis-related
genes in our experiment. In the literature, we could not
find other studies reporting that silver induces ER
stress. The induction of ER stress, however, has been
described for other metals, including cadmium, lead,
and titanium.*®>° We made an important observation
that 80% of the genes up-regulated by silver nanopar-
ticle suspensions are also up-regulated by one or more
of the nonmetal compounds AZA1, OA, or DTX1, which
are marine biotoxins under investigation in our group.
This demonstrates that the silver nanoparticle suspen-
sions exert general stress responses rather than spe-
cific nanometal responses.

Toxic effects of silver nanoparticles in vitro have
been described for cell types other than Caco-2 cells.
Exposure of rat liver cells to 15 and 100 nm silver
nanoparticles increased lactate dehydrogenase leak-
age and inhibited mitochondrial function at =5 and
>10 ug/mL, respectively.®® In mouse germline stem
cells, silver nanoparticles (15 nm) at 5 and 10 ug/mL
impaired cell proliferation and induced cytotoxicity,
while silver carbonate at a same and higher concentra-
tion had no effect.>* On human HepG2 cells, both 7 and
10 nm silver nanoparticles (stabilized with polyethyle-
nimine) and Ag™ ions (from Ag,COs) induced toxic
effects following 24 h exposure. Concentrations higher
than 1 ug/mL resulted in cytotoxicity, while at lower
levels, cell proliferation was induced. This was con-
firmed by microarray data, revealing significant induc-
tion of genes associated with cell cycle progression.*
Taken together, silver nanoparticles negatively affect
cell proliferation and induce cytotoxicity in different
cell lines, although this may also be due to differences
in the nature of the silver nanoparticles.

Our translocation experiments clearly show that
silver derived from either silver nanoparticle suspen-
sions or AgNOs can pass the coculture cell barrier.
Strikingly, no significant translocation differences be-
tween nanoparticle suspension or AQNOs were found.
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A prominent question is the nature of the translocated
silver: as nanoparticle or in the ionic form. In our
current study, silver was detected by ICPMS or AAS.
In this procedure, all silver is dissociated with HNOs to
elementary silver. We have therefore no information
about the nanoform. The amount of silver that translo-
cated through the Caco-2 cell barrier was equal for the
silver ion and nanoparticle exposures. The silver ion
and nanoparticle suspensions contained about the
same silver ion concentration. When next to silver ions
also silver nanoparticles would have translocated,
more translocated silver would be expected for the
nanoparticle suspensions than for the ions. This was,
however, not the case. Therefore, the translocation of
silver is likely to be in the ionic and not in the
particulate form.

MATERIALS AND METHODS

Cell Lines and Culture Media. Human colon (colorectal adeno-
carcinoma) Caco-2 cell line (HTB-37TM) and human Burkitt's
(lymphoma cells) Raji B line (CCL-86TM) were obtained from
American Type Culture Collection, Manassas, VA (ATCC), and
used at passages 25—35 and 8—29, respectively, at a seeding
density of 60000 cells/cm?.

Caco-2 cells were cultured in BioWhittaker's Dulbecco mod-
ified Eagle's minimal essential medium (DMEM, 4.5 g/L glucose)
supplemented with L-glutamine from Lonza (Verviers, BE). Raij B
cells were grown in RPMI 1640 medium (Gibco). To both media
we added non-essential amino acids (NEAA) from MP Biomedi-
cals (llikirch, France), penicillin-streptomycin (PEST; Sigma, St.
Louis, MO), and heat-inactivated fetal bovine serum (FBS; 10% v/
v) from Gibco. Hank's balanced salt solution (HBSS) was made by
mixing Hank's balanced salt containing calcium and magne-
sium (Sigma-Aldrich), sodium carbonate (Merck), and Milli-Q
water.

Nanoparticle Suspensions. Four sizes of silver nanoparticles
(e.g., 203 £ 1.9, 344 + 34,612 = 53,and 1126 + 7.8 nm;
TEM diameter as provided by manufacturer) were obtained
from Nanocomposix (San Diego, CA) as suspensions at a con-
centration of 1 mg/mL in 2 mM phosphate buffer. Stock
suspensions were made in complete cell culture medium. To
aid dispersion, stocks were sonicated for 10 min at 20 °C using a
Branson 5510 ultrasonic machine (4 W specific ultrasound
energy (240 J/m?)) and afterward diluted in DMEM, supplemen-
ted with 10% FCS, to the final exposure concentrations.

Nanoparticle Characterization. Nanoparticle tracking analysis
(NTA), transmission electron microscopy (TEM), and inductively
coupled plasma mass spectrophotometry (ICP-MS) techniques
were used to characterize the nanoparticle suspensions. Hydro-
dynamic diameters were obtained following NTA (NanoSight,
NanoSight Limited, Wiltshire, UK) in MQ water (pH 5.5) and
DMEM containing 10% FCS. Measurements were performed at
t =0, 24, and 24 h, all at 37 °C followed by a brief sonication
procedure. Each measurement was perfomed in triplicate, and
hydrodynamic diameters were obtained using Nano Track
Analysis software (NTA 1.5).

To determine the morphological characteristics of the
nanoparticles, TEM pictures were made using a JEOL JEM
1011 microscope, delivering beam current at 045 A and fitted
with a Keenview 1k x 1k camera. Grids were prepared on Cu
mesh 400 holey carbon film. Nanoparticles were viewed at a
concentration of 10 ug/mL to achieve optimal surface coverage.
About 5 uL was dropped on and left to dry completely. The
mean + SEM of 10 particles is reported.
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The present study was the first in which transloca-
tion of silver nanoparticles was studied using an in vitro
model of the gastrointestinal wall. This in vitro culture
system as model for the human intestinal epithelium
proves to be an elegant system to be used in a tiered-risk
assessment approach. In this study, silver nanoparticles
and its ionic equivalent were used as model compounds.
Characterization of the nanoparticle suspensions
revealed the presence of free silver in the nanoparticle
suspensions. It is likely that both the gene expression
changes and the translocation of silver over the in vitro
intestine model can be solely explained by the presence
of free silver, without any additional effect of the nano-
particles. This indicates that the presence of silver ions in
silver nanoparticle suspension is of more toxicological
concern than the silver nanoparticles themselves.

Elemental analysis to determine the purity of the nanoma-
terial stock suspensions was performed using inductively
coupled plasma mass spectrometry (ICP-MS). In addition, the
ratio of Ag nanoparticles versus Ag™ in the cell culture medium
was determined by means of ICP-MS analysis of the supernatant
after double ultracentrifugation (35 000 rpm) of the suspensions
for 10 min. The ICP-MS was a Thermo Scientific Xseries 2
equipped with a Babington nebulizer and autosampler. For
the determination of the purity, the ICP-MS was run in the multi-
element screening mode with a mass range of m/z 7 to 250. For
the determination of the Ag nanopaticles versus Ag™ ratio, the
ICP-MS was run in the selected element monitoring mode with
m/z values of 107 and 109 for silver.

In Vitro Model for the Human Intestinal Epithelium. Caco-2 cells
were grown in 75 cm? flasks (Corning NY) in 10 mL of DMEM
supplemented with 10% (v/v) fetal bovine serum (FCS) and 1%
(v/v) each of NEAA and PEST. Cells were incubated at 37 °C in
humidified air (95% RH) and 5% carbon dioxide (Thermo
Scientific HERAcell 240). Culture medium was refreshed every
other day, and at 80% confluency, the adherent cells were
passed by subcultivation at ratio 1:3 or 1:4.

The inverted coculture model used was adapted from Des
Rieux and co-workers.?° Briefly, Caco-2 cells were seeded in
12-well transwell plates (Corning, NY) at a density of 80000
cells/cm? (i.e., 67 200 cells/insert; 1.12 cm? effective membrane
growth area) and allowed to attach and grow for 5 days with
culture media being refreshed every other day. Sterilized silicon
tubes (internal diameter, 14 mm; height, 20 mm) were fixed to
the basolateral part and the inserts inverted in a sterile glass cell
culture dish (diameter, 245 mm; height, 20 mm). The Caco-2 cell
monoculture was maintained in this inversed orientation and
submerged in culture medium until day 21. The silicon
(basolateral) chamber was refreshed with DMEM every other
day until day 16. At day 16, Raji cells, cultured in suspension in
10% w/v FBS-enriched RPMI medium, were centrifuged at
1200 rpm (Heraeus Labofuge 400 R) for 10 min and resus-
pended in DMEM. Cells were counted and cocultured with
Caco-2 cells by dispensing 500 uL resuspended Raji cells into
the basolateral chamber of the insert (60 000 Raji cells/cm?). The
Caco-2/Raji coculture was maintained until day 21 when the
exposure and translocation studies were conducted. Unless
stated otherwise, all media and solutions were prewarmed to
37 °C before use.

Characterization of the In Vitro Model for the Human Intestinal
Epithelium. The monolayer integrity was determined by measur-
ing the transepithelial electric resistance (TEER) and by asses-
sing the paracellular permeability of the monolayer to Lucifer
Yellow (LY; mw 450) and fluorescein isothiocyantedextran
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(FITC)-dextran (4 and 10 kDa). In addition, the presence of
M-cells was determined immunohistochemically.

TEER measurement of cell monolayer was conducted in
freshly added DMEM using Millipore Millicell-ERS for cells grown
in inserts. The increase in TEER across cell monolayer was
monitored every time culture medium was refreshed, until
inserts were inverted and it was no longer practicable. Measure-
ments were also taken pre- and postexposure to compounds to
compare effect on tight junction. Percentage change in TEER
was calculated using (Teeri — Teerp)/Teeri) x 100, where Teeri
and Teerp represent the pre-exposure and postexposure TEER,
respectively.

The paracellular permeability of cell monolayer was evalu-
ated using Lucifer Yellow (low molecular weight) and FITC-
dextran 4 and 10 kDa (Sigma, Steinheim, Germany) with and
without treatment with 2.5 mM ethylene glycolbis(5-ami-
noethyl ether)-N,N,N',N'-tetraacetic acid (EGTA; Sigma, Stein-
heim, Germany). EGTA was employed as a tight junction and
adherens junction disruptor via its activation of protein kinase C
and Ca’" chelating effect and as such capable of increasing
paracellular permeability.>'2 EGTA solutions were prepared in
HBSS for the EGTA positive groups; EFTA was added apically and
basolaterally to a final concentration of 2.5 mM and incubated
for 60 min. Inserts were washed with HBSS following this
treatment and exposed to test compounds apically, then
incubated for 90 min. Samples from both chambers in both
groups were collected, and the amount Lucifer Yellow and FITC-
dextran was measured by fluorimetry (BioTek synergy HT) at
excitation/emission wavelength of 485/530 nm.

The results are reported as percentage of compound in the
basolateral chamber from the total added compound. In addi-
tion the apparent permeabilities (Papp, cm s~ ') were calculated
and expressed as mean SEM.

Papp = (AQ/AN x (A x Co) ™"

where AQ/At is the amount of silver transported to the baso-
lateral compartment in unit of time, t (s). A is the membrane area
(1.12 ecm?), while Co is the initial concentration in the apical
compartment (1 mg/mL).

A routine primary antibody immunohistochemical staining
technique was used for the identification of M-cells by using
anti-galectin 954. Briefly, inserts of Caco-2/Raji cell coculture
were washed with HBSS and fixed in 4% formaldehyde for 48 h
before transferring to PBS and kept at 4 °C. The insert mem-
branes bearing the cell monolayers were removed from the
inserts by careful excision and placed in a fixation case to be
fixed, dehydrated/rehydrated, and embedded in paraffin auto-
matically using Tissue-Tek VIP. The staining is done automati-
cally with BenchMark (Ventana), and it involves deparaffination
and |-VIEW inhibitor steps interspaced by a mild (30 min)
microwave step. The antibody directed against galectin 93
(R&D systems, Mineapolis, MN; 1:10 dilution) is then applied
(100 uL) on slides and incubated at 37 °C for 2 h. Incubation was
continued using HRP conjugated secondary antibody (igG;
Vector Laboratories), and the immune reaction was visualized
by incubation in 0.05% 3,3-diaminobenzidine (DAB; Sigma)
dissolved in Tris-HCl (pH 7.4) containing 0.03% H,0, for 8 min.
Hematoxylin is used for counterstaining, giving the enterocytes
a bluish background stain. Immunohistochemical staining was
examined under a Zeiss Light microscope, and pictures were
captured by a Leica DC 500 camera fitted to the microscope.

Viability and Toxicity Assays. To select noncytotoxic concentra-
tion range of silver nanoparticles to be used for transcriptomics
and translocation studies, a WST-1 viability assay was carried out
on Caco-2 cells.

Caco-2 cells were seeded in 96-well plate at a concentration
of 40000 cells/mL, 48 h before exposure. The assay used
to determine cell viability was the tetrazolium salt 2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetra-
zolium (ROCHE, Mannheim, Germany), better known as WST-1
assay. Briefly, 50 uL of the culture media was removed and
replaced by 50 uL of the different concentrations of nanopar-
ticles in a way that the final exposure media had a concentration
of 5,10, 17.5, 25, 37.5, and 50 ug/mL. In addition, AgNO5 was
applied to a final concentration of 2.5 and 5 ug/mL. After
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incubation for 24 h, the optical density (OD) was measured at
450 nm in a BioTek Synergy HT Multi-Mode microplate reader.

The percentage cell viability was calculated using the
following equation:

ODtreated % 100

ODsoIvent control

A possible interaction in the read-out system between the silver
nanoparticle suspension and formazan (reaction product in the
WST-1 assay) was tested. Experiments were conducted in
quadruplets (n = 4) unless stated otherwise, and results are
expressed as mean = standard error of mean (SEM).

Establishing Nanoparticle Translocation. The translocation of the
four types of silver nanoparticles at concentrations of 5 and
25 ug/mL was tested during a 4 h exposure period. In addition,
in separate transwells, monolayers were exposed to 1.5 ug/mL
AgNO3; 500 uL of each concentration was added to the apical
chamber of 21 day old Caco-2/Raji cell coculture monolayer in
12-well transwell plates. Cells were incubated for 4 h. DMEM
without phenol red was used as culture medium in the translo-
cation experiments, and samples were collected from both
apical and basolateral compartments of the transwell plates.

The total silver transported and contained in the cells, as
well as the final silver concentration in the apical compartment,
was measured using graphite furnace atomic absorption spec-
trometry. Samples were digested in a CEM Mars microwave
digestion system and analyzed using a Perkin-Elmer AAnalyst
800 AAS. The results are reported as percentage of compound in
the basolateral chamber from the total added compound. In
addition, the results are reported as apparent permeabilities
(Papp, cm s~ ).

Transcriptomic Analysis. To study the effects on the transcrip-
tome of the cells in the monolayer, the conditions of the
translocation experiments were used. Briefly, the monolayer
of cells was exposed to four types of silver nanoparticles at
concentrations of 5 and 25 ug/mL for 4 h. Subsequently, cells
were washed to remove remaining nanoparticles, solubilized in
500 uL of TRIZOL (Invitrogen, Breda, The Netherlands), and
stored at —80 °C until further use. The lysate was mixed with
chloroform, centrifuged at 12 000g for 20 min at 4 °C, and the
aqueous phase was transferred to be mixed with isopropyl
alcohol, which precipitates total RNA. After centrifuging (20 min,
12000g at 4 °C), the pellet was washed with 75% ethanol
centrifuged at 12000g for 15 min at 4 °C and resuspended in
RNase-free water. Subsequently, RNA was further purified using
the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands). Integrity,
purity, and concentration of the RNA were assessed by gel
electrophoresis and spectrophotometrically at wavelengths of
230, 260, and 280 nm.

One microgram of each individual RNA sample was ampli-
fied using a low RNA input fluorescent linear amplification kit
(Agilent Technologies, Amstelveen, The Netherlands). Label
efficiency and yield were determined using a Nanodrop spec-
trophotometer (Nanodrop Technologies).

Subsequently, the common reference sample, that is, a pool
of all RNAs, was labeled with Cy3, and the individual RNAs of
each of the treated and control samples were labeled individu-
ally with Cy5. The labeled cRNA was purified (QIAquick spin
columns, QIAGEN, Venlo, The Netherlands). Equal amounts (500
ng of each sample) of Cy5-labeled cRNA and Cy3-labeled
reference cRNA were mixed. Hybridizations were carried out
on the 4 x 44 K human whole-genome Agilent microarray
platform following the Agilent two-color microarray-based
gene expression analysis protocol. Microarray slides were in-
cubated for 16—17 h at 37 °C in a microarray incubation
chamber (Agilent) with continuous rotation. After hybridization,
slides were washed using various dilutions of SSPE (sodium
chloride, sodium phosphate, EDTA) buffer and dried according
to the protocol provided by Agilent. Arrays were scanned using
an Agilent microarray scanner (G2565B).

Feature extraction 9.1 software (Agilent Technologies) was
used for quantification of spot intensities. GeneMaths XT
(Applied Maths, Sint-Martens-Latem, Belgium) was used for
background correction and normalization.* Spot intensities
were floored to 120, which was followed by 2 log mean-
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centering and calculation of 2 log ratios of treatments versus the
average of the control samples.

The significant analysis of microarrays method (SAM; version
3.05%°) was used to detect significantly differentially expressed
spots between treatment groups versus the control group. Sig-
nificant genes were selected using a false discovery rate of 0%.

Hierarchical clustering was done using the programs Clus-
ter (uncentered correlation; average linkage clustering) and
Treeview.®

Functional information about the significant genes was
obtained through Metacore (GeneGo, St. Joseph, MI)*7 (http://
source.stanford.edu) and literature study.

Statistical Analysis. All results are presented as the mean +
standard error of the mean (SEM). Statistical significance was
determined via a parametric one-way analyis of variance
(ANOVA), and post hoc Bonferroni correction was performed
for multiple comparisons (SPSS). The results were considered
significant if p < 0.05.
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