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The Food Matrix and the Gastrointestinal Fluids Alter

the Features of Silver Nanopatrticles

Laurie Laloux, Donika Kastrati, Sébastien Cambier, Arno C. Gutleb,*

and Yves-Jacques Schneider*

Silver nanoparticles (AgNPs) are used in the agri-food sector, which can lead
to their ingestion. Their interaction with food and their passage through

the gastrointestinal tract can alter their properties and influence their fate
upon ingestion. Therefore, this study aims at developing an in vitro method
to follow the fate of AgNPs in the gastrointestinal tract. After incorporation
of AgNPs into a standardized food matrix, a precolonic digestion is simulated
and AgNPs are characterized by different techniques. The presence of food
influences the AgNPs properties by forming a corona around nanoparticles.
Even if the salivary step does not impact significantly the AgNPs, the pH
decrease and the digestive enzymes induce the agglomeration of AgNPs
during the gastric phase, while the addition of intestinal fluids disintegrates
these clusters. AgNPs can thus reach the intestinal cells under nanometric
form, although the presence of food and gastrointestinal fluids modifies their
properties compared to pristine AgNPs. They can form a corona around the
nanoparticles and act as colloidal stabilizer, which can impact the interaction
of AgNPs with intestinal epithelium. This study demonstrates the importance
of taking the fate of AgNPs in the gastrointestinal tract into account to

their unique properties and therefore
they are used for various purposes from-
farm-to-fork. For instance, in agriculture,
AgNPs might be helpful to hinder plant
diseases caused by fungil® and they are
also employed in animal husbandry as a
disinfectant.”! In the food sector, AgNPs
are incorporated in food containers or
into fridges to inhibit microbial develop-
ment. They are also employed in food
packaging and incorporated in kitchen-
ware and tableware as an antimicrobial
coating.®l AgNPs are thus generally not
added directly to food.”) However, migra-
tion of AgNPs and silver ions (Ag") from
packaging and containers has been shown
in various studies.'*12l Besides that, they
have recently been found in the food addi-
tive E174 used for decoration of pastries
and chocolates.® Finally, some unauthor-
ized food supplements claiming to support

siidl

perform an accurate risk assessment of nanomaterials.

1. Introduction

Because of their small size and high reactivity, nanomaterials
(NMs) acquire unique properties that could be interesting for
a large scale of applications.'3l Among them, silver nanopar-
ticles (AgNPs) are found in the highest number of consumer
products. Showing strong antimicrobial properties, they
are highly attractive for industrial applications and they have
already been incorporated into textiles, cosmetics, medical prod-
ucts, or home appliances.’] The agri-food sector appreciates
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the immune system contain AgNPs" and
their use can lead to an uptake of silver up
to 0.02 mg kg! body weight per day.l'

Besides the consumption of food supplements containing
AgNPs, the migration of AgNPs from packaging and containers
into food will most probably lead to their ingestion. However,
despite the great interest they represent for many applications,
their unique properties might cause adverse health effects.?
Indeed, some cases of argyria (a bluish-gray pigmentation of
skin caused by silver accumulation) have already been described
after the uptake of colloidal silver as food supplements.>l In
vivo studies might be useful to improve the knowledge about
the distribution of AgNPs inside the body. AgNPs can reach
the systemic circulation and be distributed in various organs
as observed in rats after oral ingestion, with the highest levels
found in the gastrointestinal tract (GIT) and in the liver and
kidneys.[18:1]

On their side, in vitro studies may provide information about
the adverse effects caused by the accumulation of AgNPs in
organs.?% Even if the complete mechanism of AgNPs toxicity
is not yet fully understood,?!l it has been demonstrated that
AgNPs can disturb different targets within the cells.?Zl Indeed,
AgNPs might bind to membrane proteins and disturb perme-
ability.?3] They are also able to enter cells, usually by endocy-
tosis and be dissolved into Ag* in endosomes and lysosomes
where prevails an acidic pH. Ag" can thus spread in the whole
cell, alter proteins and DNA, and trigger the production of
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reactive oxygen species.[?>24 Oxidative stress might in turn dis-
turb lipids, DNA, proteins, and some organelles, such as mito-
chondria,®’! which leads to a decrease of energy production
resulting in cell death.[?32°]

In vitro studies have also been specifically performed on
models of the intestinal epithelium to observe the potential
effects of AgNPs once they have been ingested. For instance,
AgNPs seem to trigger the oxidative stress and a perturbation
of cellular metabolism in Caco-2 cells, leading to a decrease
of cellular viability.?*2% In addition, a modification of cellular
morphology?®2% and integrity*®l has been observed upon expo-
sition of these cells to AgNPs.

However, most studies focusing on the impact of AgNPs
on intestinal cells were performed with pristine nanoparti-
cles (NPs),26-33 ie., nanoparticles directly purchased from
manufacturer or synthesized in the laboratory.3 These experi-
ments do not consider their interaction with food components
and the potential alterations occurring in the gastrointes-
tinal tract,?>-"] while it has been shown that AgNPs can be
affected by the surrounding conditions.*®! Due to their high
reactivity, NMs might interact with food components, such
as carbohydrates, lipids, proteins, and minerals, which may
influence their size, charge, agglomeration state, and surface
composition.l*>373940] Besides, once ingested, AgNPs pass
through the GIT in which physiological parameters (e.g., pH,
ionic strength, protein composition) are constantly evolving
and thus influencing the features of AgNPs throughout the
digestion process.33442 Ag toxic effects of NMs are related
to their physicochemical properties,?'43] all the alterations
that could take place before AgNPs attain the intestinal cells
might affect their potential toxicity*>*° and must therefore be
included in cytotoxicity investigations to realize an accurate
risk assessment.[3’]

The European Food Safety Authority (EFSA) has published
a guidance in which recommendations were given for risk
assessment of nanomaterials used in the food chain.* EFSA
insists on the importance of a correct physicochemical charac-
terization of pristine NMs and after their incorporation in rel-
evant food matrices. Some parameters, such as composition,
size, shape, charge, agglomeration state, surface composition
should be determined with appropriate techniques and size
distribution should be measured with at least two different
methods, one of them being electron microscopy. EFSA also
highlights the importance of following the fate of nanomate-
rials in the GIT to determine whether they attain intestinal
cells in nanometric form or if they break down during the
digestive process.[*! In vitro models of the GIT might be useful
to investigate the alterations of AgNPs in food after inges-
tion.?38 In addition to escape to ethical restrictions, to be less
expensive and more rapid than in vivo studies, in vitro models
allow to easily collect a large number of samples, realize var-
ious controls, and obtain reproducible results. Even if their
approach is clearly reductionist rather than holistic, these
models can help to understand the mechanisms and might be
useful to regulatory authorities to assess the safety of various
compounds. %44}

In vitro models of the digestion process have already been
used to investigate the fate of AgNPs in the gastrointes-
tinal tract.33"#24-51 However, most of them did not take
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into account the presence of food components that can also
impact their behavior.:424:5951 Two studies have nevertheless
characterized the fate of poly(acrylic acid) stabilized ultrasmall
AgNPs with a radius around 3 nm in the presence of the major
food components, mimicked by the presence of starch, olive oil,
and skimmed milk powder during the digestion process but
particle size distribution was only analyzed with small-angle
X-ray scattering.?®*® Another study investigated the behavior
of AgNPs incorporated in chicken meat during the digestion
process but only single-particle inductive coupled plasma-mass
spectrometry was applied.[*]

Therefore, to comply with the recommendations of EFSA,
the present study aimed at developing an in vitro method using
different techniques to characterize the modifications occurring
to AgNPs in contact with food components and throughout the
digestive process. We used a previously published standard-
ized food matrix composed of bovine serum albumin (BSA),
starch and glyceryl trioleate to represent, respectively, sources
of proteins, carbohydrates, and oil.?? AgNPs suspension was
integrated into this food matrix and then submitted to an in
vitro digestion model simulating the three steps of the GIT,
i.e., salivary, gastric, and intestinal conditions, by adapting
the pH and duration of incubation, as well as incorporating
digestive enzymes to the suspension. Contrary to previous
publications, 38442451 this study also took into account the
decrease of oxygen level through the gastrointestinal tract.
Indeed, oxygen pressure is progressively reduced in the GIT,
going from 21% in swallowed air to about 10% in the stomach
and less than 5% in the colon.l’!

After each step of digestion, samples were collected and
used to characterize the AgNPs present in the suspension.
As suggested by EFSA,™ several physicochemical techniques
were simultaneously employed, i.e., i) transmission electron
microscopy (TEM) that allowed to obtain details on size dis-
tribution, shape, and agglomeration state; ii) nanoparticle
tracking analysis (NTA) and dynamic light scattering (DLS) to
measure the hydrodynamic diameter of NPs; iii) electrophoretic
light scattering (ELS) to determine the charge of AgNPs; and
iv) UV-visible (UV-vis) spectroscopy to establish their optical
properties. Additionally, the formation of a protein corona
during the digestive process was quantified using a biochem-
ical assay.

NM-300K AgNPs were selected to realize this study as they
have been extensively characterized and are representative of
NMs applied for industrial application and commercial use.
Indeed, NM-300K AgNPs are included by the European Com-
mission’s Joint Research Centre (JRC) in its Nanomaterials
Repository,**>°l which contains samples of industrially relevant
manufactured nanomaterials obtained by subsampling from
a single batch, so that all the vials can be assumed identical.
Established in 2009, this repository was initially put in place
to support the Working Party on Manufactured Nanomaterials
Programme but since then, it has also provided materials to
various EU-funded projects, as well as national, international,
and industrial initiatives. Therefore, the use of representative
manufactured nanomaterials, such as NM-300K AgNPs facili-
tates the comparison of results obtained by different studies
and allows a better reproducibility and reliability by minimizing
the variability due to the nanomaterial.>*
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Figure 1. Representative UV-visible absorbance spectra and pictures of AgNPs suspension during in vitro digestion. AgNPs were either A) simply
diluted in HBSS or B) incorporated in a standardized food matrix. Gray lines corresponded to AgNPs suspension before digestion, while AgNPs after
the salivary, gastric, and intestinal phases were represented with yellow, red, and green lines, respectively.

2. Results

2.1. Properties of AgNPs Before their Incorporation
in the Food Matrix

Before incorporating AgNPs suspension in a standardized food
matrix and simulating their passage through the GIT, physico-
chemical properties of NM-300K AgNPs diluted in Hank’s bal-
anced salt solution (HBSS) were monitored. Various techniques
were used in parallel. UV-vis spectroscopy allowed to follow the
surface plasmon resonance peak (SPR) peak of AgNPs. TEM
gave information about the shape, the agglomeration state and
the core size of NPs. Besides, the hydrodynamic diameter was
established either by NTA or with DLS, while the zeta-potential
was determined with ELS. Finally, the protein corona was quan-
tified using the micro-BCA assay.

Before their incorporation in the food matrix, AgNPs sus-
pension was yellow colored with an absorption peak at 412 nm
due to the SPR phenomenon (Figure 1A and Table 1, before
digestion, without food matrix). As observed in TEM pictures,
AgNPs were spherical and well dispersed (Figure 2A). Their
mean diameter was around 18.5 nm, while their hydrody-
namic diameter varied between 274 and 56.8 nm depending
on the technique used for its determination. This suspension
was slightly negative with a zeta-potential around —10 mV
(Table 2, before digestion, without food matrix). Finally, as
expected in the absence of proteins in the suspension, no

Table 1. Absorption peak wavelength (A,.(nm)) during in vitro diges-
tion of AgNPs incorporated or not in a standardized food matrix. Mean
values + standard deviation were obtained from 4 independent repeti-
tions. Either in the presence or absence of food matrix, letters indicate
significant impact of digestion step, with data not connected to the
same letter being significantly different from each other (P < 0.05). *
indicates for each step of digestion, a statistically significant impact of
the food matrix (P < 0.05).

Before digestion Salivary step Intestinal step
Without food matrix 412+12 413+£12 407 +£1°
With food matrix 408 £ 1% 409 + 1% 405 +£1%b
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protein corona was detected around these AgNPs (Figure 3,
before digestion, without food matrix).

2.2. Fate of AgNPs in the Presence of Food Components

Alterations of AgNPs suspension appeared after its incorpora-
tion into a standardized food matrix composed of starch, BSA,
and glyceryl trioleate. Even if AgNPs kept their yellow color
(Figure 1B), a significant blueshift of the SPR peak from 412 to
408 nm was recorded (Table 1, with food matrix, before diges-
tion). A significant increase of the hydrodynamic diameter was
also induced as observed both with NTA (from 274 to 40.2 nm)
and DLS (from 56.8 to 2475 nm). Besides, AgNPs zeta-poten-
tial was significantly altered, varying from —9.89 to —5.29 mV
(Table 2, with food matrix, before digestion). All these modifica-
tions occurred simultaneously with the formation of a protein
corona around NPs as emphasized with the micro-BCA quan-
tification (Figure 3, with food matrix, before digestion). How-
ever, no modification of the AgNPs core diameter was recorded
(Table 2, with food matrix, before digestion). Finally, the shape
and the agglomeration state of AgNPs in the presence of food
matrix remained also identical to those of initial AgNPs as sup-
ported by TEM pictures (Figure 2E).

2.3. Fate of AgNPs During the Salivary Step

To study the fate of AgNPs in the GIT, two kinds of in vitro
digestions of AgNPs were performed, either in the presence or
absence of a standardized food matrix. After each step of diges-
tion, AgNPs samples were collected and characterized with the
same techniques as before.

AgNPs properties were almost not influenced after simu-
lating salivary digestion. Despite a slight difference in the core
diameter of nanoparticles measured with TEM micrographs,
no difference was recorded in the color and the SPR peak
(Figure 1, yellow lines), as well as in the hydrodynamic diameter
(Table 2, salivary step), the shape and the agglomeration state
(Figure 2B,F) for both AgNPs suspension, i.e., in the absence
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Figure 2. Representative TEM micrographs of AgNPs suspension during in vitro digestion. Micrographs were taken for AgNPs A-D) in the absence or
E—H) presence of food components, and A,E) before or after B,F) salivary, C,G) gastric, and D,H) intestinal step of digestion.

and presence of food matrix. The protein corona was also not
influenced by the presence of the salivary fluids (Figure 3, yellow
bars). Finally, zeta-potential remained around -5 mV in the
presence of the food matrix while, in the absence of food matrix,
AgNPs were less negative as supported by the zeta-potential that
shifted from —9.89 to —6.55 mV (Table 2, salivary step).

Alterations of SPR peak and hydrodynamic diameter due
to the presence of food components monitored before diges-
tion were also observed during the salivary step. The protein
corona formed with the addition of BSA remained also present
after the addition of salivary fluids. Only the zeta-potential was
not significantly different anymore due to the modification
that occurred for AgNPs charge in the absence of food matrix
during this phase.

2.4. Fate of AgNPs During the Gastric Phase

Contrary to the salivary step, the gastric phase highly influ-
enced the fate of AgNPs as observed after the drop of pH and

the addition of pepsin. Indeed, both in the absence and pres-
ence of food matrix, AgNPs suspension color turned from
yellow to red resulting in a loss of the SPR absorption peak
that extended to higher wavelengths (Figure 1, red lines). This
change in optical properties was accompanied by the agglom-
eration of AgNPs as presented in TEM images in Figure 2C,G.
These clusters were mainly composed of silver as observed
with energy dispersive X-ray spectroscopy (EDX) analysis of
AgNPs sample without food matrix (Figure S1, Supporting
Information). This agglomeration was also detected with the
measurement of the hydrodynamic diameter that drastically
increased during the gastric step. For instance, when meas-
ured with DLS, it raised from 71.5 nm after the salivary step
to 1074.6 nm in the absence of food matrix and from 208.9 to
1342.7 nm in the presence of food components (Table 2, gastric
phase). The zeta-potential was also significantly altered during
this agglomeration, becoming slightly positive with values of
+1.23 and +0.98 mV, respectively in the absence and presence
of food matrix (Table 2, gastric phase). This agglomeration
was not only due to the drop of pH but also to the presence of

Table 2. Size and zeta-potential of AgNPs in the presence and absence of food components during each phase of in vitro digestion. Size was deter-
mined with TEM, NTA, or DLS while zeta-potential was measured by ELS. Data were presented as mean values + standard error of the mean (SEM).

Either in the presence or absence of food matrix, letters indicate significant

impact of digestion step, with data not connected to the same letter being

significantly different from each other (P < 0.05). * indicates for each step of digestion, a statistically significant impact of the food matrix (P < 0.05).

Food matrix Digestion step Diameter by TEM [nm] Diameter by NTA [nm] Diameter by DLS [nm] Zeta-potential [mV]
Without Undigested 18.57+£0.182 27.4+0.9% 56.8 +3.9% -9.89 +1.072
Salivary 18.38 +0.14° 28.6 +1.0° 71.5+7.82 —6.55+0.41°
Gastric Agglomerates 87.2+7.9° 1074.6 + 47.7° +1.23 £0.15¢
Intestinal 17.44 £ 0.06° 26.5+0.6 56.4+0.9% ~18.64+0.31¢
With Undigested 14.98 + 0.03 40.2 +2.6% 247.5 +38.5%2 -5.29+£0.28*°
Salivary 15.58 +0.02° 45.1+4.8%2 208.9 +9.0% -5.18 £ 0.61°
Gastric Agglomerates 125.7 +13.6° 1342.7 + 31.2%b +0.98 £ 0.20°
Intestinal 15.39 +0.07¢ 52.2 +8.8% 502.4 + 30.0%° —24.89 + 0.83%¢
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Figure 3. Quantification of protein corona around AgNPs in the presence
or absence of food matrix and after each step of in vitro digestion, using
micro-BCA assay. Concentrations were given in [ig of protein per ug of
silver. Mean values £ SEM were obtained from 3 independent repetitions
with three replicates. Either in the presence or absence of food matrix, let-
ters indicate significant impact of digestion step, with data not connected
to the same letter being significantly different from each other (P <0.05). *
indicates for each step of digestion, a statistically significant impact of
the food matrix (P < 0.05).

digestive enzymes as AgNPs suspension remained yellow and
kept its absorption peak in the absence of digestive enzymes
(Figure S2, Supporting Information). Indeed, in the presence of
digestive enzymes, a protein corona was formed around AgNPs
in the absence of food matrix, while the protein corona already
disposed in the presence of food components remained present
(Figure 3, red bars).

The effect of food components was hidden during this gas-
tric phase for which few differences in size, shape, agglomera-
tion state, and zeta-potential were observed between AgNPs
digested in the presence and absence of food matrix.

2.5. Fate of AgNPs During the Intestinal Step

Major modifications of AgNPs properties also occurred during
the intestinal phase. With the pH increase and the addition of
bile and pancreatic enzymes, agglomerates formed during the
gastric step were disintegrated to recover spherical and dis-
persed NPs (Figure 2D,H). Following this breakdown, AgNPs
suspension retrieved its yellow color and its absorption peak
(Figure 1, green lines). However, a significant blueshift of
the SPR peak appeared, either in the absence (from 412 nm
before digestion to 407 nm) or presence of food components
(from 408 to 405 nm) (Table 1, intestinal step). Regarding the
size, compared to results obtained before digestion, no modifi-
cations were observed for AgNPs in the absence of food matrix
during this intestinal phase, while the core diameter and the
hydrodynamic diameter measured with DLS increased signifi-
cantly in the presence of food components (Table 2, intestinal
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phase). The protein corona formed earlier was still detected
around both types of AgNPs (Figure 3, green bars). This was
accompanied by a significant raise of negative charge as zeta-
potential of AgNPs attained —18.64 and —24.89 mV, respectively,
in the absence and presence of food matrix (Table 2, intestinal
step). Finally, the effects of food components that were hidden
during the gastric phase were visible again on hydrodynamic
diameter and zeta-potential.

3. Discussion

As suggested by EFSA,* the aim of the present study was to
monitor the alterations displayed by NM-300K AgNPs once
entered in contact with food components and submitted to an
in vitro digestive process. Various techniques as TEM, DLS,
NTA, and UV-vis spectroscopy were employed to determine
the shape, size, agglomeration state, and charge of AgNPs. The
presence of a protein corona was also investigated using a bio-
chemical assay. Only one concentration of AgNPs (67,5 tg mL™)
was fully characterized during this study, however, supple-
mentary UV-vis spectroscopy analyses indicated that AgNPs
at other concentrations (22.5 and 202.5 pug mL™) present the
same behavior, suggesting that the observed effects were not
dependent of the dose (Figure S3, Supporting Information).

In a first time, physicochemical properties of AgNPs diluted
in HBSS were assessed before their incorporation in a food
matrix. AgNPs were spherical and well dispersed with a diam-
eter measured by TEM around 18 nm and an absorption peak
at 412 nm, which is in accordance with published data.” The
zeta-potential was slightly negative, again in agreement with
published results for AgNPs dispersed in different media for
ecotoxicological testing.’®! As observed in other studies, the
size measured by DLS or NTA was larger than the diameter
obtained by TEM.[¥>*50:57] Tt can be explained by the difference
of measurement principles and the preparation of samples./*®!
Indeed, as sample has to be dried for electron microscopy, the
diameter measured by TEM only takes into account the core of
the nanoparticle, while NTA and DLS are performed in suspen-
sion and measure the hydrodynamic diameter, i.e., the core and
the coating. In this study, two dispersing agents were used to
stabilize AgNPs and their presence around the nanoparticles is
thus comprised in the size measured with DLS and NTA.P%>]

Even if DLS and NTA both allow to determine the hydrody-
namic diameter, a difference appeared between the two tech-
niques, with NTA providing a smaller size than DLS. DLS
determines the size of particles by converting the intensity of
the scattered light due to the Brownian movement of the NPs.
This technique is highly sensitive to the presence of large
particles, which can disturb the measurement and provide
a larger size than the expected value.’>%% NTA is also based
on light scattering but it uses a charge-coupled device (CCD)
camera to visualize the nanoparticles individually, the size is
thus determined by analyzing the Brownian motion of each
particle separately. This technique provides size closer to the
real value and can furthermore be very useful in the case of
complexed mixture, such as food matrix or digestive fluids.[>8%
Nevertheless, whereas DLS is very user-friendly, NTA needs
several parameters adjustments by a skilled operator, which can

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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be time-consuming. Besides, NTA requires appropriate con-
centration of particles, while DLS is adapted to a broad range
of concentrations.[¥ In this study, AgNPs suspension had to
be diluted between 100- and 2000-fold for NTA measurement,
which might have an impact on the hydration layer and alter
the size distribution.®¥ Therefore, combining both techniques
enables to take into account the drawbacks of each method and
allows obtaining a correct size range of the AgNPs hydrody-
namic diameter.

After characterizing AgNPs diluted in HBSS, the impact of
food components was assessed. TEM images indicated AgNPs
remained well dispersed, with the same shape and the same
core diameter in the presence of the food matrix. However, an
increase of the hydrodynamic diameter was recorded and even
if AgNPs suspension kept its yellow color, a blueshift in the
SPR peak was noticed. This can be due to the binding of the
food components to AgNPs, forming a corona around them.[®!
Food components may stabilize the AgNPs suspension.*® In
that study, oil and starch have shown similar results but the
strongest stabilization was obtained with milk proteins.?® A
blueshift of the SPR peak of AgNPs has been reported as a
result of interaction with BSA, used to mimic the protein source
in our study.®%3 It has been suggested that this blueshift is
due to the replacement of the surfactant (the same as for NM-
300K AgNPs) around AgNPs by BSA,®Y which increases the
electron density on the nanoparticle surface and leads to a
higher plasmon frequency (thus a lower wavelength).®V62 In
our study, the formation of a protein corona around AgNPs
after the addition of a food matrix was also evidenced after pro-
tein quantification with the micro-BCA assay. This method was
previously used in other studies®~% and allows to confirm that
the alterations of the hydrodynamic diameter, the zeta-potential
and the SPR peak of AgNPs in the presence of food compo-
nents can be attributable to the binding of BSA molecules to
the nanoparticles.

During the first stage of digestion, i.e., the oral phase, and in
the absence of food matrix, no alteration of the physicochem-
ical properties of the NPs was observed except a decrease of
the zeta-potential. As suggested by some studies,/”%8] the lower
negative charge can be explained by the slight pH decrease of
the AgNPs suspension, passing from a range of 7.08-74 after the
dilution in HBSS before digestion to a pH of 6.9 during the
salivary step. Neither adsorption of a-amylase nor modification
of hydrodynamic diameter were noticed in our study. However,
some studies investigating the fate of AgNPs during the sali-
vary digestion observed a slight increase of the hydrodynamic
diameter,*424750 syggesting a small agglomeration or the for-
mation of a protein corona. These studies differ from ours in
the digestion protocol and the type of AgNPs (size and coating),
which can explain the dissimilarity. In the presence of food
matrix, AgNPs did not undergo any modification during the
oral phase, which is consistent with previous results.[38l

Unlike the oral phase, the gastric step highly modified the
AgNPs properties. Besides the shift to a slight positive zeta-
potential, an increase of the hydrodynamic diameter was
noticed and can be explained by the agglomeration of AgNPs
as observed on TEM images. This is in agreement with other
studies that also mentioned the clustering of AgNPs sub-
mitted to a gastric digestion.36*42#] AgNPs agglomeration was
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also detected by UV-vis spectroscopy in line with published
results.?®#51 Indeed, UV-vis spectroscopy allows to distin-
guish dissolution from agglomeration of AgNPs. A dissolu-
tion of the nanoparticles is accompanied by a decrease of the
absorption peak of AgNPs around 400 nm due to the loss of
particles absorbing the light. While the agglomeration causes
a reduction of the absorption peak around 400 nm but also an
increase of a second broader absorption peak above 500 nm.
This is induced by the decrease of AgNPs surface energy, which
reduces the plasmon frequency and increases the absorption
wavelength.Pl An agglomeration of AgNPs was also observed
in the presence of food components and was again in line with
previous observations.*®!

In the absence of digestive enzymes during the gastric
phase, no agglomeration of AgNPs was detected, similar to
what has been observed in the past.’% Therefore, the presence
of digestive enzymes combined to an acidic pH seems essential
to trigger NM-300K agglomeration in the stomach. The drop of
pH allows the destabilization of the coating and influences the
interactions between AgNPs and enzymes, which facilitates the
adsorption of enzymes to the NPs and enhances their agglom-
eration as previously emphasized.3®#! The presence of pro-
teins around NPs was confirmed using the micro-BCA assay,
which reveals the involvement of proteins in the clustering.
These results were in agreement with a previous study that also
noticed the formation of a protein corona during the gastric
phase by analyzing TEM images.[*

According to EDX analysis, only silver was present in
agglomerates formed during the gastric phase, which is con-
trary to other studies that indicated also the presence of chlo-
rine in the clusters.’%®~1l Besides the type of coating and size
of AgNPs, the digestion protocol differs between our study and
these four other ones. First, this study was the only one to take
into account the decrease of oxygen level in the stomach and the
intestine.l’*%*71 Indeed, oxygen concentration is gradually low-
ered in the lumen of the GIT, going from 21% in swallowed air
to about 10% in the stomach and less than 5% in the colon.’!
Therefore, the bottles in which the digestion were performed
were flushed with N, before the incubation for the gastric step
to reduce the oxygen level. A second flushing was also realized
before the intestinal step. Second, this study included diges-
tive enzymes, which was not the case for three of the afore-
mentioned studies.®®7! All these changes could impact the
presence of chlorine in the clusters. Even if the acidic condi-
tions enhance the oxidative dissolution of Ag® into Ag* at the
surface of AgNPs, which can lead to the agglomeration of
AgNPs due to the formation of AgCl after the binding of CI~ of
the medium, decreasing the surface charge of the NPs, 306972
the reduction of oxygen level decreases this dissolution
and the formation of Ag".*7 At low silver ion concentra-
tion, Ag* preferentially binds to proteins rather than chlorine
because of the higher stability of the complexes with sulfhydryl
groups.’!l Therefore, despite the acidic pH and the presence
of chlorine in the medium, the decrease of oxygen level could
explain the absence of Cl in the Ag clusters, proteins inter-
acting primarily with AgNPs in this case.

Finally, the simulation of the intestinal phase also influ-
enced the AgNPs features. Both in the presence or absence
of food components, the pH increase and the addition of bile
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and pancreatic enzymes disintegrated the clusters formed
during the gastric phase as observed on TEM images. It was
accompanied by a recovery of the yellow color and the absorp-
tion peak around 410 nm. However, a blueshift of the SPR peak
was detected in both cases compared to undigested AgNPs. As
already detailed above, this blueshift can be due to the presence
of a protein corona around the AgNPs/®"%2l and was confirmed
with the micro-BCA assay. Indeed, some studies underlined the
ability of digestive enzymes to bind around NPs.”>-8 Besides,
bile salts can also interact with the NPs and complete the
corona.'81 This corona stabilizes the NPs as it was emphasized
by the raise of negative zeta-potential.®B? These results were in
accordance with an earlier study that also recovered dispersed
AgNPs after disintegration of clusters formed during the gas-
tric phasel®® and a second one that reported TEM micrographs
with dispersed AgNPs surrounded by a protein corona after the
intestinal step.’!! Food components also influence the fate of
AgNPs as their presence increased the zeta-potential as well as
the diameter of the AgNPs. Some studies suggest that these
components as well as peptides, oligosaccharides or fatty acids
formed after their digestion could bind to AgNPs and act as an
additional stabilizer of the NPs suspension.?®#! In this study,
we needed to reduce the starch concentration compared to the
EU recommendation to obtain a better dissolution. The pres-
ence of additional starch and oligosaccharides could increase
the stabilization of AgNPs already observed in intestinal fluids.
Some studies indeed demonstrated that starch and other carbo-
hydrates can bind to nanoparticles and take part in the corona
formation.l>#384 However, it was previously suggested that
proteins of the food matrix have stronger stabilizing properties
than carbohydrates and fat,*¥l so that we could assume that the
digestive enzymes and the protein fraction of the food matrix
are mainly responsible of the stabilization of AgNPs observed
during the simulation of intestinal digestion.

In this study, the choice of a standardized food matrix rep-
resenting the three major sources of nutrients was made as it
would be difficult to represent all the diversity of eating habits.
In addition, even if an in vitro model of digestion cannot per-
fectly reflect reality since the composition of the digestive
system can vary from one person to another, or even from
one meal to another, this study tried to get as close to physi-
ological conditions as possible by mimicking food and taking
into account variations in pH and oxygen level within the GIT,
as well as using the main enzymes encountered throughout
the digestion process. Altogether, the results of this study
indicate that AgNPs might reach the intestinal epithelium in
nanometric form but with alterations of their properties and
the formation of a protein corona. This might in turn influ-
ence their future toxicity and fate inside the body.*>*! This
study confirms the importance of considering the behavior of
AgNPs within the digestive system before carrying out toxicity
studies on the intestinal epithelium. Finally, this protocol
could easily be used with other nanomaterials and allow the
comparison of the fate of different types of nanomaterials in
the GIT. Indeed, the properties of various ingested NMs might
be considerably different and influence their fate in the GIT.1*’]
For instance, the formation of the protein corona can vary for
different NMs as the elemental composition but also the size,
the charge, the surface properties or the coating of a NM can
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influence the binding of proteins.?”85-88 This method could be
used for a larger screening of the fate of NMs in the GIT and
might be useful to assist regulatory authorities in their decision
making regarding the risk assessment of nanomaterials.*’*

4, Conclusion

In this study, the impact of the food components and the gas-
trointestinal fluids on the properties of NM-300K AgNPs was
investigated. Food components were found to form a corona
around the NPs, while the gastrointestinal fluids highly influ-
enced the fate of AgNPs. Even if minor change was observed
during the salivary phase, the simulation of the gastric phase
triggered the agglomeration of AgNPs forming clusters with
proteins. The passage to the intestinal phase then disinte-
grated these clusters, correctly dispersed AgNPs were recovered
but the presence of a corona around the NPs was emphasized
with the various used techniques. To conclude, all these modifi-
cations indicated that intestinal cells do not encounter pristine
AgNPs, which must be taken into account to realize an accurate
risk assessment of ingested AgNPs. Further studies are needed
to investigate the effects of these modified AgNPs on intestinal
cells.

5. Experimental Section

Silver Nanoparticles: The experiments were performed with
NM-300K silver nanoparticles purchased from the Fraunhofer Institute
for Molecular Biology and Applied Ecology (Schmallenberg, DE).
NM-300K is a yellow-brown colloidal dispersion of AgNPs containing
10.16% (w w™') of silver dispersed in water with stabilizing agents
consisting of 4% (w w™') each of polyoxyethylene glycerol trioleate and
polyoxyethylene (20) sorbitan mono-laurate (Tween 20). The NM-300K
suspension was characterized by the JRC (JRC repository, Ispra, IT) and
contains silver particles with a mean diameter of 15 nm with a narrow
size distribution of 99% of the particles having a diameter below 20 nm.
A second restricted population of 5 nm was also identified by TEM.[54#
For the experiments, AgNPs were added to HBSS (Lonza, Verviers, BE)
or the standard food matrix to reach a concentration of 67.5 ug mL™".

Food Matrix and Digestive Enzymes: Three standard macronutrients
previously selected and tested®? were used to model the food matrix.
BSA (lyophilized powder, A4503, >96%, Sigma-Aldrich, Saint-Louis,
MO) was used for the protein fraction, glyceryl trioleate (glyceryl
trioleate, T7140, >99 %, Sigma-Aldrich) stood for the lipid fraction,
and carbohydrates were simulated by starch (unmodified wheat starch,
§5127, Sigma-Aldrich). The concentrations were calculated to represent
concentrations found at the intestinal level by taking into account
the volumes of ingested and secreted fluids together with the relative
proportions of the major dietary nutrients. In 24 h, people drink =2 L
and secrete =7 L of gastrointestinal fluids (i.e., 1L of saliva, 2 L of gastric
juice, 1 L of bile, 2 L of pancreatic juice, and 1 L of intestinal juice).l’
According to the EU regulation No. 1169/2011 on the provision of food
information to consumers, macronutrients reference intakes are =50 g
of proteins, =260 g of carbohydrates, and =70 g of fats leading to a
concentration of =5.6 g L™ of BSA, 28.9 g L™ of starch, and 7.8 g L™
of glyceryl trioleate.®” The starch concentration was however reduced
to 8.7 g L™ to allow a better dissolution. The standardized food matrix
was prepared by mixing the three major nutrients in HBSS to reach the
desired concentration.

The different digestive enzymes and bile extract were obtained from
Sigma-Aldrich. A stock solution of c~amylase from human saliva (type
IX-A, A0521, 160 units mg™ solid, 1 880 units mg™" protein) was prepared
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Figure 4. Schematic overview of the in vitro digestion protocol.

in the phosphate-buffered saline solution to reach a concentration of
166.67 units mL™" and stored at —20 °C until use. For each experiment, a
solution of porcine pepsin from gastric mucosa (P7000, 561 units mg™
solid) at 0.04 g mL™" in 0.1 m HCl was freshly prepared as well as a
mixture of pancreatin from porcine pancreas (P1750, activity equivalent
to 4 x USP specifications) and porcine bile extract (B8631), both at
33 mg mL™" in 0.1 M NaHCO;. Pancreatin is composed of several
pancreatic enzymes, such as oramylase, lipase, colipase, ribonuclease,
trypsin, and other proteases, while bile extract contains various bile salts
including glycine and taurine conjugates of hyodeoxycholic acid.

Precolonic In Vitro Digestion: The precolonic in vitro digestion
protocol was adapted fromlP2 and is summarized in Figure 4. AgNPs
resuspended by vortexing in HBSS or in the standardized food matrix
were incubated in 25 mL amber bottles at 37 °C, with a constant
magnetic stirring of 350 rpm. For the salivary step, the pH was adjusted
to 6.9 with T M HCl and 11.8 ug of solid o~amylase were added per mL of
digesting solution for 10 min. The pH was decreased to 2.0 for the gastric
step by adding 1 m HCl and pepsin was incorporated to the digesting
solution to reach 2 mg solid mL™". After 2 h of incubation, the pH was
increased to 5.3 with 1 M NaHCO; to initiate the duodenal step. The
mixture containing pancreatin and bile extract at ratio 1:1 was added to
the digesting solution to attain 0.5 mg solid mL™" of each. The pH was
then adjusted to 7.0 with T M NaHCO; or 1 M HCl and the solution was
incubated during 2 more hours. For the gastric and duodenal steps,
bottles were flushed by N, during 30 s after the adaption of pH and the
addition of digestive enzymes. It allows to decrease the level of oxygen
as occurring in the stomach and intestine. After each step of digestion,
samples were collected and used to characterize the AgNPs.

UV-Vis Spectroscopy: Modifications of AgNPs suspension during
the digestion process were carried out using UV-vis spectroscopy. The
absorbance spectrum of AgNPs samples was recorded with a Genesys
10S UV-vis spectrophotometer (Thermo Scientific, Waltham, MA) in the
wavelength range of 350-750 nm. HBSS was used as blank and all AgNPs
suspensions except those obtained after the gastric step were diluted
three times in HBSS immediately before the analysis. Four independent
experiments were performed. UV-vis spectroscopy analyses were also
performed with other concentrations of AgNPs (22.5 and 202.5 pug mL™)
submitted to the digestion process to confirm that the observed effects
were not dependent of the dose (Figure S3, Supporting Information).

Transmission Electron Microscopy: Transmission electron microscopy
was used to visualize the size, shape, and agglomeration state of AgNPs
before digestion and after each step of the digestive process. AgNPs
suspension were first concentrated by centrifugation to have enough
particles to cover the grid used for the TEM imaging. In the absence
of food matrix, undigested AgNPs and those collected after the salivary
step were centrifuged at 14 000 g for 40 min. AgNPs from gastric step
were centrifuged at 1500 g during 5 min and those from the intestinal
step were submitted to a centrifugation of 10 000 g for 40 min. In the
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presence of food matrix, 3 centrifugations of 1 min at 2000 g were first
performed to remove the excess of starch for undigested AgNPs and
those collected after the salivary and the intestinal steps. Then, they
were centrifuged at 6000 g for 1 h to collect a pellet of AgNPs. AgNPs
from the gastric step were three times centrifuged at 200 g during 1 min
to remove the excess of starch and then at 750 g during 5 min to collect
the AgNPs pellet.

Each pellet was then placed on a carbon-coated 200 mesh copper
grid (CF200-Cu, Electron Microscopy Science, Hatfield, PA) for 10 min.
The grid was rinsed with water and finally dried with a filter paper. All
grids except for the gastric step were pretreated with 1% (w v') Alcian
Blue (Sigma-Aldrich) for 10 min to enhance AgNPs attachment on
the grid by introducing positive charges.’l Grids were analyzed with
a LEO922 transmission electron microscope (Zeiss, Jena, DE) and
micrographs were recorded using a CCD camera. Particles diameter was
obtained from TEM images using Image| software (version 1.52a). Three
independent experiments were carried out and results are expressed
as a mean of all the measured diameters. To determine the elemental
composition of the samples, EDX analysis was also realized.

Dynamic and Electrophoretic Light Scattering: Size and zeta-potential
of AgNPs were obtained by DLS and ELS using a Zetasizer Nano Series
instrument (Malvern Instruments Ltd, UK) with a scattering angle
of 173°. The number of runs and their duration were automatically
determined by the device. Each sample was measured in three replicates.
Results are presented either as a mean of the z-average coming from
two independent experiments or as an average of the zeta-potential
obtained from three independent tests.

Nanoparticle Tracking Analysis: Nanoparticle tracking analysis was
used to measure the hydrodynamic diameter of AgNPs during the
digestion process. Before analysis, undigested AgNPs as well as samples
from the saliva and intestinal steps were diluted with milli-Q water
2000 times, while samples coming from the gastric step were diluted
100-fold to reach a concentration in the range of 108-10° particles mL™".
Three videos of 60 s were recorded for each sample with the NanoSight
instrument (Malvern Instrument Ltd) and analyzed using the NTA 3.2
software. Results are expressed as an average of the modes coming
from three independent experiments. The background noise was also
obtained from samples containing food components and the different
digestive fluids without AgNPs in order to ensure that the scattered
light peak measured in the samples containing AgNPs are caused by the
nanoparticles (data not shown).

Protein Corona Quantification by Micro-BCA Assay: A micro-BCA assay
was performed to reveal the presence of a protein corona around AgNPs
incorporated into a food matrix or submitted to the digestion process.
First, AgNPs samples were centrifuged with the same parameters than
before the TEM grid preparation. The supernatants were removed and
the pellets were resuspended by vortexing in milli-Q water. A second
centrifugation was performed to get rid of most unbound proteins and
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the pellets containing AgNPs with their protein corona were retrieved.
Samples with food matrix and digestive enzymes in the absence of
AgNPs underwent the same centrifugation steps and served as control.

A micro-BCA assay was then realized to quantify the protein corona
(Pierce Micro BCA Protein Assay Kit, Thermo Scientific) following an
adaptation of a published method.l’? Briefly, standards were prepared
with known concentrations of BSA. 400 uL of working reagent were
added in microtubes containing 30 pL of each standard or sample
pellet before incubation at 60 °C for 1 h. Microtubes were centrifuged at
14 000 g during 20 min to pellet NPs and 50 puL of each supernatant was
transferred into 96-wells plate (Corning incorporated, Corning, NY) to
read absorbance at 562 nm.

Statistical Analyses: Statistical analyses were carried out with R
software (version 3.5.0). The Ime function of the nlme package was
used to fit linear mixed-effects models taking into account that samples
from different steps of digestion were dependent. To fulfil the residuals
normality hypothesis, an inverse transformation was applied to the data
coming from the NTA, while log and square root transformations were
realized on the diameters measured, respectively, by TEM and DLS.
The within-group heteroscedasticity structure is taking into account in
the Ime function specifications.[*l Desired comparisons were conducted
with the contrast function of the package with the same name.
Obtained P-values were corrected following the Holm method with
the p.adjust function. For all statistical tests, results were considered
significant at the level or=0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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