Effect of protein corona magnetite nanoparticles derived from bread
in vitro digestion on Caco-2 cells morphology and uptake
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ABSTRACT

Nanoparticles (NPs) in biological fluids immediately interact with proteins forming a biomolecular corona (PC) that imparts their
biological identity. While several studies on the formation of the PC in human plasma have been reported, the PC of orally
administrated NPs has been less investigated, mostly in the presence of a food matrix. In fact, food matrixes when digested are
subject of several dynamic changes that will certainly affect the PC formed on the NPs. The lack of studies on this topic is clearly
related to the difficulty in isolating representative PC NPs from such a complex environment. In this work magnetite NPs were
added to in vitro simulated digestion simultaneously with bread and PC NPs were isolated after gastric and duodenal phases by
sucrose gradient ultracentrifugation (UC). The PC NPs were characterized in terms of size and protein composition. Translocation
studies were then performed on Caco-2 mono-layers in a serum free environment and cell morphology was characterized by
confocal microscopy. PC NPs isolated from gastric and duodenal phases were different in size, surface charge and protein corona
composition. NP cellular uptake was enhanced by the digestive PC inducing morphology changes in the cell monolayer. Overall,
in this work we were able to isolate PC NPs from digested fluids in the presence of a food matrix and study their biological
response on Caco-2 cells.
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NP, nanoparticle

1. Introduction

UG, ultracentrifugation

PC, protein corona

GI, gastrointestinal

SSF, simulated salivary fluid

SGF, simulated gastric fluid

SIF, simulated intestinal fluid

PMADO, poly (maleic)-alt-1-octadecene
CF, carboxyfluo-rescien

FA, fluoresceinamine

SFM, serum free medium
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When NPs are in a biological environment they readily interact
with the surrounding proteins that adsorb to the surface forming a
PC (Walczyk et al., 2010). The PC composition confers a biological
identity to the NP (Cedervall et al.,, 2007; Lynch et al.,, 2007;
Walczyk et al, 2010) that determines NP-cell interactions
(Lundgqvist et al., 2008; Lynch et al., 2007; Monopoli et al., 2012;
Soenen et al.,, 2015; Walkey et al., 2014).

PCs from blood have been extensively studied for many NPs
(Cai et al.,, 2013; Foroozandeh and Aziz, 2015; Ghavami et al.,
2013; Jansch et al., 2012; Sherwood et al., 2014; Treuel et al., 2015)
and

only recently PCs obtained from in vitro models have been com-
pared to those isolated from blood in vivo (Hadjidemetriou et al.,
2015) and the dynamic nature of the blood circulation seemed to
modify corona composition and morphology. In contrast, PCs
formed in fluids other than blood, such as gastrointestinal (GI) flu-
ids have been less extensively investigated, even though they are
important for pharmacological and toxicological reasons (Clift et
al,, 2010; Lefebvre et al., 2014; Setyawati et al., 2015). In fact, the
oral delivery route is one of the most commonly used for drug
delivery and ingestion of NPs represents a probable way for NPs to
enter the human body, being extensively used in food industry as
additives (flavour, texture, stability improvements) (Borel and
Sabliov, 2014) and in packaging (Clift et al., 2010; Maiorano et al.,
2010; Peng et al., 2013).

The GI tract is a complex environment characterized by pH ran-
ging from two to eight, high electrolyte concentrations, enzymes
and food matrix that change dynamically. All these elements can
affect NPs colloidal stability (Bohmert et al.,, 2013; Yang et al,,
2014; Zimmermann and Miiller, 2001) and PC composition
with con-sequences for bioavailability and toxicity. For
example, recently, core-shell gold NPs were shown to be
subject to proteolytic
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Table 1
Final concentrations of the salts used in SSF, SGF, SIF according to INFOGEST recom-
mendations (Minekus et al., 2014).

SSF [mmol/l] SGF [mmol/1] SIF [mmol/1]
KCl 15.1 6.9 6.8
KH,PO4 3.7 0.9 0.8
NaHCO3 13.6 25 85
Nacl - 472 384
MgCly(H20)s 0.15 0.1 0.33
(NH4),CO5 0.06 0.5 -
CaCly(H20),? 1.5 0.15 0.6
KCl 15.1 6.9 6.8
2 It was added to the final mixture to avoid precipitation.
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Fig. 1. Fe304 NPs colloidal stability. (a) Hydrodynamic diameters variation by time
for Fe304 NPs incubated in PBS (triangle), in SSF (circle) and in SGF (upside-down
triangle) at 37 °C. (b) PdI variation for the same samples. Hydrodynamic diameters
and PdI were obtained by DLS from cumulant analysis of the auto-correlation data.

Table 2
Characterization of Fe304 NPs in PBS by DLS and NTA and cognate PC complexes
isolated from simulated gastric fluid by UC (G-NPs).

Fe304-NPs G-NPs
dy [nm]? 73 +8 245 + 13
SD [nm]° 32+ 18 60 + 17
dy [nm]° 469 + 0.9 199.2 + 0.2
PdI¢ 0.20 + 0.01 0.26 + 0.01
Zp [mV] -216+£15 —-43 4+ 0.2

All data were presented as the average of three indipendent measurements with
relative standard deviation.

3 Hydrodynamic diameter (dy ) was calculated avaraging the hydrodynamic diam-
eters of all NPs tracked in a particle-by-particle modality by NTA.

b SD is the standard deviation on all the hydrodynamyc diameters measured in a
particle-by-particle modality by NTA.

¢ Hydrodynamic diameter (dy) obtained by DLS from the cumulant analysis of the
auto-correlation data.

d Ppolydispertity indexes (PdI) were obtained by DLS from the cumulant analisys
of the auto-correlation data.
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Fig. 2. Isolation of PC-NPs complexes from simulated gastric fluid. (a) Schematic
drawing of the sucrose layers of the UC of the simulated gastric fluid enriched with
bread and NPs. Upper fractions (2-5) contained NPs, while lower fractions contained
floating starch residues. A control experiment only on digested bread without NPs
was also performed in the same conditions. (b) SDS-PAGE of fractions 2-5 (G-NP
lane) and fractions isolated from the digestion without NPs (lanes marked with
* symbol). Bands labelled with dashed lines and numbers were characterized by
LC-MS.
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Fig. 3. Isolation of PC-NPs complexes from simulated intestinal fluid. (a) Schematic
drawing of the sucrose layers of the UC of the simulated duodenal fluid enriched
with bread and NPs. Highlighted fractions at the top of the gradient contained bile
salts and low density peptides. Pink fractions (4-9 and 14-16) contained NPs. A
control experiment only on digested bread without NPs was also performed in the
same conditions. (b) SDS-PAGE of fractions 4-9 and 14-16 (D1-NP and D2-NPs lanes
respectively). Lanes labelled with * were loaded with fractions from the control
without NPs. Bands labelled with dashed lines and numbers were characterized by
LC-MS.

enzymes and pH conditions in lysosomes when they were internal-
ized by macrophages and endothelial cells. The shell was partially
removed and PC affected by the altered coating (Kreyling et al.,
2014). Moreover, Docter et al. (2015) in a recent review highlighted
the lack of reports about the influence of PC complexes on the
GI tract albeit some studies revealed that upon NPs exposure gut
homeostasis was altered.

Several models have been proposed to simulate the inges-
tion process. In vivo mammalian models have been used, but
in vitro models are generally preferred because they are more
versatile, less expensive and do not require ethical approval.
In vitro models can be dynamic when physical processing of the
food and temporal changes of the gastrointestinal conditions
(pH changes, enzymes and electrolytes concentrations) mimic



Table 3
Characterization by DLS and NTA of Fe304 NPs in PBS and PC complexes isolated
from intestinal fluids by UC after dialysis (D1- and D2-NPs).

Fe304-NPs D1-NPs D2-NPs
dy [nm]* 73+8 116 + 14 143 £ 17
SD [nm]® 32+ 18 5549 48 +9
dy [nm]¢ 469 + 0.9 85.7 + 2.9 116.6 + 5.2
PdI [nm]¢ 0.20 + 0.01 0.21 + 0.02 0.23 + 0.01
Zp [mV] 216415 ~242 +04 ~16.1 + 1.2

All data were presented as the average of three indipendent measurements with
relative standard deviation.

3 Hydrodynamic diameter (dy) was calculated averaging the hydrodynamic diam-
eters of all NPs tracked in a particle-by-particle modality by NTA.

b SD is the standard deviation on all the hydrodynamyc diameters measured in a
particle-by-particle modality by NTA.

¢ Hydrodynamic diameter (dy) obtained by DLS from the cumulant analysis of the
auto-correlation data.

4 Polydispertity indexes (Pdl) were obtained by DLS from the cumulant analisys
of the auto-correlation data.

the in vivo digestive process. They can also be static when there are
synthetic fluids that reproduce chemically and enzymatically the
environmental conditions encountered in the distinct areas of the
GI tract and the meal/enzyme ratio is kept constant. The INFOGEST
COST action network aimed to give some recommen-dations to
achieve standard conditions for static in vitro digestion to allow
comparison of results among research groups (Minekus et al.,
2014). In this work we adopted a static in vitro model following
INFOGEST recommendations as described in detail in Section 2.2.

The lack of absorption in most in vitro models can be par-
tially covered by cell culture models. Cell monolayers are often
used to assess epithelial permeability of compounds. Immortal-
ized Caco-2 cell lines are commonly used because they are able
to form an adherent monolayer that shows some characteristics of
the gut epithelium. Thus, translocation studies can be performed
when they are grown on semi-permeable membranes mimicking
the transport of substances from the apical to the basolateral side
(Lefebvre et al., 2014). Other models are based on Caco-2 co-culture
with other cells that are able to express mucus (Ensign et al., 2012).

There are many studies on translocation of NPs across Caco-2
monolayers (Lefebvre et al., 2014), but most of them deal with in
situ NPs. Walczak et al. (2015b) investigated polymeric NPs
transloca-tion in different in vitro models taking into account the
formation of a corona upon exposure to complete cell medium.
Afterwards, the same group showed that NPs, if subject of in vitro
digestion, express a different corona upon contact with cell culture
medium compared to pristine NPs (Walczak et al., 2015a). On the
other hand, Lichtenstein et al. (2015) studied the impact of food on
silver NPs digestion. They modified the in vitro digestion model of
Bohmert et al. (2013) by adding food components to the digestive
fluid. They found that the corona originating from food digestion
was able to stabilize NPs in full cell medium, while NPs digested
with-out food extensively aggregated. They showed also that the
NPs digested with food had similar uptake to nondigested NPs,
while those digested without food showed less uptake.

To the best of our knowledge there is no previous work in
which NPs subjected to simulated digestion in the presence of
food matrix were isolated from the digestive chime and
characterized in terms of corona composition and structure. In
our previous work we showed the suitability of sucrose gradient
ultracentrifugation (UC) to recover PC complexes representative
of those in situ incubating magnetite NPs with gastric and
duodenal digestion of skimmed milk powder (Di Silvio et al.,
2015). The NPs were coated with a polymer shell functionalized
with a fluorescent molecule, which was shown to be stable during
the digestion. Here we describe the simultaneous simulated in
vitro digestion of NPs and bread as

a more representative model of the in vivo digestive process. PC
complexes were isolated by sucrose gradient UC after gastric and
duodenal phases. The recovered PC complexes were characterized
by size, surface charge and corona composition by dynamic light
scattering (DLS), nanoparticles tracking analysis (NTA), SDS-PAGE
and LC-MS. The effect of the corona on uptake and translocation
through a Caco-2 monolayer was investigated in serum free envi-
ronment to stress on the role of the corona formed during digestion.
Laser scanning confocal microscopy (LSCM) was used to assess mor-
phological alteration in the monolayer.

2. Materials and methods

2.1. Fluorescent magnetite NPs synthesis

Carboxylated Fe304 NPs were synthesized following the proto-
col of Sun et al. (2003) and coated by poly (maleic)-alt-1-
octadecene (PMAO, Sigma) according to Lin et al. (2008) for water
trans-fer. Sucrose density gradient ultracentrifugation (6.6-66 w/
w%, 187k rcf, 4 h, 20 °C) was performed to purify them from excess
polymer. Purified NPs were fluorescently labelled by BODIPY®
FLEDA (LifeTechnologies) through N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride chemistry (Sigma). This dye was
chosen because, according to the supplier, its quantum yield is
min-imally affected by the pH and polarity of the solvent (Karolin
et al, 1994). Unbound free dye was removed by Amicon
centrifugal filters (50 kDa MWCO, 360 rcf). Sucrose, sodium
phosphate dibasic, potassium phosphate monobasic, sodium
chloride and potassium chloride are from SIGMA.

2.2. In vitro static digestion

The in vitro model adopted in this work to simulate digestion is
based on INFOGEST recommendations (Minekus et al., 2014). The
protocol aims to mimic the in vivo conditions that describe the
oral, gastric and small intestinal phases. Specific pH, electrolyte
concentrations and enzymes characterize each phase. In Table 1, a
summary of the electrolytes final concentrations in the simulated
salivary fluid (SSF), simulated gastric fluid (SGF) and simulated
intestinal fluid (SIF) is reported. The pH was adjusted by concen-
trated solutions of HCl and NaOH during the digestion at pH 3 and
7 for SGF and SIF, respectively. Calcium salt solutions were added
to the final mixture of each phase to avoid precipitation in the
electrolyte solutions.

The digestive simulation was performed at 37 °C under mag-
netic stirring. The oral phase lasted for 2 min and a-amylase was
not added to the mixture (Woolnough et al., 2010). The gastric
phase lasted for 2 h: SGF and Porcine Pepsin (final activity 2000 U/
ml, Sigma Pepsin, P7012) were added. In the duodenal phase SIF,
bile salts (160 mM) and pancreatin from porcine pancreas (final
trypsin activity 100 U/ml, Sigma, P7545) were added to the
mixture. Pan-creatin in SIF formed a fibrous precipitate that was
centrifuged at 4 °C for 1 min. Negligible loss of activity was
assessed using the p-toluene-sulfonyl-L-arginine methyl ester
(TAME) assay for trypsin activity (Hummel, 1959).

2.3. Sucrose gradient ultracentrifugation

Solutions of sucrose (Sigma) were prepared at increasing con-
centration from 6.6 w/w% to 66 w/w% in water and 11 ml of linear
sucrose gradient were layered in 13 ml tubes and left to equili-
brate overnight before being subjected to ultracentrifugation (UC)
using a SW41 Ti rotor (Beckman Coulter) at 20 °C. 0.5 ml of sample
was loaded in two tubes. UC was run for 1 h at 20 °C at 48k rcf and
195k rcf for gastric and duodenal samples, respectively. Collected
fractions were analyzed and those fractions containing PC NPs were



Table 4

Selected peptides common to G-NPs and D2-NPs complexes. Bands were highlighted in Figs. 2b and 3b.

Name Taxonomy Nominal mass Band Coverage*® Score®
Vicilin 47k Pisum sativum 49542 B1 37 188
B2 34 172
B5 47 264
B6 18 109
Legumin Pisum sativum 59633 B9 26 268
B1* 23 115
B2 26 265
0.19 dimeric alpha-amylase inhibitor Aegilops tauschii 13881 B4 77 792
B5 70 343
Dimeric alpha-amylase inhibitor Triticum dicoccoides 15666 B9 29 213
B10 49 215
Lectin Cicer arietinum 26363 B2 48 265
B6 37 102
Adhlp S. cerevisiae 37296 B3 51 322
B6 19 94
B7 20 98
B8 38 156
B9 54 361
B10 56 676

2 Sequence coverage is calculated by dividing the number of amino acids observed by the protein amino acid length.
b The score is a probability based score. The total score is the probability (P) that the observed match is a random event. Score =—10 x Logio (P).

dialysed against PBS (3-5k MW(CO, SpectrumLabs) overnight at
4°C. Before analysis, the sample volume was reduced to 300 wl by
50 kDa MWCO Amicon centrifugal concentrator at 405 rcf.

2.4. Dynamic Light Scattering and Z-potential

Hydrodynamic diameters of dialysed dispersions were mea-
sured by Zetasizer SZ (Malvern). 50 .l of the samples were diluted
in 400 ! of PBS in 1ml cuvette to obtain attenuation values in
the 7-9 range and measured at 25°C equilibrating samples for
120s prior to measurement. Data were presented as an average
of three measurements. The Z-averaged sizes (Z-ave) and the poly-
dispersity index (PdI) were obtained by cumulant analysis of the
auto-correlation functions. Zeta potential (Zp) was measured using
disposable capillary cells (Malvern). Data are the average of three
measurements of 10 runs each.

2.5. Nanoparticles tracking analysis

Samples in sucrose were analyzed by NTA diluting them with
MQ water to reach an ideal concentration of 1-3 x 108 NPs/ml.
Three videos of 60 s were collected for each sample and analyzed
by NTA software. The software is able to track NPs individually
and calculate their diffusion coefficients. In this way, a mean value
of the hydrodynamic diameter (Mean) is obtained with the rela-
tive standard deviation (SD) with respect to all tracks. Results are
presented as an average of three independent measurements.

2.6. SDS-PAGE

30 !l of sample were added to 15 .l of SDS-PAGE loading buffer
3x(10% DTT, Thermo Scientific) and kept at 98 °C for 5 min. Digested
samples that did not contain NPs were mixed to the loading buffer
without any previous treatment and denatured as above. 20 .l of
samples and 5 pl of molecular ladder (Mark12 Unstained standard,
Invitrogen) were loaded on 10% Precast Gel NuPAGE (Life Tech-
nology). The running buffer used was MES buffer (NuPAGE 20x,
Invitrogen). Gels were run at 200V for 35 min. Gels were devel-
oped by Sypro Ruby Protein Stain (Biorad) and imaged by Biorad
Pharos FX+, the software used to elaborate images was Image Lab
(Biorad).

2.7. LC-MS

ProPick instrument was used to locate and cut bands from
the gel. Bands were digested at 37°C for 3h by 10 mM ammo-
nium bicarbonate 10 ng/p.l trypsin gold (Promega, V528A in 50 mM
Acetic Acid) (prepared 01-May-14). 1% formic acid (Sigma) was
added prior freezing samples and storing at —80°C. Samples were
washed in 50% acetonitrile (Fisher), vortexed and dried out at the
Low Drying setting (no heat) on a Speed Vac SC110 (Savant) fitted
with arefrigerated condensation trap and a Vac V-500 (Buchi). Sam-
ples were again stored at —80 °C until ready for Orbitrap analysis.
Protein identification was achieved by combining spectrum qual-
ity scoring obtained from a conventional database search program
MASCOT (Matrix Science, London, England). Search parameters
were peptide mass and fragment mass tolerances of 5ppm and
0.5 Da respectively, variable modification was oxidation (M), fixed
modification carbamidomethyl (C), enzyme specificity was trypsin,
two missed cleavages were allowed. All taxonomy database was
searched. Peptides with high scores were listed. The score repre-
sents the probability that the match found is a random event, so
the higher it is the more likely is the match.

2.8. Translocation experiment and laser scanning confocal
microscopy (LSCM)

Caco-2 monolayer was used as model to study the effect of
the digested corona on NPs cellular uptake and transport across
the membrane in the gastro-intestinal tract. Cells at the 12th pas-
sage were seeded at a concentration of 2.5 x 10° cells/ml on an HTS
transwell 24 well plate, 0.4 pm pore size (Costar, 3524, Corning).
Cells were incubated in 37°C, 5% CO,/95% air. Cells were cul-
tured in RPMI-1640 supplemented with 10% heat-inactivated foetal
bovine serum (FBS), 2 mM L-glutamine, 100 wg/ml penicillin and
100 pg/ml streptomycin all purchased Life Technologies, Carlsbad,
CA. Media was changed every two days and Transepithelial Electric
Resistance (TEER) was measured by MilliCell (Millipore) just before
changing the media to assess the integrity of the cell barrier. TEER
was expressed in 2 cm~! as the product (R —Rp,) x A, where R and
Ry, are the resistance (£2) of the cells and the blank, respectively,
and A is the surface area of the insert (cm). When the TEER val-
ues were >300 2 cm~!, transport experiment was performed. The



Fig. 4. Caco-2 monolayers incubated with NPs. Confocal snapshots of Caco-2 monolayer after 4 h of incubation with SFM:PBS 1:1 (PBS), carboxyfluorescein (CF), bare Fe304
(Fe304), PC complexes isolated from gastric (G1-NPs) and duodenal digestion (D1-NPs and D2-NPs). F-Actin filaments were stained by Phalloidin-Texas Red (591/608 nm)
and nuclei by Hoechst 33342 (350/461 nm). Fe304 NPs were labelled by BODIPY FL-EDA (500/510 nm). Images were rendered using Image].

apical and basolateral chambers were filled with serum free
medium (SFM) after PBS (3 x ) rinsing to remove phenol red and FBS
proteins from the chambers and cells were allowed equilibrating
for 1 h.100 w1 of the apical medium were replaced with PCNPs from
the gastric digestion (G-NPs) and the duodenal digestion (D-NPs)
to get a final concentration of 2 x 1012 NPs/ml. Control wells with
pristine Fe304 NPs at the same concentration as the PC complexes,
PBS (100 pl) and carboxyfluorescein (CF, Sigma) were prepared in
parallel and incubation at 37 °C was performed for 4h. 100 .l of
basolateral medium were sampled at 60, 120, 180 and 240 min and
replaced with the same volume of fresh medium. TEER after 4h
was measured to assess the effect of the NPs on the transepithelial

electric resistance. The presence of NPs in the collected medium
from the basolateral chamber was revealed by fluorescence using
a plate reader exciting at 492nm and collecting emission at
520 nm. Cells were three times washed with PBS and fixed with
5% formaldehyde for 10 min, then they were treated with Triton-x
0.5% for 3 min and again washed for three times with PBS. F-Actin
staining was performed by Texas-Red Phalloidin (6.6 M, Invitro-
gen) and nuclei by Hoechst 33258 (2 wg/ml, Sigma). After staining,
the membranes were cut from the insert, placed on a glass slide and
covered by a coverslip with mounting medium in between (Vec-
tashield, Vector). Zeiss LSM510-META confocal microscope (UEA)
was used to image cell monolayer and NPs using a multi-channel



Fig. 5. Confocal stacks of G-NPs incubated Caco-2 monolayer. (a) Orthogonal stacks and some zoomed details (b, ¢) highlighted by arrows. (d) View from the bottom of the
monolayer; (f) stack in the zeta direction in which is visible the cell skeleton auto-fluorescing in green and porous channels containing green labelled NPs. Actin filaments
were stained by Phalloidin-Texas Red (591/608 nm) and nuclei by Hoechst 33342 (350/461 nm). Fe304 NPs were labelled by BODIPY FL-EDA (500/510 nm).

mode with three different excitation wavelengths for nuclei, actin
and NPs. Image rendering was done using Image] software.

A control experiment was performed with digested NPs, CF,
Fluoresceinmamine (FA, Sigma) and SFM in a transwell dish with-
out cell monolayer and their translocation across the membrane
was monitored using the same method followed when cells were
present. Fluorescence at 520 nm was measured for media from the
apical and basolateral chambers.

3. Results and discussion
3.1. Stability of NPs in simulated gastrointestinal fluids

NPs have been largely characterized in plasma for their possi-
ble applications in clinics as diagnostic and drug delivery systems
(Jansch et al., 2012; Mahmoudi et al., 2011; Sakulkhu et al., 2014;
Simberg et al., 2009). The intravenous administration of drugs is

very common, but ingestion is the main route for oral nanoformu-
lations and for NPs used as additives in food and food packaging.
Thus, characterization of NPs in the GI environment is of primary
interest.

As for NPs in blood, NPs in the GI tract will certainly interact with
biomolecules present in this complex and dynamic environment
forming a PC. However, not many studies reporting on the char-
acterization of the PC associated with NPs subjected to digestion
are reported in the literature. This is mainly due to the experimen-
tal difficulty in isolating PC NPs from such a dynamic environment
without modifying their properties. For example, Jahn et al. (2011)
studied the uptake of hemin-coupled iron hydroxide NPs on Caco-2
cells and they speculated a strong effect due to the colloidal sta-
bility of such NPs in the medium, but they did not perform any
stability study. Pereira et al. (2013) found that Fe(Ill)-oxo hydrox-
ide NPs forms ferrihydrite-like complexes after a simulated in vitro
digestion. PC NPs could not be isolated from GI fluids without
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Fig. 6. Confocal stacks of D1-NPs incubated Caco-2 monolayer. (a) Orthogonal stacks of Caco-2 cells and some highlighted details. (b) 3D reconstruction of cells skeleton, NPs
and support membrane. (c) Nuclei and NPs clusters viewed from the top. Arrows showed same details in different prospective. Actin filaments were stained by Phalloidin-Texas
Red (591/608 nm) and nuclei by Hoechst 33342 (350/461 nm). Fe304 NPs were labelled by BODIPY FL-EDA (500/510 nm). Images were rendered using Image].

aggregation, but they used the approach to synthesize ferrihydrite
complexes ex novo for studying their biological response on Caco-2
cells, bypassing the isolation of such NPs from digestive fluids.
Finally Yang et al. (2014) studied the behaviour of iron oxide NPs in
GI fluids observing their tendency to aggregate if specific surface
coating (citrate ions) were not performed.

In this study, we used fluorescently labelled carboxylated mag-
netite NPs. They were composed of a magnetite core, Fe304 of 10
nm and an amphiphilic polymer coating (poly (maleic)-alt-1-
octadecene) that makes them water-soluble and easily surface
modifiable thanks to the carboxylic groups available to form amide
bonds with primary amines (see Fig. SI1 in the SI) (Sun et al., 2003).
In physiological buffer at pH 7.4 they exhibited a hydrodynamic
diameter of about 50 nm, a quite narrow size distribution (PdI of
0.20) and a negative Zp (—21 mV). We tested their stability over 4
h at 37 °C in simulated digestive fluids to assess the effect of pH
and ionic strength before the addition of enzymes and food, thus
before being coated by a PC. In Fig. 1 size distribution trends are
reported for these Fe304 NPs in PBS, simulated salivary fluid (SSF)
and simulated gastric fluid (SGF). NPs in simulated intestinal fluid
(SIF) immediately precipitated likely due to the high electrolytes
concentration that shields NPs surface negative charge (Bergin and
Witzmann, 2013; Frenkel et al., 2005; Peters et al., 2012; Yang et
al,, 2014; Zimmermann and Miiller, 2001). In SSF, the averaged

hydrodynamic sizes of the NPs mostly increased with respect to
those in PBS during the first hour of incubation, reaching a plateau
with an average size almost double that of the starting one in PBS.
PdI values were in contrast comparable to those in PBS. In SGF NP
hydrodynamic sizes appeared to slowly increase over time to
reach an average value almost three time larger than the starting
one. On the other hand, PdI values appeared invariant with time.
Overall, these results showed that when the NPs reach the gastric
environment they form agglomerates of uniform dimensions.

3.2. Simulated gastric and duodenal digestion of bread in the
presence of NPs

The isolation of PC-NPs complexes originating from NPs co-
digested with bread is very interesting but extremely challenging.
In fact, bread is a common food in the daily diet but as all cereal
based food it is a very complex matrix (Hoebler et al., 2002).

During the simulated digestion of bread, insoluble protein
aggregates were formed particularly in the gastric phase. Hydroly-
sis occurred over time, proteins were converted into low molecular
weight peptides, and food particulates decreased in size. Recently,
Lichtenstein et al. (2015) performed simultaneous digestion of NPs,
bread and other food. They studied the size and aggregation of
in situ complexes by SAXS at the end of the duodenal phase, but



Fig. 7. Confocal stacks of D2-NPs incubated Caco-2 monolayer. (a) Orthogonal stacks of Caco-2 cells in the XY, YZ, XZ planes. (b, c) View from the bottom and the side of
the monolayer showing nuclei and NPs. (d-f) Sequence of layers from 1 to 19 divided in the three channels, red (actin), green (NPs) and blue (nuclei) respectively. Actin
filaments were stained by Phalloidin-Texas Red (591/608 nm) and nuclei by Hoechst 33342 (350/461 nm). Fe304 NPs were labelled by BODIPY FL-EDA (500/510 nm). Images
were rendered using Image]. (For interpretation of the references to color in figure legend, the reader is referred to the web version of the article.)

HC NPs were not isolated and characterized in terms of composi-
tion and evolution over time. In this work, we have focused on the
evolution of the NPs during the different phases of the digestion
with particular attention to the characterization of the structure
and composition of protein corona NPs. In fact we exploited the
methodology described in our previous work based on sucrose gra-
dient ultracentrifugation (UC) for successfully recovering PC-NP
complexes from both gastric and duodenal phases.

The recovery of PC-NP complexes from the gastric phase
required the optimization of UC parameters (sucrose concentra-
tion, speed and time). We used a wide concentration gradient with
a short and slow centrifugation (6.6-66% at 48k rcf) to avoid co-
localization of PC complexes and starch particulate. We achieved
separation of NPs and unbound peptides. The NPs were located
at the top of the gradient corresponding to a sucrose concen-
tration between 10% and 20 w/w% (upper zone in Fig. 2a), while
starch residues were spread on the gradient at higher densities
(lower zone in Fig. 2a). The application of standard centrifugation

protocols, even trying different experimental conditions, did not
allow the separation of PC NPs from starch residues, but lead to
the formation of strong irreversible aggregates. PC NPs recovered
by UC were characterized by DLS and showed a hydrodynamic size
about three/four time larger compared to the size of the equivalent
NPs in PBS, as reported in Table 2. During digestion, NPs density
decreased as it can be inferred from NPs location in the sucrose gra-
dient. Indeed, while pristine NPs moved to about 40 w/w% sucrose
concentration, the PC NPs only reached the area between 10% and
20%. This is likely due to the formation of multi-particle protein
agglomerates stabilized by the PC, which are characterized by a
lower overall density depending on the partial specific volume and
the frictional coefficient variations of the complexes. PC composi-
tion of the isolated NPs was determined by SDS-PAGE. In Fig. 2b,
the lane labelled as G-NPs corresponds to the UC fractions where
NPs subjected to gastric digestion were found (fractions 2-5). This
sample was clearly enriched with proteins when compared to the
same fractions of the control without NPs (3G*, 5G*). Some bands of



the PC around 36-40 kDa (probably a mixture of polypeptides from
albumins and globulins) were also found in the analogous lanes of
the control sample (1G*-5G*), thus they might be contaminants
from the environment and not associated with the corona. While
a characteristic protein pattern, not observable in the equivalent
lanes of the control, is observed at Myy lower than 36 kDa. A simi-
lar protein pattern, but much more diffuse, appeared in the control
sample in the higher density fractions where starch residues were
clearly visible.

The texture of the mixture after 2 h of duodenal digestion
became liquid without solid residues. The agglomerates formed by
NPs and peptides in the gastric phase partially disaggregated in
duodenal conditions. UC on aliquots isolated from such a mix-ture
was performed for 1 h at 195k rcf. After the run, a brown band (D2-
NPs) was visible at high sucrose concentration (fractions 14-16 at
about 55 w/w% sucrose concentration) as shown in Fig. 3a. A
screening of all the fractions by size disclosed another population
of PC complexes (D1-NPs) located from fraction 4 to fraction 9. Bile
and unbound low-density peptides were located in the top of the
sucrose gradient. Overall, two different populations of PC NPs were
formed and characterized by hydrodynamic diameters smaller
than 150 nm. D1-NPs were about 20% smaller in hydrodynamic
size com-pared to D2-NPs, but they had a sensibly different
density. Both complexes were characterized by negative Zp,
possibly because of the absorption of bile salts on their surface
(Table 3). In Fig. 3b pro-tein corona profiles by SDS-PAGE are
shown. As expected many peptides were found in the first fraction
and their concentration decreased increasing the sucrose density
and no peptides were detected in high-density sucrose bands
(11D*-17D*). The PCs asso-ciated to the complexes extracted by
the two different fractions were completely different. The D1 PC
was mainly composed of pancreatic enzymes (lipase and amylase
at 55 kDa, trypsin and chy-motrypsin at 24 kDa) as it can be
expected based on the composition of the duodenal environment.
D2 PC was instead enriched with peculiar proteins such as the
band at 55 kDa and some other bands at higher molecular weights.
Moreover, the diffuse band observed in the gastric sample seemed
to be protected from digestion, while in the control sample
without NPs the same bands in the high-density fractions
(15*-16*-17*D) were not detected.

LC-MS analysis on selected bands from gel in Figs. 2b and 3b
highlighted that G-NPs corona was enriched in albumins and
globulins such as Serpin, GSP-1 Grain Softness Protein (17 kDa),
albumin-2 (26 kDa) and Avenin-like A1 (19 kDa). Those proteins
were mostly found in high molecular weight bands suggesting the
presence of peptides aggregates. The diffuse band at low molecular
weight contained mainly peptides from beta-amylase, 0.19
dimeric alpha-amylase inhibitor and albumin-2 indicating that
they were preserved during digestion. Such proteins were also
identified in the D2-NPs corona as listed in Table 4 (full proteomic
character-ization can be found in SI Tables SI1 and SI2). To the best
of our knowledge, this is the first time that proteomic analysis of
PC from food containing digestive juices has been described.
Moreover, the reported incomplete digestion of some proteins
can have important biological implications considering that some
of those peptides were recognized to be allergens (Akagawa et al.,
2007) and could induce prolonged adverse reactions in the gut.

3.3. Translocation and uptake of PC complexes

There are many articles about uptake and translocation of NPs
through monolayers of Caco-2 cells (Jahnetal.,2011; Zariwala et al.,
2013) or co-culture that produce mucus (Kenzaoui et al., 2012).
Brun et al. (2014) described titanium oxide NPs uptake in Caco-2
mono and co-cultures and in mice, studying the PC composition
of NPs incubated in 10% serum proteins and subjected to simu-
lated digestion. However, none of these studies reported detailed

descriptions of isolated PC NPs from digestive juices. Also Walczak
et al. (2015a,b) highlighted the role of the PC, formed upon expo-
sure to complete cell medium, on Caco-2 uptake. Lichtenstein et al.
(2015), on the other hand, pointed out the importance of a food
matrix during NPs in vitro digestion showing that the formation of
the PC imparted colloidal stability to the NPs in the GI fluids.

Here, we focused on the characterization of PC-NP complexes
formed during food-NP digestion, which were successfully isolated
from the biological environment by a UC protocol developed in
our lab. PC-NP complexes separated from the digestive chyme
were applied to Caco-2 monolayers in a serum free environ-
ment. Fluorescence measurements did not detect NPs translocation
to the basolateral chamber for any of the samples, so for rul-
ing out the possibility that NPs transmembrane diffusion was
hindered by the pore size (Hallez, 2012; Roth et al., 1996), a
translocation experiment was performed without a cell mono-
layer, which demonstrated the ability of the NPs to translocate
(see Fig. SI2 in SI). Nevertheless, NPs could agglomerate inside the
cells and be transcytosed as larger aggregates that would not pass
through membrane pores (Ye et al.,, 2013, 2015). Thus, confocal
microscopy was used to elucidate NPs cellular localization as well as
their passage through the pores of the insert membrane (Bannunah
et al,, 2014; Verano-Braga et al., 2014).

In Fig. 4, an overview of Caco-2 monolayers is displayed. Con-
trol samples incubated with PBS and carboxyfluorescein (CF) were
characterized by normal cell architecture with intact actin skele-
ton and tight junctions. Slight alterations of the actin network
were observed in the sample treated with pristine NPs (Fe30y),
while alterations in membrane morphology are evident for all the
samples treated with PC NPs. The treatment of cells with PC NPs
increased the number of vesicles in the apical membrane, as it can
be seen in G-NPs and D1-NPs treated cells (Figs. 5a, b and 6a, b),
while such vesicles were observed associated with the basal mem-
brane in the cells incubated with D2-NPs highlighting transcytosis.
For this sample, the orthogonal view shown in Fig. 7a displays the
status of the cell walls very close to the insert membrane and in
Fig. 7d clusters that co-localize with those vesicles associated with
the basal membrane are shown (Fig. 7d, layer 19d-f). Those kinds
of alterations could not be picked up by TEER as the values did not
change significantly (Lichtenstein et al., 2015) (see Fig. SI3 in SI).
Brun et al. (2014) showed that also titanium oxide NPs did not
affect TEER values for monolayers indicating membrane integrity
and unaffected paracellular transport of cells, but they also
showed for the same samples metabolic abnormalities, oxidative
stress and DNA damage (Bergin and Witzmann, 2013; B6hmert et
al,, 2013; Stern et al.,, 2012). PC composition might have a role in
the morpho-logical alterations encountered: some peptides found
in the corona of G-NPs such as serpin, alpha-amylase inhibitor, and
lectin were digestion-protected and were found in the PC of D2-
NPs. Those proteins were shown to be allergens (Akagawa et al.,
2007) and the presence of gliadin-derived peptides cannot be
excluded. Gliadins are the gluten water-soluble component and
the derived peptides were proved to induce cytotoxicity and
apoptosis in Caco-2 cells with particular effect on membrane
proteins and redox activities (Giovannini et al., 2000; Rivabene et
al., 1999). However, more studies are necessary to investigate
these speculations and prove the real involvement of the PC in
these effects.

Confocal microscopy confirmed uptake of digested NPs and it
was generally higher for PC NPs than for pristine Fe304 NPs. In
particular, PC NPs seemed to induce the formation of invaginations
in the intersections among cells (see Fig. SI4 in the SI). This effect of
NP uptake enhancement induced by the PC is in agreement with
other data in literature. Indeed cationic USPIONs (Kenzaoui et al.,
2012), polystyrene NPs (Tenzer et al., 2013), polymeric NPs (Leroux
et al, 1994), silver NPs (Lichtenstein et al., 2015) and pegylated
core-shell NPs (Pelaz et al., 2015) were reported to show higher



cellular uptake when bearing a PC but, in all these studies, the PC
originated from plasma or serum.

Among digested samples, it is difficult to determine those that
showed the highest NP uptake. For example, NPs from gastric
diges-tion were quite monodispersed (see Table 2) and big clusters
inside the cytoplasm were not detected, while NPs accumulated
between the basal membrane of the cells and the polyester
membrane sup-port. In Fig. 5c, a high density of NP clusters is
observed with a view from the bottom of the basal membrane and
in Fig. 5d the passage of NPs through the porous channels is
confirmed by a 3D rendering of a stack in the orthogonal direction
from the top of the cells going through the support membrane.

After duodenal digestion, D1-NPs appeared in the cells mainly
as big clusters enclosed in vesicles as shown in Fig. 6a and ¢ with
an orthogonal stack and a top view of the monolayer, respectively.
Clusters seemed to be similar in size although the optical
resolution does not allow an accurate determination. Moreover,
the quantum yield of the fluorescent molecules might be affected
by the envi-ronmental pH, although it has been reported that the
dye used is very little affected by solvent polarity and pH (Karolin
et al., 1994). However, most of the NPs are located between the
basal and the support membranes and at the top of the porous
channels (Fig. 6b). It is likely, in this case, that channels were
blocked by the clusters being larger than the nominal pore size,
and indeed fluorescent spots were mainly located in the upper part
of the support rather than in the lower part.

D2-NPs were both attached to the apical membrane (layer 1 of
Fig. 7d-f) and spread throughout the cytoplasm surrounding
nuclei (Fig. 7a and e, layers 7-10-13). The NPs inside the cells
appeared as clusters. Large clusters were also located between
adjacent cells (layer 4 in Fig. 7d-f) and on the bottom of the cells
entrapped in vesicles (Fig. 7b and c). For all digested samples, accu-
mulation between the basal membrane and the support seemed to
take place. While paracellular transport can be excluded given the
size of the NPs, transcytosis was confirmed especially in D2-NPs
incubated cells displaying vesicles in close proximity to the basal
membrane. Multiple endocytic energy-dependent routes (e.g.
clathrin, calveolin mediated endocytosis) can be speculated, given
the differences in size, density and corona composition of the PC
complexes (Bannunah et al., 2014; Jahn et al., 2011). More images
for digested NPs interacting with the cell are provided in the SI,
Figs. S5-7.

4. Conclusions

In this paper, we have described for the first time PC NPs orig-
inating from the simultaneous digestion of NPs with food matrix.
The PC NPs formed during the different phases of the digestive pro-
cess were different in size and corona composition. Moreover, we
observed that some corona proteins were shown to resist the duo-
denal digestion extending their persistance in the gut. This finding
could be of interest in the study of peptides that cause immunolog-
ical response like in celiac disease. Although we did not precisely
quantify NP uptake in Caco-2 cells, we confirmed that the corona
enhanced the uptake of magnetite NPs in agreement with previous
results reported in the literature for other NPs bearing plasma or
serum derived coronas. Furthermore, we managed to demonstrate
that different coronas induced different alterations in the cell mor-
phology. In addition, UC-based isolation of PC-NP complexes was
highly successful in removing the excess GI fluids that have been
shown to induce a certain level of cytotoxicity in previous results
(Lichtenstein et al., 2015). Moreover, it is likely that differences in
size, density and corona composition for the various PC-NP com-
plexes may lead to different routes of uptake and translocation but
this needs to be further investigated.
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