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An in vitro model of the human follicle associated epithelium (FAE) was characterized and the influence of nanoparticle prop
he transcellular transport across the in vitro model was investigated. The model was established by co-culturing Caco-2 and Raj
aco-2 cells alone as control. The conversion of Caco-2 cells to follicle associated epithelium (FAE) like cells was monitored by

he surface expression of�1-integrins (immunofluorescence) and nanoparticle transport (flow cytometry). The influence of the nan
oncentration at the apical side, temperature, size and surface properties of nanoparticles on transport was evaluated, as well as
f transport conditions. The conversion of Caco-2 cells into FAE-like cells occurred. The transport was concentration, tempe
ize-dependent. Aminated nanoparticles were more efficiently transported than carboxylated nanoparticles, suggesting a role of
urface functional groups and hydrophobicity, possibly leading to a different pattern of protein adsorption at their surface. In concl
n vitro model is a promising tool to study the role of M cells in transintestinal nanoparticle transport, as well as to evaluate new dru
ystems.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Drug delivery by the oral route is considered as the
referred route of administration, due to its convenience. It

s user-friendly and reduces the risk of infection, as well as
he pain for the patient, and possible contamination of the
edical personnel. The intestinal epithelial barrier consists
f a cell monolayer, predominantly composed of enterocytes

nterspersed by mucus-secreting goblet cells, that generally

Abbreviations:FAE, follicle associated epithelium; TEER, transepithe-
ial electrical resistance; O-MALT, organized mucosa associated lymphoid
issues
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constitutes effective barriers, and prevents the uptak
microorganisms and other particles. Scattered throug
the gastrointestinal mucosa, the organized mucosa
ciated lymphoid tissues (O-MALT) is found (Clark et al.
2001b). O-MALT consists of lymphoid follicles arrange
either singly or as clusters to form distinct structu
such as the Peyer’s patches, situated immediately b
the intestinal epithelial cell monolayer. These struct
are separated from the lumen by the follicle associ
epithelium (FAE), which differs from the normal intestin
epithelium in that it contains specialized epithelial M c
with the capacity to transport particulate matters, suc
bacteria and viruses. These particular cells are mainly f
in the FAE, although recently M cells have been identi
in the villous epithelium and demonstrated to deve

928-0987/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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without the influence of the O-MALT structures (Jang et al.,
2004).

The M cells are specialized for antigen sampling, but
they are also exploited as a route of host invasion by many
pathogens (Gebert et al., 1996; Kraehenbuhl and Neutra,
2000). Furthermore, M cells represent a potential portal for
oral delivery of peptides and for mucosal vaccination, since
they possess a high transcytotic capacity and are able to
transport a broad range of materials, including nanoparti-
cles (Clark et al., 2000; Frey and Neutra, 1997). However,
despite the advantages of the oral route, most peptide and
protein drugs as well as peptidomimetics available today are
administered parenterally rather than orally. Their possible
gastrointestinal degradation by digestive enzymes (Chen and
Langer, 1998) and their very poor intestinal absorption (ex-
cept for most peptides with no more than three or four amino
acids) lead to a low oral bioavailability of such molecules.
Because of the high potential and promising field that ther-
apeutic peptides and proteins represent, new oral formula-
tions have to be developed to tackle these difficulties. One
delivery strategy could be based on the encapsulation of pep-
tides in particulate carriers (liposomes, nano- or microparti-
cles). This would protect the peptides against chemical and
enzymatic degradation and potentially also enhance the se-
lective uptake of these particles by M cells (Clark et al.,
2001b).
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Working with these in vitro models, the influence of the
particle size (Gullberg et al., 2000), the temperature and the
duration of exposure (Caliot et al., 2000; Ouzilou et al., 2002)
on particle transcytosis through M cells was demonstrated.
The influence of particle charge and hydrophobicity on tran-
scytosis across M cells was also studied in vivo. In two in-
dependent studies, particles with a relatively high hydropho-
bicity were found to be absorbed more readily into mouse
or rat Peyer’s patches (Eldridge et al., 1990; Hillery and
Florence, 1996). In a third study (Keegan et al., 2003), a lower
uptake of negatively charged polystyrene particles compared
to non-ionized ones was observed in rats.

In this study, we investigated the influence of the physico-
chemical properties of the nanoparticles on particle transport
across the human in vitro model of FAE, based on a co-culture
of Caco-2 cells and human Raji B lymphocytes, developed
by Gullberg et al. (2000). The influence of the nanoparticle
concentration, the duration of incubation and the temperature
on the particular transport across these cells, as well as the
presence or absence of serum during transport experiments
was also investigated.

2. Materials and methods

2.1. Materials
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Numerous studies have been performed on M cells to
erstand the strategies used by pathogens to exploit this
ay and to use their transport abilities for the delivery
accines to the mucosal immune system (Clark et al., 2001b
rey and Neutra, 1997; Hussain and Florence, 1
raehenbuhl and Neutra, 2000; Neutra et al., 1999; O
999). However, the more precise role played by M cell

he immune response, as well as the mechanisms of pa
ptake and transport, remains poorly understood. In

ion, only few specific markers of human M cells, e.g.
ialyl Lewis A antigen and cathepsin E (Finzi et al., 1993
iannasca et al., 1999; Wong et al., 2003) have been iden

ified. However, these results have not been confirmed
Wong et al., 2003) and it remains difficult to identify an
ocalize human M cells, limiting the progress in this fie

oreover, in vivo studies are difficult to perform and not
ays relevant due to the high variability of proportion
henotype of M cells among different species (Brayden and
aird, 2001; Jepson et al., 1996).
An in vitro model was proposed (Kerneis et al., 1997)

ased on a “mixed” co-culture system of Caco-2 cells o
erted inserts and isolated lymphocytes from mouse Pe
atches. To overcome the use of primary murine lym
ytes, a new cell culture system has been developed to m
he human FAE (Gullberg et al., 2000). It is based on th
o-culture of Caco-2 cells on normally oriented inserts
uman Raji B lymphocytes. Since our final objective i
tudy the oral delivery of vaccines or drugs designated t
ans, the most relevant system for our application wa
ne developed byGullberg et al. (2000).
.1.1. Cell lines
Human colon carcinoma Caco-2 line (clone 1), obta

rom Dr. Maria Rescigno, University of Milano-Bicocca, M
ano, Italy (Rescigno et al., 2001), from passagex+ 6 to
+ 10, and human Burkitt’s lymphoma Raji B line (Am

can Type Culture Collection, Manassas, VA) from pass
02 to 104, unless stated, were used.

.1.2. Cell culture media and chemicals
Dulbecco modified Eagle’s minimal essential med

DMEM, 25 mM glucose), RPMI 1640 medium, he
nactivated fetal calf serum, non-essential amino a
-glutamine and penicillin-streptomycin (PEST) w
urchased from GibcoTM Invitrogen Corporation (Carlsba
A). Trypsin-EDTA consisted in 2.5% (w/v) of tryps

GibcoTM) and 0.2% (w/v) EDTA (IGN, Aurora, OH) in PB
GibcoTM). Hank’s Balanced Salt Solution buffer (HBS
0× was obtained from GibcoTM, Hepes, and sodium bica
onate from Sigma (St. Louis, MO). Rhodamine-phalloid
as obtained from Molecular Probes (Eugene, OR). C
cid, urea, CHAPS and Triton, were purchased from Si
he Iso Electric Focusing gel Pharmalyte 3-10, and dit

hreitol (DTT) were from Amersham Biosciences (Upps
weden). Pefabloc® SC was from Roche (Indianapolis, IN

.1.3. Cell culture reagents, nanoparticles and
ntibodies

Transwell® polycarbonate inserts (12 wells, pore dia
ter of 3�m, polycarbonate) were purchased from Corn
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Costar (New York, NY). Inserts were coated with MatrigelTM

Basement Membrane Matrix (Becton Dickinson, Bedford,
MA). Yellow-green carboxylated or aminated latex particles
(FluoSpheres®) with mean diameters of 0.2 and 0.5�m were
obtained from Molecular Probes. The Monoclonal antibody
to CD29 (integrin�1 subunit) was from BioGenex (San Ra-
mon, CA). The Alexa Fluor 488 goat anti-mouse IgG1 was
purchased from Molecular Probes. Rose Bengal was obtained
from Aldrich.

2.2. Methods

2.2.1. Cell culture
Caco-2 cells were grown in flasks in DMEM supple-

mented with 10% (v/v) fetal calf serum, 1% (v/v) non-
essential amino-acids and 1% (v/v)l-glutamine, at 37◦C
under a 10% CO2 water saturated atmosphere. Caco-2 cells
were grown on inserts in the same medium further supple-
mented with 1% (v/v) PEST. Raji cells were cultivated in
RPMI supplemented with 10% (v/v) fetal calf serum, 1%
(v/v) non-essential amino-acids, 1% (v/v)l-glutamine and
1% (v/v) PEST, at 37◦C under a 5% CO2 water saturated
atmosphere.

Cells were co-cultivated following a previously described
protocol (Gullberg et al., 2000). Briefly, Transwell® inserts
w a
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pH 7.4 and supplemented with 1% (v/v) FCS unless other-
wise stated. The concentration of nanoparticles was adjusted
from the stock solution (checked by FACS analysis) by di-
lution in buffered HBSS supplemented or not with 1% (v/v)
FCS, to a final concentration of 4.5× 109 nanoparticles/ml
unless otherwise stated and vortexed for 1 min to dissociate
possible aggregates. The nanoparticle suspension was added
to the apical side of cell monolayers (400�l) and the in-
serts were incubated at 4 or 37◦C during the required du-
ration of the experiment. Then, basolateral solutions were
sampled and the number of transported particles was mea-
sured using a flow cytometer (FACScan, Becton Dickinson)
(Gullberg et al., 2000). The measurements were based on
both fluorescence and particle size. To assess the particle
size and distribution, the used particles were analyzed on
a NanoSZ (Malvern). The particle size was as expected and
the populations were monodispersed (carboxylated nanopar-
ticles: size = 210 nm, PDI = 0.006; aminated nanoparticles:
size = 276, PDI = 0.032).

2.2.4. Localization of nanoparticles in the cell
monolayer

After transport experiments, inserts were fixed on ice in
4% (v/v) buffered formaldehyde (pH 7.4, 10 min) and washed
twice in 500�l cold buffered HBSS. Actin was stained
with 250�l of rhodamine-phalloidine (1:75) in buffered
H or-
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o ire,
U -
t or-
ere coated with MatrigelTM, prepared in pure DMEM to
nal protein concentration of 3.33�g/ml. Three hundred m
roliters of this solution were poured on inserts (12�g/cm2)
nd placed at room temperature for 1 h. Supernatants

hen removed and inserts washed with 500�l of DMEM.
00 000 Caco-2 cells, suspended in 500�l of supplemente
MEM + 1% (v/v) PEST, were seeded on the upper
f inserts and cultivated for 14 days. Then, 500 000
ells, resuspended in supplemented DMEM + 1% (v/v) PE
ere added at the basolateral compartment of inserts
o-cultures were maintained for 4–5 days. The mediu
he upper compartment was changed every other day. M
ultures of Caco-2 cells, cultivated as above except fo
resence of Raji cells, were used as controls.

.2.2. Cell monolayer integrity
The cell monolayer integrity, both in co- and mo

ultures, was controlled by the transepithelial electrical r
ance (TEER) measurement, performed with an EndohTM

issue resistance chamber (Endohm-12, World Precisio
truments, Sarasota, FL) connected to a Millicell®-RES
Millipore, Billerica, MA) ohmmeter. The resistance of c
edium (18� cm2) was considered as a background and

racted from each TEER value. The TEER values were
lly approximately between 300 and 200� cm2 for mono-
nd co-cultures, respectively.

.2.3. Particle transport
Transport experiments were run in HBSS buffered w

5 mM Hepes and 4 mM sodium bicarbonate, adjuste
BSS + 0.2% (v/v) Triton X-100 for 10 min to reveal cell b
ers. Inserts were washed in buffered HBSS, cut and mo
n glass slides. Nanoparticle position in the cell monol
as observed with a LeicaTM TC4D confocal microscop
ata were analyzed by Image spaceTM software to obtai

–zandx–y views of the cell monolayers.

.2.5. Immunofluorescence ofβ1-integrin
The cell monolayers were washed several times

uffered HBSS and fixed in 4% (v/v) buffered formal
yde (10 min). After three washings in buffered HBSS,
erts were microwave-treated (2× 10 min, 900 W) in 10 mM
itrate buffer pH 6.0 and permeabilized with 0.2% (v
riton X-100 in buffered HBSS for 5 min. Following fu

her washing, cell monolayers were blocked under s
ng in buffered HBSS supplemented with 2% (v/v) F
2× 10 min, 100 rpm). They were then incubated for 2
7◦C with an anti-CD29 (�1-integrin subunit) monoclon
ntibody (dilution 1:50) in 0.02% (v/v) Triton X-100
uffered HBSS. Then, inserts were washed repeated
uffered HBSS, incubated for 1 h with an Alexa Fluor® 488
oat anti-mouse IgG1 (dilution 1:2000), washed again a
ounted on glass slides. The slides were examined w
eicaTM TC4D confocal microscope.

.2.6. Zeta potential
Zeta potential measurements were performed at 2◦C

n a Malvern Zetasizer 2000 (Malvern, Worcestersh
K). Polystyrene nanospheres (−50± 5 mV) (Duke Scien

ific Corp, Palo Alto, CA) were used to verify the perf
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mance of the instrument. The zeta potential measurements of
the nanoparticles were done in MilliQ water, buffered HBSS
and buffered HBSS + 1% (v/v) FCS. Each nanoparticle dis-
persion was measured five times.

2.2.7. Surface hydrophobicity of nanoparticles
The surface hydrophobicity of amined- and carboxylated-

decorated nanoparticles was measured by the Rose Ben-
gal method, as previously described (Muller et al., 1997).
Briefly, a known concentration of nanoparticles was diluted
in a 20�g/ml Rose Bengal solution and the adsorption of
the hydrophobic Rose Bengal dye at the nanoparticle sur-
face was evaluated by calculating the partitioning coefficient
(PQ). The aqueous phase and the surface of the nanoparticles
were considered as two phases.

The calculated PQ-value was plotted versus surface area.
The surface hydrophobicity of the particles was evaluated
by the slope of the line; the slope increases with increasing
surface hydrophobicity.

2.2.8. 2D electrophoresis
2D polyacrylamide gel electrophoresis (2D PAGE) was

used to determine and compare serum protein adsorption
patterns on the carboxylate and amine-exposing particles.
1.8× 1011 nanoparticles were incubated in 1 ml of pure FCS.
After separation and washing of the particles (by centrifuga-
t ed in
a 4%
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The nanoparticles were added apically and incubated with the
cells at 37◦C for 90 min. The number of transported nanopar-
ticles was significantly higher in co-cultures than in mono-
cultures (7760± 4654 nanoparticles, versus 7± 11, respec-
tively; n= 3,P< 0.05).

3.1.2. β1-Integrin expression
To identify the conversion of Caco-2 cells into FAE-like

cells, immunofluorescence staining of�1-integrins was per-
formed on cell monolayers. As reported previously, inFig. 1,
�1-integrins were located at the apical pole of FAE-like
cells (co-cultures), whereas only a basolateral expression
was observed in Caco-2 cells (mono-cultures) (Gullberg,
2005). Hence, the conversion of a part of the Caco-2 cells
into FAE-like cells occurred and the co-culture system was
functional.

3.2. Concentration-dependent transport

In order to evaluate whether the transport of nanopar-
ticles by the FAE-like cells was concentration-dependent,
three concentrations of nanoparticles (ranging from 105 to
109 nanoparticles/ml) were added at the apical side of the
cell monolayers and incubated with the cells at 37◦C dur-
ing 20 min.Fig. 2 illustrates that the number of nanoparti-
cles transported by the co-cultures increased with the con-
c
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ion; three times in PBS), the pellet obtained was dispers
protein solubilizing solution containing 54% (w/v) urea,

w/v) CHAPS, 0.1% (w/v) Pefabloc, 2% (v/v) Pharmalyte
0 and 1% (w/v) dithiothreitol (DTT) (Blunk et al., 1993) and
laced at 90◦C during 5 min. Samples were then centrifu
nd the supernatant containing the solubilized proteins
ollected and analyzed. 2D PAGE was performed essen
s described previously (Hochstrasser et al., 1988). Fifty mi-
roliters of the solubilized protein solution were separate
he first-dimensional gel using carrier ampholytes (pH 3
oltage). After SDS-PAGE (12% polyacrylamide gel),
els were silver-stained and scanned.

.2.9. Statistics
The transport of particles across the co- and m

ultured cell monolayers was compared using non-param
ests: Mann–Whitney and Kruskall–Wallis tests (significa
< 0.05).

. Results

.1. Conversion of Caco-2 cells to FAE-like cells

.1.1. Transport of yellow-green-conjugated
arboxylated nanoparticles

In order to monitor the conversion of Caco-2 cells i
AE-like cells in the presence of Raji cells, the trans
ate of 0.2�m yellow-green-conjugated nanoparticles ac
ono- and co-cultures was studied (Gullberg et al., 2000).
entration of the donor solution (40× between 107 and
09 nanoparticles/ml) (P< 0.05).

.3. Influence of incubation temperature

To investigate whether the transport of 0.2�m yellow-
reen nanoparticles added at the apical pole of the cell m

ayers was temperature-dependent, experiments were c
ut at 4 and 37◦C. Besides a counting of the transpor
anoparticles by FACScan, confocal observations were

ormed to visualize particles within the cell monolayers.
At 37◦C, the FAE-like cells transported a significan

igher number of fluorescent nanoparticles than the con
hereas at 4◦C, the transport was reduced to the control ra
n= 3,P< 0.05;Fig. 3).

Confocal microscopy showed (Fig. 4) that a lower numbe
f nanoparticles were internalized in the FAE-like cells
ubated at 4◦C for 60 min than at 37◦C for 90 min. At 4◦C,
–zorthogonal projections, allowing localization of nanop
icles within the cell monolayers, did not indicate any dif
nce between mono- and co-cultures with very few nano

icles detected at the cell monolayer surface or intracellu
t 37◦C, the nanoparticles were mainly localized at the
pical surface in mono-cultures, whereas in the co-cult
ore nanoparticles were internalized (Fig. 4).

.4. Influence of particle size

To evaluate the effect of particle size on transp
ellow-green carboxylated nanoparticles of 0.2 and 0.5�m
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Fig. 1. Identification and localization of FAE-like cells by immunofluores-
cence staining of�1-integrins in mono-culture (A) and co-cultures (B), at
the apical level, using confocal microscopy.

were added at the apical side of the cell monolayers. The
cell monolayers were incubated with the nanoparticles at
37◦C for 120 min and the basolateral media sampled ev-
ery 30 min to monitor the transport.Fig. 4 illustrates that
after 120 min of incubation, whatever the size, the amount
of nanoparticles transported in the mono-cultures remained
lower than in the co-cultures. In the co-cultures, the num-
ber of nanoparticles that were transcytosed increased al-

Fig. 2. Influence of the number of nanoparticles in the donor solution on the
transport rate. Different concentrations (105, 107, 109 nanoparticles/filter) of
yellow-green carboxylated nanoparticles (0.2�m), suspended in buffered
HBSS + 1% FCS, were added to the apical pole of the cell monolayers.
Mono- and co-cultures were incubated with yellow-green carboxylated
nanoparticles for 20 min at 37◦C and the number of transported nanoparti-
cles was evaluated by flow cytometry (n= 4). (a) The transport of particles
was significantly higher in the co-cultures compared with the mono-cultures
when incubated with the 109 nanoparticles/ml solution,P< 0.05. (b) The
transport of particles was significantly higher in the co-cultures incubated
with the 109 nanoparticles/ml solution compared with the co-cultures incu-
bated with the 107 nanoparticles/ml solution,P< 0.05.

most proportionally with the duration of incubation. The
number of 0.2�m transported nanoparticles was seven
times higher (P< 0.05) than that of 0.5�m nanoparticles
(Fig. 5).

Fig. 3. Influence of temperature on nanoparticle transport: quantification of
the number of transported nanoparticles. Mono- and co-cultures were incu-
bated with yellow-green carboxylated nanoparticles for 60 min at 4◦C and
then at 37◦C during 90 min. The number of transported nanoparticles was
evaluated by flow cytometry (n= 3). (a) The transport of particles was sig-
nificantly higher in the co-cultures compared with the mono-cultures when
i ntly
h es
i

ncubated at 37◦C,P< 0.05. (b) The transport of particles was significa
igher in the co-cultures incubated at 37◦C compared with the co-cultur

ncubated at 4◦C,P< 0.05.
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Fig. 4. Influence of temperature on nanoparticle transport: localization of nanoparticles in cell monolayers. Cells were stained with rhodamine-phalloidine (red)
and beads were yellow-green-labelled. Mono- and co-cultures were fixed and stained after incubation with yellow-green carboxylated 0.2�m beads at 4◦C
during 60 min (pictures a and b), and then at 37◦C during 90 min (pictures c and d). Mono-cultures were used as controls. Red lines indicate where, within the
cell monolayers, the pictures were taken and analyzed. The arrows and circles indicate the nanoparticle localization in the cell monolayers. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

3.5. Influence of the surface functional groups of
nanoparticles

To evaluate the effect of the surface functional groups on
particles transport, 0.2�m yellow-green nanoparticles expos-
ing either carboxylic or amino groups were compared. Af-
ter 90 min of incubation, the amount of particles transported

in the co-cultures was higher than in the mono-cultures, in-
dependently of the surface properties of the nanoparticles
(P< 0.05,Fig. 6). The results were here expressed in per-
centages of the donor solution, since the concentration of the
donor solution of carboxylated nanoparticles was different
from the one of aminated nanoparticles. In the co-cultures,
the transport of both types of nanoparticles increased propor-



A. des Rieux et al. / European Journal of Pharmaceutical Sciences 25 (2005) 455–465 461

Fig. 5. Influence of particle size on nanoparticle transport. Yellow-green
carboxylated nanoparticles of different size (0.2 and 0.5�m), suspended in
buffered HBSS + 1% FCS, were added to the apical pole of the cell monolay-
ers and incubated for 90 min at 37◦C. The transport kinetics were compared
(n= 4). (a) The transport of particles was significantly higher in the co-
cultures compared with the mono-cultures when incubated with the 0.2�m
nanoparticles,P< 0.05. (b) The transport of particles was significantly higher
in the co-cultures incubated with the 0.2�m nanoparticles compared with the
co-cultures incubated with the 0.5�m nanoparticles,P< 0.05. (c) The trans-
port of particles was significantly higher in the co-cultures compared with
the mono-cultures when incubated with the 0.5�m nanoparticles,P< 0.05.

tionally with the duration of incubation and the nanoparticles
having cationic sites were transported to a larger extent than
those with anionic sites (P< 0.05,Fig. 6A). We conclude that
the chemical properties of the particle surface played a direct
or indirect role in the binding, uptake and transcytosis across
the FAE model.

3.6. Influence of the surface properties of nanoparticles

In order to investigate the influence of the surface prop-
erties of nanoparticles on their transport by M cells, the zeta
potential of the nanoparticle was measured. The measure-
ments were done in deionizer water, buffered HBSS and
buffered HBSS + 1% FCS (transport conditions) (Table 1).
In water, carboxylated nanoparticles were highly negatively
charged. Surprisingly, amined particles were also negatively
charged, though to a lower extent than the carboxylated parti-
cles. X-ray photoelectron spectroscopy (XPS) analysis (data
not shown) further confirmed the presence of free carboxylic
functions as well as amine functions at the aminated nanopar-
ticle surface. In buffered HBSS the difference between the
two types of nanoparticles decreased. Finally, in the presence

of serum, both the carboxylated and the aminated nanoparti-
cles had the same zeta potentials and were slightly negatively
charged. Hence, the difference observed in the transport in
the presence of FCS between the two kinds of nanoparti-
cles could not directly be explained by the different electrical
properties of the nanoparticles.

Then, the surface hydrophobicity of aminated and car-
boxylated nanoparticles was analyzed, using a colorimetric
test based on the Rose Bengal assay (Muller et al., 1997). Am-
inated nanoparticles appeared more hydrophobic compared
to carboxylated ones (Fig. 7). This observation was consis-
tent with less negative zeta potential values of the aminated
nanoparticles.

3.7. Influence of transport conditions

In order to further investigate factors influencing the
nanoparticle transport, different medium conditions were
studied. Transport experiments with 0.2�m yellow-green
carboxylated and aminated nanoparticles were carried out
in either serum containing or serum-free transport medium
(buffered HBSS) (Fig. 6). After 90 min at 37◦C, the number
of transported nanoparticles, either aminated carboxylated
ones, across the co-cultures was significantly higher in the
absence than in presence of serum (P< 0.05,Fig. 6B and C).
These observations enlightened the influence of serum pro-
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Table 1
Zeta potential of carboxylated and aminated nanoparticles measured in thre

ζ CS

C
A

(mV) Deionized water

arboxylated particles −39 ± 0.3a

minated particles −12.3± 0.4a

a S.D.,n= 5.
eins on transport. Consequently, on the basis of these re
t was hypothesized that differential absorption of serum
eins at the two different particle surfaces could influence
ransport rate across M cells. On this assumption, pro
hat adsorbed at the surface of carboxylated and ami
anoparticles were analyzed by 2D electrophoresis. S
roteins were incubated with the two types of nanoparti
fter washing, the adsorbed proteins were analyzed upo
lectrophoresis and slightly different patterns were obse
Fig. 8), suggesting that the type of adsorbed protein c
nfluence the rate of transcytosis of the particle across M c

These data underlined the importance of particle su
roperties on their transport by M cells.

. Discussion

To characterize the in vitro model of the human FAE,
nfluence of several parameters like particle concentrati
he apical side of the cells, particle size, temperature, d
ion of incubation and presence of serum on the nanopa
ransport was studied. We confirmed the observation
eady done in vitro (Caliot et al., 2000; Ouzilou et al., 200)

e different conditions

Buffered HBSS Buffered HBSS + 1% F

−35.4± 2.6a −13.7± 0.9a

−28.7± 0.4a −14 ± 2.4a
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Fig. 6. (A) Influence of surface properties of particles, in the presence of fetal calf serum. Yellow-green carboxylated and aminated nanoparticles,suspended
in buffered HBSS + 1% FCS, were added to the apical pole of the cell monolayers and incubated for 90 min at 37◦C. The transport kinetics were compared
(n= 5). Results are expressed in percentages of the donor solutions. (a) The transport of particles was significantly higher in the co-cultures comparedwith the
mono-cultures when incubated with the aminated nanoparticles,P< 0.05. (b) The transport of particles was significantly higher in the co-cultures incubated with
the aminated nanoparticles compared with the co-cultures incubated with carboxylated nanoparticles,P< 0.05. (c) The transport of particles was significantly
higher in the co-cultures compared with the mono-cultures when incubated with the carboxylated nanoparticles,P< 0.05. (B) Influence of surface properties
of particles, in the absence of fetal calf serum. Yellow-green carboxylated and aminated nanoparticles, suspended in buffered HBSS without FCS, were
added apically to cell monolayers and incubated 90 min at 37◦C. The transport kinetics were compared (n= 3). Results are expressed in percentages of the
donor solutions. (a) The transport of particles was significantly higher in the co-cultures compared with the mono-cultures when incubated with the aminated
nanoparticles,P< 0.05. (b) The transport of particles was significantly higher in the co-cultures incubated with the aminated nanoparticles compared with the
co-cultures incubated with carboxylated nanoparticles,P< 0.05. (c) The transport of particles was significantly higher in the co-cultures compared with the
mono-cultures when incubated with the carboxylated nanoparticles,P< 0.05. (C) Influence of serum on transport of particle by co-cultures. Transport of 0.2�m
yellow-green carboxylated and aminated nanoparticles in the presence or absence of serum; incubation for 90 min at 37◦C (n= 3). Results are expressed in
percentages of the donor solutions.

and in vivo (Beier and Gebert, 1998; Keegan et al., 2003)
that the transport is temperature-dependent, suggesting an
energy-dependent transport, as well as proportional to the
duration of contact. In addition we found that the transport
was concentration-dependent too, as shown by the increased
transport when higher quantities of particles are added to the
apical side.

Different systems have been used to investigate drug deliv-
ery to M cells. These include liposomes (Clark et al., 2001a)
and nanospheres of biodegradable and biocompatible poly-
mers (Thanou et al., 2001; Vila et al., 2002). The surface
properties of the particles were identified as crucial for the
success of the delivery, although the optimal properties for M
cell targeting remains undefined (Florence et al., 1995; Vila

et al., 2002). It has already been demonstrated that, in rats,
carboxylated microspheres were taken up to a lesser degree
than the non-ionized particles (Jani et al., 1989) and that pos-
itively charged particles were more absorbed than the neutral
or negatively ones (Janes et al., 2001). Here we show that
the presence of cationic groups at the particle surface en-
hances their transport through FAE-like cells. This could be
explained by the electrostatic interaction between the cationic
particle surface and anionic structures, e.g. proteoglycans, on
the cell surface (Ruponen et al., 2004). Surprisingly, the zeta
potentials of these particles, in the presence of serum, were
negative and equivalent to the zeta potential of the carboxy-
lated particles. The surface hydrophobicity of nanoparticles
was then investigated, enlightening a difference between the
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Fig. 7. Analysis of the nanoparticle surface hydrophobicity by the Rose Ben-
gal method. Carboxylated and aminated nanoparticles were incubated with a
20�g/ml Rose Bengal solution and centrifuged. The partitioning coefficient
(PQ) was calculated. The aqueous phase and the surface of the nanoparti-
cles were considered as two phases. The PQ of aminated nanoparticles was
significantly higher compared with the PQ of carboxylated nanoparticles,
P< 0.05.

two types of nanoparticles used. Surface hydrophobicity is
known as an important factor influencing the nanoparticle
transport by M cells (Eldridge et al., 1990; Jepson et al.,
1993a, 1993b). It was then hypothesized that the hydropho-
bicity of nanoparticle surface might have an indirect impact
on the transcytosis rate by conditioning the pattern of ad-
sorbed proteins at the surface of the nanoparticles (Gessner

et al., 2002). This could possibly lead to different binding and
uptake mechanisms, which in turn influence the efficiency of
nanoparticle transport. This hypothesis was supported by a
higher transport of nanoparticles in absence of serum. Pre-
liminary investigations using 2D gel electrophoresis showed
that the proteins adsorbed at the nanoparticle surface differed,
but the exact composition of the adsorbed proteins remains to
be elucidated. It has been shown that extracellular fluids, e.g.
mucus covering the intestinal epithelium, contains a mixture
of proteins (40%) (Larhed et al., 1998), composed of a con-
siderable amount of albumin as well as IgA (Kraehenbuhl and
Neutra, 1992; Lentner, 1981) Those extracellular proteins can
possibly adsorb to surfaces of cationic drug delivery systems
and thereby decrease their adsorption and uptake, making
more necessary a specific targeting of the drug formulation
to the cells of interest. It would be then very important when
elaborating drug delivery systems to find an adequate balance
between all these factors to promote as much as possible their
transport by the M cell.

Concerning the absolute values of the number of trans-
ported beads, variations have been observed between
the experiments (7500–12 000/insert for co-cultures and
0–200/insert for mono-cultures). This is probably a result
of the variable number of Caco-2 cells converted into FAE-
like cells between experiments, emphasizing the need of a
method evaluating the Caco-2 cell conversion rate in FAE-
l r of
t stant
c r the
c 7

F carbox aminated (B)
n imes in le surface an
a

ig. 8. 2D electrophoresis gels of serum proteins adsorbed at the
anoparticles were incubated for 1 h in 100% FCS and washed three t
nalyzed in 2D electrophoresis. Proteins were silver-stained.
ike cells. However, the order of magnitude of the numbe
ransported nanoparticles – in similar conditions – is con
omparing the different experiments (around 10 000 fo
o-cultures and around 100 for the mono-cultures at 3◦C

ylated and aminated nanoparticle surface. Carboxylated (A) and
PBS. Then the adsorbed proteins were removed from the nanoparticd
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during 90 min, in the presence of serum) and, secondly, the
results obtained in two different laboratories (Department of
Pharmacy, Uppsala & Laboratoire de Biochimie cellulaire,
Louvain-la-Neuve) are comparable.

At last, this model allows discrimination between nanopar-
ticles with different characteristics and allows the identifica-
tion of important criteria influencing the transcytosis. Con-
sequently, this model will be very useful to assess new for-
mulations to oral administration of therapeutic peptides or
vaccines.

Acknowledgments

The authors thank Dr. G̈oran Ocklind, from the Division
of Pharmaceutics of the Uppsala University, and Prof. Claude
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