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Abstract

M cells represent a potential portal for oral delivery of peptides and proteins due to their high endocytosis abilities. An in vitro model of human
FAE (co-cultures) was used to evaluate the influence of M cells on the transport of free and encapsulated helodermin – a model peptide – across
the intestinal epithelium. M cells enhanced transport of intact helodermin (18-fold, Papp=3×10−6 cm s−1). As pegylation increased nanoparticle
transport by M cells, helodermin was encapsulated in 200 nm nanoparticles containing PEG-b-PLA:PLGA 1:1. Stability of the selected
formulation was demonstrated in simulated gastric and intestinal fluids. M cells increased the transport of helodermin encapsulated in these
nanoparticles by a factor of 415, as compared to Caco-2 cells. Transport of free and encapsulated helodermin occurred most probably by
endocytosis. In conclusion, M cells improved helodermin transport across the intestinal epithelium, confirming their high potential for oral
delivery of peptides.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

M cells are antigen and particle sampling cells, which are
constitutive to the follicle-associated epithelium (FAE) as a part
of Peyer's patches (PP) [1]. These cells have high transcytosis
capabilities and are able to transport a broad range of materials,
such as bacteria and viruses from the intestinal lumen to the
underlying lymphoid tissues [2,3]. They represent then a
potential portal for nanoparticles encapsulating vaccines or
therapeutic peptides. Since M cells cannot be isolated and grown
in vitro, an inverted in vitro model of the human FAE, a co-
culture of Caco-2 cells and Raji cells [4], was employed to study
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E-mail address: preat@farg.ucl.ac.be (V. Préat).

0168-3659/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel.2006.12.023
M cell influence on transport of free peptide and nanoparticles
containing the peptide through the intestinal mucosa.

It is widely known that, even if the oral route is the most
convenient way to deliver peptide drugs or vaccines, the
presence of highly active enzymes in the gastrointestinal tract as
well as the low permeability of the intestinal epithelium lead to a
very low bioavailability of orally administrated peptides. One
commonly used strategy to bypass the early degradation of
therapeutic peptides is to protect them by encapsulation in
biocompatible and biodegradable nanoparticles [5]. Polymeric
nanoparticles are solid colloidal carriers ranging in size from 10
to 1000 nm [6]. Different materials can be used to form these
nanoparticles (lipids, polymers, natural biopolymers…), but
poly(lactic) and poly(glycolic) acids have been extensively used
as FDA approved biodegradable and biocompatible materials
[7]. Moreover, nanoparticles should have the following
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properties for optimal oral delivery of peptide by M cells:
(i) nanoparticles size in the range of 200 nm because nanoparticle
transport by M cells is size dependent and the optimal size is
about 200 nm [8–10]; (ii) stability in the gastrointestinal tract;
(iii) long-circulating time of nanoparticles in the bloodstream;
and (iv) absence of burst effect. Pegylation of nanoparticles is
known to dramatically decrease plasmatic protein adsorption at
the nanoparticle surface [11] and therefore recognition and
capture by the mononuclear phagocyte system [12], as well as
degradation and enzyme induced aggregation [13]. Stabilization
in intestinal fluids has been reported [14]. However, PEG
influence on nanoparticle transport by M cells has not been
addressed.

To study M cell influence on the transport of peptides across
the intestinal mucosa, helodermin was selected as a model
peptide. This 35 amino acid residue linear peptide isolated from
the venom of the lizard Heloderma suspectum [15] has a
structure close to secretin and vasoactive intestinal polypeptide
(VIP) and then share the same biological and pharmacological
actions in many biological systems [16]. Helodermin, compared
to VIP, shows a prolonged effect in many cells systems [17].
This could result from its C-terminal domain, that may protect
the compound from enzymatic degradation, but could also
contribute to the receptor binding [17].

Thus, prior to selection of the optimal formulation to encap-
sulate helodermin, transport by M cells of pegylated PLA/PLGA
nanoparticles was compared to transport of PLGA nanoparticles
using an in vitro model of human FAE. Next, a suitable method
for helodermin nanoencapsulation was developed by assessing
the influence of size, zeta potential, encapsulation efficiency and
percentages of PEG exposed at the nanoparticle surface. Finally,
M cell influence on the transepithelial transport of free
helodermin and helodermin encapsulated in nanoparticles was
studied using the in vitro FAE model.

2. Materials and methods

2.1. Materials

2.1.1. Chemicals
DL-Lactide (98%) was purchased from PURAC, recrystallized

three times in toluene and dried under high vacuum at room
temperature for 24 h before use. Polyethylene glycol 5000
monomethyl ether PEG (Mn, NMR=4,600 g/mol) was obtained
from Fluka and stannous octoate from Sigma. Poly(lactide-co-
glycolide) (Mw 40,000–70,000 g/mol), sodium acetate trihy-
drate, sodium cholic acid, boric acid, borax and sodium
borohydide were purchased from Sigma. Poly(lactic-glycolic
acid) Resomer RG 503 (PLGA 1:1, Mw 35,000 g/mol) was
purchased from Boehringer Ingelheim. Helodermin was pur-
chased from Bachem. Analytical grade acetic acid, dichloro-
methane, acetone, formaldehyde and sodium hydroxide were
fromMerck. D20 and CDCl3 were obtained from Sigma. Sodium
boro[3H]hydride (5 mCi) and autoradiography films (Hyperfilm)
were supplied by Amersham Biosciences. Tris–Tricine running
buffer (100 mM Tris, pH 8.3, 100 mM Tricine, 0.1% (w/v) SDS)
was purchased from BioRad. Float-A-Lyzer® ready-to-use
dialysis tube (Spectra/Por® Biotech Cellulose Ester membrane,
cut off 1,000 g/mol, volume 1 ml) was purchased from Spectrum
laboratories. Aqualuma came from Perkin Elmer and the micro-
BCA kit was from Pierce. Acetonitrile was obtained from Acros
Organics. Tetrhydrofuran (HPLC grade) was purchased from
Biosolve. Yellow-green carboxylated latex particles (Fluo-
Spheres®) with mean diameter of 0.2 μm were obtained from
Molecular Probes.

2.1.2. Cell lines, cell culture media
Human colon carcinoma Caco-2 line (clone 1), obtained from

Dr. Maria Rescigno, University of Milano-Bicocca, Milano (IT)
[18], from passage x+12 to x+30, and human Burkitt's lym-
phoma Raji B line (American Type Culture Collection) from
passage 102 to 110 were used.

Dulbecco modified Eagle's minimal essential medium
(DMEM, 25 mM glucose), RPMI 1640 medium, non-essential
amino acids, L-glutamine and penicillin–streptomycin (PEST)
were purchased from Gibco™ Invitrogen Corporation. Heat
inactivated fetal calf serum was from Hyclone (Perbio Sciences).
Trypsin–EDTA consisted in 2.5% (w/v) of trypsin (Gibco™) and
0.2% (w/v) EDTA (IGN) in PBS (Gibco™). Hanks' balanced salt
solution buffer (HBSS, pH 7.4), PBS with and without calcium
and magnesium were obtained from Gibco™. Rhodamine–
phalloidin was obtained from Molecular Probes. Glutaraldehyde
was purchased fromMerck. Transwell® polycarbonate inserts (12
wells, pore diameter of 3 μm, polycarbonate) were purchased
from Corning Costar. Inserts were coated with Matrigel™
Basement Membrane Matrix (Becton Dickinson). Silicon tube
(internal∅ 14 mm) was from Labo-Moderne. Petri dishes (glass,
Ø×h (mm)=200×50) were purchased from VWR.

2.2. Methods

2.2.1. Synthesis and characterization of PEG(4.6 K)-b-PLA
(11 K) block copolymer

PEG-b-PLAwas synthesized as previously described [19] by
a conventional ring-opening polymerization of lactide initiated
by a monohydroxy polyethylene glycol (Mn=4600) at 114 °C
for 4 h using tin octoate (Sn(Oct)2) as catalyst until complete
monomer conversion. The molecular weight of the PEG macro-
initiator was increased to 21,600 g/mol and the polydispersity
remained narrow (Mw/Mn=1.15), in agreement with the
formation of a well-defined PEG-b-PLA diblock copolymer.
The molecular weight of the first block (PEG) and second block
(PLA) was 4,600 g/mol and 11,000 g/mol, respectively.

2.2.2. [3H] radiolabeling of helodermin
Radiolabeling of helodermin was performed by reductive

alkylation of amino groups as previously described [20]. The
specific activity of [3H] helodermin was obtained by measuring
the total protein concentration by microBCA test, according to
the manufacturer's instructions, and the radioactivity by liquid
scintillation. [3H] helodermin integrity was checked by RP-
HPLC simultaneously with UV (retention time=16.8 min as for
unlabeled helodermin) and radioactivity (retention time=
17.3 min) detectors. Peptide integrity following labeling was
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also checked by autoradiography after SDS–PAGE electropho-
resis (18% (w/v) of polyacrylamide gel, Tris–Tricine running
buffer, data not shown). The specific activity of the peptide was
0.16 μCi/μg.

2.2.3. RP-HPLC analysis of helodermin
RP-HPLC system was fromWaters and the solid phase was a

C-18 column CC 125/4.6 Nucleosil® column (120-3, C18) and
CC 8/4 Nucleosil® (120-3, C18) pre-column. The mobile phase
consisted of an acetonitrile (ACN)/water gradient (25% to 60%;
v/v (30 min); 1 ml/min, 50 μl injected), containing 0.01 M HCl.
Detection was realized by UV (210 nm) (Waters) and radio-
activity (Perkin Elmer) detectors. The limits of quantification of
helodermin were 4 μg/ml and 54 μg/ml for UVand radioactivity
detection, respectively.

2.2.4. Preparation of nanoparticles
PLGA nanoparticles were obtained by the simple emulsion

method. PEG-b-PLA:PLGA nanoparticles were prepared by the
double emulsion or by nanoprecipitation techniques [21]. Either
empty, fluorescent, helodermin-loaded or fluorescent heloder-
min-loaded nanoparticles were prepared in function of the
experimental requirements. When coumarin was incorporated at
the same time as helodermin, we checked that the dye incor-
poration did not modify the characteristics of helodermin-
loaded nanoparticles (size and zeta potential measurements).

Fluorescent PLGA nanoparticles were obtained by encapsu-
lation of a fluorescent marker Rhodamine 6G (Sigma) by the
simple emulsion method. Briefly, 20 μl of rhodamine 6G
(2.5 mg/ml in ethanol) were added to 0.5 ml of a PLGA solution
(50 mg/ml in dichloromethane) and emulsified by sonication
(15 s, 20 W) into a 2-ml aqueous sodium cholate solution (1%
w/v). This emulsion was diluted in 25 ml of sodium cholate
solution (1%; w/v) and the solvent was evaporated. Finally,
these nanoparticles were isolated at 10,000 g for 25 min and
washed twice with water.

PEG-b-PLA:PLGA nanoparticles were prepared using the
double emulsion technique, as described elsewhere [13]. Briefly,
50 μl of PBS or helodermin solution (50 or 100 μg) was added to
50 mg of polymer (25 mg of PEG-b-PLA, 25 mg of PLGA,
unless stated otherwise) dissolved in 1 ml of dichloromethane.
The solution was emulsified by sonication (15 s, 70 W) on ice.
Then, 2 ml of a cold 1% (w/v) aqueous sodium cholate solution
was added to this first emulsion (w/o) and the resulting emulsion
(w/o/w) was formed by sonication (15 s, 70 W) on ice. The
resulting double emulsion was diluted in 100 ml of a 0.3% (w/v)
aqueous sodium cholate solution incubated at 37 °C. The organic
solvent was eliminated under magnetic stirring, at 37 °C, ac-
cording to Freitas et al. [22] who observed that protein en-
capsulation, as well as burst release, were influenced by the
temperature during the sonication and solvent extraction/
evaporation phases. 6-Coumarin-loaded nanoparticles were
prepared with the same procedure except that 0.2% (w/v) of 6-
coumarin was added to the dichloromethane solution before
primary emulsification [23].

PEG-b-PLA:PLGA nanoparticles were also prepared by
nanoprecipitation as previously described [24]. Briefly, 50 μl
of PBS or helodermin solution (50 μg) and 100 mg of polymer
(50 mg of PEG-b-PLA, 50 mg of PLGA) were dissolved in 5 ml
of acetone. This organic solution was added drop-wise to 10 ml
deionized water under magnetic stirring and the solvent was
removed at room temperature. Finally, the nanoparticles prepared
by both methods were isolated by centrifugation (20,000×g,
60 min) and washed three times in PBS.

For the determination of the encapsulation efficiency, the
above-described formulations were prepared by incorporating
[3H] helodermin (50 μg, 8 μCi, unless stated). Fluorescent
PEG-b-PLA:PLGA nanoparticles were obtained by addition of
coumarin as described above.

2.2.5. Characterization of nanoparticles
Size and size distribution of nanoparticles were determined

in water, at 37 °C, by DLS technique (Zetasizer Nano Series,
Malvern) at 25 °C. Zeta potential (ζ) of nanoparticles was
measured by Mixed mode measurement (M3) (Zetasizer Nano
Series) at 25 °C in water.

Encapsulation efficiency was calculated from the amount of
encapsulated [3H] helodermin divided by the total amount of
[3H] helodermin recovered in supernatant and nanoparticles.
[3H] helodermin was quantified by liquid scintillation counting
(Liquid scintillation counter, Wallac 1410, Amersham Biosci-
ence). We checked that helodermin was not adsorbed on
containers. Provided that plastic tubes were used, the loss of
helodermin was low (less than 10%).

Integrity of helodermin after encapsulation was assessed,
after extraction from nanoparticles, by RP-HPLC and auto-
radiography. Encapsulated [3H] helodermin was extracted by
dissolving lyophilized nanoparticles in dichloromethane and
separating the peptide from the polymer by a liquid/liquid
extraction (dichloromethane/water). Dichloromethane was
then removed and the remaining aqueous phase was analyzed.
In order to calculate PEG percentage exposed at the nano-
particle surface, 1H-NMR analysis (Bruker AM 500 MHz)
[14] was performed on nanoparticles suspended in D2O or
dissolved in CDCL3. A known amount of sodium benzene-
sulfonate was used as internal standard. It was then possible to
quantify the molar concentration of PEG at the nanoparticle
surface vs. the total molar concentration of PEG employed in
the formulation.

2.2.6. In vitro stability studies
[3H] helodermin-loaded nanoparticles (50 mg) were prepared

accordingly to the procedure indicated above, centrifuged and
redispersed in 1ml PBS (pH 7.4). In order to assess the stability of
the formulation, nanoparticles were incubated in different
solutions: 50 μl of nanoparticle suspension was diluted in
500 μl of PBS, FaSSIF (Fasted State Simulated Intestinal Fluid:
Sodium taurocholate 3 mM, lecithin 0.75 mM, NaOH 0.174 g,
NaH2PO4.H2O 1.977 g, NaCl 3.093 g, purified water qs.
500 mL, pH 6.5.) [25], 0.1 M HCl, or in human plasma, and
incubated at 37 °C under gentle shaking. After different durations,
samples were taken out and centrifuged (15,000×g, 60 min). [3H]
helodermin release was assayed in supernatants by liquid
scintillation. Samples of nanoparticles were centrifuged, freeze-
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dried and polymer molecular weights were analyzed by gel
permeation chromatography (GPC).

2.2.7. Transport of helodermin, free and encapsulated, by M
cells

2.2.7.1. Inverted in vitro model of the human FAE. Caco-2
cells and Raji cells were grown as previously described [4,8,26].
The inverted in vitro model of human FAE was obtained as
described by des Rieux et al. [4]. Briefly, 3–5 days after Caco-2
cell seeding, inserts were inverted, placed in Petri dishes filled
with supplemented DMEM+1% (v/v) PEST and a piece of
silicon tube was placed on each insert basolateral side. Inverted
cells were cultivated for 9–11 days and the basolateral medium
was changed every other day. Then, Raji cells were added in
insert basolateral compartments. Co-cultures were maintained
for 5 days. Mono-cultures of Caco-2 cells, cultivated as above
except for the presence of Raji cells, were used as controls. Prior
to starting experiments, silicon tubes were removed; cell
monolayers were placed in multiwell plates and washed twice
in HBSS. Cell monolayer integrity, both in co- and mono-
cultures, was controlled by transepithelial electrical resistance
(TEER) measurement [4,8].

2.2.7.2. Transport experiments. Free [3H] helodermin was
diluted in HBSS (1.6 μCi, 10 μg/ml) and was added to cell
monolayer apical sides (400 μl). Cell monolayers were
incubated for 60 min. at 37 °C (unless stated otherwise).
Then, basolateral solutions were sampled and the amount of
transported [3H] labeled material was measured by liquid
scintillation. Integrity of transported free [3H] helodermin was
checked by RP-HPLC performed on pooled samples.

Since transport of 0.2 μm carboxylated polystyrene nano-
particles (model nanoparticles) has been well characterized
[4,8,26], these nanoparticles were used as control of the in vitro
model functionality. Concentrations of fluorescent carboxyl-
ated, pegylated (PEG-b-PLA:PLGA nanoparticles) and PLGA
nanoparticles were adjusted from stock solutions (checked by
FACS analysis) by dilution in HBSS, to a final concentration
of 4.5×109, 4×1010 and 6×107 nanoparticles/ml, respective-
ly, and vortexed for 1 min to dissociate possible aggregates.
After equilibration in HBSS at 37 °C (unless stated), apical
medium of cell monolayers was replaced by nanoparticle
suspension (400 μl) and cell monolayers were incubated at
37 °C (unless stated) for 60 min. Then, basolateral solutions
were sampled and the number of transported nanoparticles was
measured using a flow cytometer (FACScan, Becton Dick-
inson) [8,26]. Results are expressed as apparent permeability
coefficient (Papp), as a mean± standard error of the mean
(SEM).

2.2.7.3. Localization of nanoparticles in cell monolayers.
After transport experiments, cells were fixed on ice in 4% (v/v)
buffered formaldehyde (pH 7.4, 10 min) and washed twice in
500 μl cold HBSS. Actin was stained with 250 μl of
rhodamine–phalloidin (4 U/ml) in HBSS+0.2% (v/v) Triton
X-100 for 10 min to reveal cell borders. Cells were washed in
HBSS, cut and mounted on glass slides. Nanoparticle position
in cell monolayer was observed with a DMIRE2 Leica™
confocal microscope. Data were analyzed by Leica confocal
software to obtain y–z and x–y views of cell monolayers.

2.2.7.4. Cytotoxicity studies. Caco-2 cells were cultivated on
96 well plates (0.33 cm2 per well) with a density of 3×104 cells
per well for approximately 3 days. Cytotoxicity studies were
performed for PLGA and PEG-b-PLA:PLGA nanoparticles at
concentrations between 0.05 and 5 mg/ml (0.1 ml/well).
Incubation duration was fixed at 90 min. Then nanoparticle
suspensions were removed and cell viability was measured by
using the colorimetric MTT assay [27].

2.2.7.5. Statistics. Differences between treated groups were
analyzed using Mann–Whitney non-parametric test (n≥3,
significance Pb0.05).

3. Results

3.1. Influence of PEG at the nanoparticle surface on their
transport by M cells

In order to determine whether PEG chain presence at the
nanoparticle surface could influence their uptake and transport
by M cells, the transport of fluorescent PLGA and PEG-b-PLA:
PLGA (1:1, w/w) nanoparticle was compared in an inverted in
vitro model of human FAE [4]. While their sizes were similar
(219±21 and 194±2 nm, respectively), zeta potentials
decreased from −20±9 to −4±5 mV in HBSS. The incubation
of PEG-b-PLA:PLGA and PLGA nanoparticles with Caco-2
monolayers did not affect cell viability (MTT assay) up to 5 mg
of nanoparticles/cm2 (data not shown).

Mono- and co-cultures were incubated with nanoparticle
suspensions at 37 °C, and Papp of non-pegylated and pegylated
nanoparticles were compared. The functionality of the inverted
FAE in vitro model was first confirmed by a 600 times higher
transport of model nanoparticles by co-cultures compared to
mono-cultures (2.2×10−8±7.9×10−9 cm.s−1 and 3.5×10−11±
1.1×10−11 cm.s−1, respectively). PEG-b-PLA:PLGA and PLGA
nanoparticles were more transported by co-cultures than by mono-
cultures (Fig. 1). The co-cultures/mono-cultures ratio was much
higher for PEG-b-PLA:PLGA nanoparticles than for PLGA
nanoparticles (400 and 2, respectively). This could be explained
by a combination of a 2-fold more efficient transport of pegylated
nanoparticles by the co-cultures (Pb0.05) with a 120-fold higher
transport of PLGA nanoparticles by mono-cultures as compared to
pegylated nanoparticles (Pb0.05).

3.2. Formulation of nanoparticles for helodermin encapsulation

3.2.1. Formulation and physicochemical characterization
Nanoparticle size in the range of 200 nm is optimal for their

uptake and transport by M cells [8]. In addition, PEG chains at
the nanoparticle surface increase their uptake byM cells (Fig. 1).
Hence, helodermin was encapsulated in 200 nm pegylated
biodegradable nanoparticles.



Fig. 1. Influence of PEG chains exposed at nanoparticle surface on their
transport by M cells. Transport experiments were run in HBSS. Fluorescent
PLGA or PEG-b-PLA:PLGA nanoparticles were added apically and incubated
for 60 min at 37 °C with mono- and co-cultures. In this experiment no
helodermin was encapsulated in nanoparticles (n=4). (a) Pb0.05 versus
pegylated nanoparticles; (b) Pb0.05 versus mono-cultures.
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Two techniques can be used to encapsulate a peptide in
PLGA-based nanoparticles. Nanoprecipitation is adapted to
hydrophobic molecules, whereas double emulsion was devel-
oped to encapsulate hydrophilic molecules. Since helodermin is
amphiphilic, the two methods were compared.

Zeta potentials, sizes of nanoparticles and encapsulation
efficiency were similar whatever the preparation method used
(Table 1). Total removal of surfactant (cholic acid) from nano-
particle suspensions was confirmed by 1H NMR analysis (data
not shown). Addition of helodermin did not change nanoparticle
properties. However, a higher percentage of PEG at the nano-
Table 1
Encapsulation of helodermin by nanoprecipitation and by double emulsion:
comparison of different formulation parameters

Nanoprecipitation Double emulsion

Unloaded Helodermin
loaded

Unloaded Helodermin
loaded

Helodermin
loaded

Initial polymer
mass (mg)

100 100 50 50 50

Amount of
helodermin
(μg)

50 50 100

Polymer mass
loss after
formulation
(%) a

51±11 NA 9.5±6 NA NA

Size (nm) a, b 138±2 133±13 194±16 180±5 196±2.3
PDI 0.164 0.137 0.194 0.159 0.159
Zeta potential
(mV) a, b

-20±3 -17±2 -4±5 -16±11 -13±11

Encapsulation
efficiency
(%) a

NAc 42±2 NA 42±3 26±8

PEG exposed at
nanoparticle
surface (%)

41 NA 59 NA NA

A blend of PEG-b-PLA and PLGA was used (ratio 1:1 (w/w)) to formulate
nanoparticles.
a Values are mean for duplicates (polymer loss) and mean±SD for triplicates

(particle size, zeta potential and encapsulation efficiency).
b Measures were performed in milliQ water.
c Not assayed.
particle surface and a lower polymer mass loss after formulation
were observed for nanoparticles produced by double emulsion.
Thus, the double emulsion method was chosen to encapsulate
helodermin.

The optimal proportion of PLGA and PEG-b-PLA polymers in
the formulation was then determined. As summarized in Fig. 2,
PEG-b-PLA:PLGA ratio influenced nanoparticle size, zeta
potential and PEG percentage at their surface. Nanoparticle size
increased slightly with PEG-b-PLA concentration up to a 1:1
ratio, from 125 nm to 195 nm, and then stabilized. Zeta potential
increased also with PEG-b-PLA concentration up to a 1:1 ratio,
from −60 mV to −20 mV, and then decreased to −40 mV when
the formulation was composed of 75% and 100% of PEG-b-PLA.
The percentage of PEG at nanoparticle surface increased with the
percentage of PEG-b-PLA in the formulation. It reached a
maximum when 50% of the formulation was composed of PLA-
PEG. In conclusion, all the tested formulations provided nano-
particles with a diameter of about 200 nm, but nanoparticles
prepared with a 1:1 ratio presented the highest amount of PEG
chains at their surface.

[3H] helodermin integrity was demonstrated after encapsula-
tion, extraction and analysis byRP-HPLC (data not shown).When
the amount of [3H] peptide was doubled, size and zeta potential
were similar, in contrast to encapsulation efficiency (Table 1).
However, even if encapsulation efficiencywas lower for 100μg of
helodermin added in the formulation, the total amount of
encapsulated peptide was similar (25.5±2.5 μg and 26±7.4 μg,
for 100 μg and 50 μg incorporated, respectively). These results
were confirmed by a micro BCA test (data not shown).

3.2.2. In vitro stability studies
To evaluate their stability, helodermin-loaded PEG-b-PLA:

PLGA (1:1 (w/w)) nanoparticles were incubated in PBS (pH 7.4,
21 days), in simulated gastricmedium (0.1MHCl, 2 h) (European
Pharmacopoeia), in simulated intestinal fluid (FaSSIF, 24 h) [25]
and in human plasma (48 h).

Polymer degradation was evaluated after incubation of
nanoparticles in PBS and in 0.1 M HCl by gel permeation chro-
matography (GPC). The relative Mw (polystyrene standard
curve) decreased upon 2 days of nanoparticle incubation in
Fig. 2. Influence of PEG-b-PLA percentage in the formulation on nanoparticle
size, zeta potential and PEG percentage at the nanoparticle surface. Size and zeta
potential measurements were realized in milliQ water, whereas PEG percentage
at the nanoparticle surface was evaluated by 1H RMN in D2O (n=3).



Fig. 3. Stability study of nanoparticles consisting of 1:1 (w/w) PEG-b-PLA:
PLGA, produced by double emulsion, evaluated by measuring polymer
molecular weights by GPC. Nanoparticles were incubated for 56 days in PBS
at 37 °C or incubated for 2 h in 0.1 M HCl at 37 °C (simulated gastric fluid)
(n=2).
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PBS, but not significantly upon 2 h of incubation in 0.1 M HCl
(Fig. 3). Additionally, the mean sizes of nanoparticles, whatever
the medium or duration of incubation, remained unchanged
during stability studies (Fig. 4). The [3H] helodermin release
remained low (b5%) in PBS and human serum, but was higher in
FaSSIF and 0.1 M HCl (b25%). In FaSSIF and HCl, helodermin
release could be explained by the detachment of adsorbed
helodermin at nanoparticle surface. Since the nanoparticle size
remained unchanged, the nanoparticle degradation would pro-
bably not be responsible for the helodermin release. After a first
rapid desorption phase, the release increased quite slowly (10% in
2 h). Finally, the integrity of released helodermin after 2 h in 0.1M
HCL and 24 h in PBS or FaSSIF was controlled by RP-HPLC
(data not shown).

In conclusion, the obtained nanoparticles had an acceptable
stability in various media. Therefore, this formulation can be
considered as suitable for oral administration.
Fig. 4. Stability study of nanoparticles (1:1 (w/w) PEG-b-PLA:PLGA; 50 μg
[3H] helodermin incorporated in the formulations) evaluated following
nanoparticle size (▪) as well as [3H] helodermin release (O). Nanoparticles
were incubated at 37 °C, for 21 days in PBS (pH 7.4), for 2 h in 0.1 M HCl
(simulated gastric fluid), 24 h in FaSSIF (fasted state simulated intestinal fluid,
pH 6.5), or 24 h in human serum (n=3).
3.3. Influence of M cells on helodermin transport across the
intestinal mucosa

3.3.1. Transport of free helodermin by M cells
Following incubation of [3H] helodermin with mono- and

co-cultures, radioactivity was detected at a 5-fold higher level in
basolateral compartments of co-cultures compared to mono-
cultures (Fig. 5A). However, RP-HPLC analysis of basolateral
media underlined the degradation of 75% of [3H] helodermin
transported by mono-cultures, whereas [3H] helodermin
transported by co-cultures remained intact (Fig. 5A). M cell
presence in the in vitro cell co-culture model resulted in a 18-
fold increase in transport of intact helodermin in the basolateral
compartment, compared to cell monolayers consisting exclu-
sively of Caco-2 cells. In addition, helodermin transport by co-
cultures was temperature dependent (Fig. 5B).

3.3.2. Transport of encapsulated helodermin by M cells
Co-cultures transported helodermin-loaded nanoparticles

(PEG-b-PLA:PLGA nanoparticles) 415-fold more than mono-
cultures, by a temperature-dependent process (Fig. 6A). The
transport of carboxylated nanoparticles (model nanoparticles)
confirmed the in vitro model of human FAE functionality
(nanoparticle transport 620-fold higher by co-cultures compared
Fig. 5. M cell influence on free helodermin transport. Transport experiments
were run in HBSS on the in vitro model of human FAE. Free helodermin
solutions were added apically to cell monolayers and incubated for 60 min.
(A) Helodermin was incubated with mono- and co-cultures at 37 °C. Papp were
evaluated by measuring radioactivity in basolateral compartments and
helodermin integrity was evaluated by RP-HPLC (n=4). (a) Pb0.05 versus
total helodermin transported by mono-cultures; (b) Pb0.05 versus mono-
cultures. (B) Temperature influence on free helodermin transport. Helodermin
transport across co-culture monolayers was evaluated at 4 and 37 °C (n=4).
Papp measured on mono-cultures were not significantly different at 4 and 37 °C
(data not shown). (a) Pb0.05 versus 4 °C.
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to mono-cultures) and was also a positive control of transport
inhibition at 4°C. Helodermin-loaded nanoparticle transport was
4 times lower compared to model nanoparticles (Fig. 6A).

Confocal microscopy allowed to localize helodermin-loaded
nanoparticles within co-cultures [8] (Fig. 6B), thus confirming a
transcellular transport of helodermin encapsulated in nanopar-
ticles. These observations suggest that transport of helodermin-
loaded nanoparticles by M cells could occur by endocytosis.

4. Discussion and conclusion

M cell influence on transport across the intestinal epithelium
of a model peptide, helodermin, either free or encapsulated in
nanoparticles, was studied using an in vitromodel of the FAE [4].
Transport experiments performed with this in vitro model
Fig. 6. M cell influence on helodermin-loaded nanoparticle transport.
(A) Temperature influence. Helodermin-loaded nanoparticle transport across
co-culture monolayers was studied at 4 and 37 °C. Transport of model
carboxylated nanoparticles assessed the functionality of the in vitro model and
stand for a control of the transport inhibition at 4 °C (n=4). (a) Pb0.05 versus
carboxylated nanoparticles; (b) Pb0.05 versus mono-cultures; (c) Pb0.05
versus 4 °C; (d) Pb0.05 versus carboxylated nanoparticles. (B) Localization of
helodermin-loaded nanoparticles in cell monolayers. Cells were stained with
rhodamine–phalloidin (red) and nanoparticles were labeled with coumarin
(yellow-green). Mono (a, b)- and co-cultures (c, d) were fixed and stained after
incubation with yellow-green helodermin-loaded nanoparticles at 37 °C during
60 min. Mono-cultures were used as controls. Lines indicate where, within the
cell monolayers, pictures were taken and analyzed. Circles indicate nanoparticle
localization in cell monolayers.
indicated that: (i) free and encapsulated helodermin were more
transported byM cells than by Caco-2 cells, although helodermin
was 650 times more transported free than encapsulated across the
in vitro model; (ii) free helodermin was not degraded during its
transport by M cells, which was not the case upon incubation
with enterocyte-like cells; (iii) pegylation of nanoparticles in-
creased (2-fold) their transport by M cells compared to PLGA
nanoparticles; and (iv) helodermin transport, free or encapsulat-
ed, is temperature dependent.

4.1. Transport of free helodermin by M cells

For the first time, it has been demonstrated, using an in vitro
model of the human FAE, that M cells were able to deliver an
intact peptide at their basolateral pole, and that the transport of
free non-degraded helodermin was enhanced by a factor of 20 in
the presence of M cells as compared to Caco-2 cells. This is not
totally surprising considering that M cells have been known to
conduct transport of intact macromolecules from one side of the
barrier to the other [28]. Besides a reduced number of lyso-
somes [1,29], lower levels of membrane-associated hydrolases
[30] might allow antigens to remain intact in these regions of the
epithelial surface [31]. Transport of intact protein has already
been suggested by Liang et al. [32] who demonstrated the
ability of ovalbumin to elicit in vitro an immune response after
its transport by M cells of an in vitro model. However, they did
not assess ovalbumin integrity after its transport. Compared to
4 kDa Dextran [4], a hydrophilic molecule that pass through M
cell-Caco-2 monolayers by the paracellular route, helodermin
was 14-fold more transported by co-cultures. This could be
explained by a higher hydrophobicity of helodermin, reducing
the paracellular contribution to transepithelial transport, while
favoring its transport by the transcellular route. Further studies
should be performed to confirm this hypothesis.

4.2. Influence of pegylation on nanoparticle transport byM cells

To orally deliver helodermin, a nanoparticle formulation was
developed to protect peptides from degradation in the GI tract
and to enhance uptake by intestinal M cells. Previous studies
have shown that the optimal nanoparticle size for M cell de-
livery was about 200 nm [8–10]. The influence of nanoparticle
surface properties on their uptake by M cell is well known but
optimal properties, e.g., hydrophobicity, zeta potential, remain
controversial. In particular, PEG influence on nanoparticle
transport by M cells has not been described. We show that
PLGA nanoparticle transport by M cells was higher when PEG
chains were exposed at the nanoparticle surface. This was quite
unexpected, since it was previously observed that hydrophobic
nanoparticles were more transported by M cells than less
hydrophobic ones [8,33]. However, this result is in agreement
with some recent data that suggest that the presence of PEG on
the surface of nanoparticles could increase their transport across
mucosal surfaces. For instance, Alonso's group [13,14,34,35]
observed that a hydrophilic PEG coating nanoparticles dramat-
ically increased macromolecule bioavailability. In addition, PEG
coating around nanoparticles make these nanoparticles more
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stable upon contact with physiological fluids. PEG chains could
hinder protein/enzyme adsorption, thereby protecting nanoparti-
cles against degradation and enzyme induced aggregation [13].
However, it is not well defined whether the improvement of drug
bioavailability was due to a greater stability of the formulation or
whether the presence of PEG could play a role in facilitating
nanoparticle transport. The reduced transport of pegylated nano-
particles by Caco-2 cells agrees with observations by Behrens
et al. [36], describing almost no association of PLA-PEG nano-
particles with Caco-2 cells and a very low transport, which
suggests therefore that PEG-chains could inhibit interactions
with Caco-2 cell surface. However, pegylated nanoparticles were
less transported than carboxylated polystyrene nanoparticles. The
most probable origin is the influence of surface properties (zeta
potential, charge density, hydrophobicity, etc.).

In conclusion, while the pegylation of nanoparticles improved
their uptake byM cells, it reduced their transport by Caco-2 cells.
Further studies would be required to understand by which mech-
anism(s) pegylation improved nanoparticle transport by M cells.

4.3. Influence of encapsulation on helodermin transport by
M cells

In order to optimize the nanoparticle uptake by M cells, the
formulations tested to encapsulate helodermin consisted of
PEG-b-PLA and PLGA polymers. The nanoparticles were
prepared by the double emulsion technique. They had a size
about 200 nm, a neutral zeta potential and contained 0.42 μg of
helodermin/mg of polymer.

As expected from previous studies, helodermin-loaded
nanoparticle transport was 415 times higher in the presence of
M cells. However, our data underline the much higher transport
(650-fold) of free helodermin by M cells compared to
helodermin-loaded nanoparticle transport. Why free helodermin
was transported more effectively by M cells than the
encapsulated one is not clear yet, but it could be hypothesized
that M cell endocytosis mechanisms differ as a function of the
material to be transcytosed. Anyway, further investigations
would be required to determine the in vivo performance of free
helodermin compared to encapsulated helodermin.

In conclusion, M cells improved the transport of helodermin,
free and encapsulated, through an active phenomenon, most
probably endocytosis.
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