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Abstract

M cells represent a potential portal for oral detivof peptides and proteins due to their high eptisis
abilities. Anin vitro model of human FAE (co-cultures) was used to evaltke influence of M cells on the
transport of free and encapsulated helodermin edefrpeptide - across the intestinal epitheliunceils
enhanced transport of intact helodermin (18-folhP= 3 x 10 cm s%). As pegylation increased nanoparticle
transport by M cells, helodermin was encapsulate2DD nm nanopatrticles containing PEG-b-PLA:PLGA 1:
Stability of the selected formulation was demoristtan simulated gastric and intestinal fluids. 8is
increased the transport of helodermin encapsulatdese nanoparticles by a factor of 415, as coetpto
Caco-2 cells. Transport of free and encapsulatestibemin occurred most probably by endocytosis. In
conclusion, M cells improved helodermin transparbas the intestinal epithelium, confirming theghn
potential for oral delivery of peptides.

Keywords: Peptide; M cellsin vitro model of the human follicle-associated epithelilfAE); Polymeric
nanoparticles; Oral delivery; Helodermin

1. Introduction

M cells are antigen and particle sampling cellsiclare constitutive to the follicle-associatedtlepium (FAE)
as a part of Peyer's patches (PP) [1]. These s high transcytosis capabilities and are abteattsport a
broad range of materials, such as bacteria andegrfrom the intestinal lumen to the underlyingpywid
tissues [2,3]. They represent then a potentialghfot nanoparticles encapsulating vaccines oheutic
peptides. Since M cells cannot be isolated and ginwitro, an invertedn vitro model of the human FAE, a
co-culture of Caco-2 cells and Raiji cells [4], veasployed to study M cell influence on transporfreé peptide
and nanoparticles containing the peptide througlintestinal mucosa.

It is widely known that, even if the oral routetlie most convenient way to deliver peptide druggaacines,
the presence of highly active enzymes in the gextéstinal tract as well as the low permeabilitytiod intestinal
epithelium lead to a very low bioavailability ofadly administrated peptides. One commonly usedegsato
bypass the early degradation of therapeutic peptalto protect them by encapsulation in bioconypatind
biodegradable nanoparticles [5]. Polymeric nandgeag are solid colloidal carriers ranging in sfe@m 10 to
1000 nm [6]. Different materials can be used torfdéinese nanoparticles (lipids, polymers, natural
biopolymers...), but poly(lactic) and poly(glycqdliacids have been extensively used as FDA approved
biodegradable and biocompatible materials [7]. Mueg, nanoparticles should have the following prtps for
optimal oral delivery of peptide by M cells: (i)ymaparticles size in the range of 200 nm becausepaaticle
transport by M cells is size dependent and then@dtsize is about 200 nm [8-10]; (i) stabilitytime
gastrointestinal tract; (iii) long-circulating tineé nanoparticles in the bloodstream; and (iv) abseof burst
effect. Pegylation of nanopatrticles is known tonda#ically decrease plasmatic protein adsorptighet
nanoparticle surface [11] and therefore recognitiod capture by the mononuclear phagocyte systgnds
well as degradation and enzyme induced aggregHitRjnStabilization in intestinal fluids has beaported
[14]. However, PEG influence on nanoparticle tramspy M cells has not been addressed.
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To study M cell influence on the transport of pdp§i across the intestinal mucosa, helodermin wasted as a
model peptide. This 35 amino acid residue lineatide isolated from the venom of the lizaddloderma
suspectunfil5] has a structure close to secretin and vasaaittestinal polypeptide (VIP) and then share the
same hiological and pharmacological actions in naalogical systems [16]. Helodermin, compared t8 VvV
shows a prolonged effect in many cells systems [Lfdiks could result from its C-terminal domain,tthaay
protect the compound from enzymatic degradationcbuld also contribute to the receptor binding][17

Thus, prior to selection of the optimal formulatimnencapsulate helodermin, transport by M cellgegfylated
PLA/PLGA nanoparticles was compared to transpoRIdBA nanoparticles using @mvitro model of human
FAE. Next, a suitable method for helodermin nanagsalation was developed by assessing the influehce
size, zeta potential, encapsulation efficiency patentages of PEG exposed at the nanoparticlacgurf
Finally, M cell influence on the transepitheligdtisport of free helodermin and helodermin encapeilia
nanoparticles was studied using theritro FAE model.

2. Materials and methods
2.1. Materials
2.1.1. Chemicals

DL-Lactide (98%) was purchased from PURAC, rectiiged three times in toluene and dried under high
vacuum at room temperature for 24 h before usgefotlene glycol 5000 monomethyl ether PEG (Mn,
NMR=4,600 g/mol) was obtained from Fluka and starsnoctoate from Sigma. Poly(lactide-co-glycolide(
40,000-70,000 g/mol), sodium acetate trihydratdjwsa cholic acid, boric acid, borax and sodium thydide
were purchased from Sigma. Poly(lactic-glycolicdddkesomer RG 503 (PLGA 1:1, Mw 35,000 g/mol) was
purchased from Boehringer Ingelheim. Helodermin piarehased from Bachem. Analytical grade acetid,aci
dichloromethane, acetone, formaldehyde and sodidrokide were from Merck. D and CDCJ were obtained
from Sigma. Sodium bordfijhydride (5 mCi) and autoradiography films (Hypken) were supplied by
Amersham Biosciences. Tris-Tricine running buffBd@ mM Tris, pH 8.3, 100 mM Tricine, 0.1% (w/v) SPS
was purchased from BioRad. Float-A-Lyzer® dyeto-use dialysis tube (Spectra/Por® Biotech Cedle
Ester membrane, cut off 1,000 g/mol, volume 1 nds\wurchased from Spectrum laboratories. Aquallan@ec
from Perkin Elmer and the micro-BCA kit was froneRie. Acetonitrile was obtained from Acros Organics
Tetrhydrofuran (HPLC grade) was purchased from &ias Yellow-green carboxylated latex particlesug-|
Spheres®) with mean diameter of 0.2 um were ohdafiren Molecular Probes.

2.1.2. Cell lines, cell culture media

Human colon carcinoma Caco-2 line (clone 1), olet@diftom Dr. Maria Rescigno, University of Milano-
Bicocca, Milano (IT) [18], from passage x +12 te-30, and human Burkitt's lymphoma Raji B line (Ainan
Type Culture Collection) from passage 102 to 11€ewesed.

Dulbecco modified Eagle's minimal essential med{id@EM, 25 mM glucose), RPMI 1640 medium, non-
essential amino acids, L-glutamine and peniciltiejstomycin (PEST) were purchased from Gibco™ hogén
Corporation. Heat inactivated fetal calf serum Wam Hyclone (Perbio Sciences). Trypsin-EDTA cotesisin
2.5% (wi/v) of trypsin (Gibco™) and 0.2% (w/v) EDTIAGN) in PBS (Gibco™). Hanks' balanced salt solutio
buffer (HBSS, pH 7.4), PBS with and without calciamd magnesium were obtained from Gibco™.
Rhodamine-phalloidin was obtained from Moleculasli#rs. Glutaraldehyde was purchased from Merck.
Transwell® polycarbonate inserts (12 wells, pombter of 3 um, polycarbonate) were purchased from
Corning Costar. Inserts were coated with Matrig@88sement Membrane Matrix (Becton Dickinson). Siico
tube (internal @ 14 mm) was from Labo-Moderne. iRkBshes (glassg x h (mm) = 200 x 50) were purchased
from VWR.

2.2. Methods

2.2.1. Synthesis and characterization of PEGK)-6-PLA (11 K) block copolymer

PEG-b-PLA was synthesized as previously describ8fijy a conventional ring-opening polymerizatidn o
lactide initiated by a monohydroxy polyethyleneagly(Mn = 4600) at 114 °C for 4 h using tin octoate

(Sn(Oct)) as catalyst until complete monomer conversiore olecular weight of the PEG macroinitiator was
increased to 21,600 g/mol and the polydispersityaiaed narrow (Mw/Mn = 1.15), in agreement with the
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formation of a well-defined PEG-b-PLA diblock copuailer. The molecular weight of the first block (PE&B)
second block (PLA) was 4,600 g/mol and 11,000 g/meslpectively.

2.2.2. fH] radiolabeling of helodermin

Radiolabeling of helodermin was performed by reshecalkylation of amino groups as previously ddsed
[20]. The specific activity of'H] helodermin was obtained by measuring the tatalgin concentration by
microBCA test, according to the manufacturer'sriredtons, and the radioactivity by liquid scinttitan.

[*H] helodermin integrity was checked by RP-HPLC diameously with UV (retention time= 16.8 min as for
unlabeled helodermin) and radioactivity (retentiiome = 17.3 min) detectors. Peptide integrity fallng
labeling was also checked by autoradiography &f#8-PAGE electrophoresis (18% (w/v) of polyacryldeni
gel, Tris-Tricine running buffer, data not showhie specific activity of the peptide was 0.16 pGi/p

2.2.3. RP-HPLC analysis of helodermin

RP-HPLC system was from Waters and the solid phasea C-18 column CC 125/4.6 Nucleosil® column
(120-3, C18) and CC 8/4 Nucleosil® (120-3, C18)}golumn. The mobile phase consisted of an acetienitr
(ACN)/water gradient (25% to 60%; v/v (30 min); /min, 50 ul injected), containing 0.01 M HCL1. Detien
was realized by UV (210 nm) (Waters) and radiodgtiifPerkin EImer) detectors. The limits of quaitftion of
helodermin were 4 pg/ml and 54 pg/ml for UV andaadtivity detection, respectively.

2.2.4. Preparation of nanoparticles

PLGA nanoparticles were obtained by the simple sionlmethod. PEG-b-PLA:PLGA nanoparticles were
prepared by the double emulsion or by nanopretipitdechniques [21]. Either empty, fluorescentptermin-
loaded or fluorescent helodermin-loaded nanopasdtialere prepared in function of the experimental
requirements. When coumarin was incorporated asdhge time as helodermin, we checked that the dye
incorporation did not modify the characteristichefodermin-loaded nanoparticles (size and zetaniat
measurements).

Fluorescent PLGA nanoparticles were obtained bypsulation of a fluorescent marker Rhodamine 6Gnig)
by the simple emulsion method. Briefly, 20 ul obdamine 6G (2.5 mg/ml in ethanol) were added tanl.6f a
PLGA solution (50 mg/ml in dichloromethane) and ésified by sonication (15 s, 20 W) into a 2-ml aqus
sodium cholate solution (1% w/v). This emulsion w#dsted in 25 ml of sodium cholate solution (1%yjand
the solvent was evaporated. Finally, these nanicfestwere isolated at 10,000 g for 25 min and wedsvice
with water.

PEG-b-PLA:PLGA nanoparticles were prepared usiegdibuble emulsion technique, as described elsewhere
[13]. Briefly, 50 pl of PBS or helodermin soluti¢®0 or 100 pug) was added to 50 mg of polymer (250ing
PEG-b-PLA, 25 mg of PLGA, unless stated otherwiigdolved in 1 ml of dichloromethane. The solutizas
emulsified by sonication (15 s, 70 W) on ice. Thz2ml of a cold 1% (w/v) agueous sodium cholateitsoh
was added to this first emulsion (w/o) and the ltegpiemulsion (w/o/w) was formed by sonication €50 W)
on ice. The resulting double emulsion was diluted0 ml of a 0.3% (w/v) aqueous sodium cholatet&m
incubated at 37 °C. The organic solvent was elitaith@nder magnetic stirring, at 37 °C, accordingngitas et
al. [22] who observed that protein encapsulatisnyall as burst release, were influenced by theézature
during the sonication and solvent extraction/ evapon phases. 6-Coumarin-loaded nanoparticles were
prepared with the same procedure except that 0w@% ¢f 6-coumarin was added to the dichloromethane
solution before primary emulsification [23], PEGhA:PLGA nanoparticles were also prepared by
nanoprecipitation as previously described [24]eByi 50 ul of PBS or helodermin solution (50 pgiial00 mg
of polymer (50 mg of PEG-b-PLA, 50 mg of PLGA) welissolved in 5 ml of acetone. This organic solutio
was added dropwise to 10 ml deionized water undegnetic stirring and the solvent was removed atnroo
temperature. Finally, the nanoparticles prepareddily methods were isolated by centrifugation (20:9-,

60 min) and washed three times in PBS.

For the determination of the encapsulation efficigrthe above-described formulations were prephyed
incorporating YH] helodermin (50 pg, 8 uCi, unless stated). Flsceat PEG-b-PLA:PLGA nanoparticles were
obtained by addition of coumarin as described above
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2.2.5. Characterization of nanoparticles

Size and size distribution of nanoparticles weremheined in water, at 37 °C, by DLS technique (Zizer
Nano Series, Malvern) at 25 °C. Zeta poter{ipbf nanoparticles was measured by Mixed mode meamne
(M3) (Zetasizer Nano Series) at 25 °C in water.

Encapsulation efficiency was calculated from theant of encapsulatedH] helodermin divided by the total
amount of fH] helodermin recovered in supernatant and nanigfest fH] helodermin was quantified by liquid
scintillation counting (Liquid scintillation courteéWallac 1410, Amersham Bioscience). We checkatl th
helodermin was not adsorbed on containers. Prowiugdlastic tubes were used, the loss of heloulewas

low (less than 10%).

Integrity of helodermin after encapsulation wasased, after extraction from nanoparticles, by FR-Eland
autoradiography. Encapsulaté#i] helodermin was extracted by dissolving lyoptetiznanoparticles in
dichloromethane and separating the peptide fronptiemer by a liquid/liquid extraction
(dichloromethane/water). Dichloromethane was tleenaved and the remaining aqueous phase was analgzed
order to calculate PEG percentage exposed at tiepaaticle surfacéH-NMR analysis (Bruker AM 500 MHz)
[14] was performed on nanoparticles suspended@ @ dissolved in CDCL A known amount of sodium
benzene -sulfonate was used as internal standawvdslthen possible to quantify the molar concéiotneof

PEG at the nanoparticle surface the total molar concentration of PEG employethanformulation.

2.2.6. In vitro stability studies

[*H] helodermin-loaded nanoparticles (50 mg) wergared accordingly to the procedure indicated above,
centrifuged and redispersed in 1 ml PBS (pH 7rthrter to assess the stability of the formulation,
nanoparticles were incubated in different solutid@@spl of nanoparticle suspension was dilutedd fl of
PBS, FaSSIF (Fasted State Simulated IntestinatiF&odium taurocholate 3 mM, lecithin 0.75 mM, NaOH
0.174 g, NaH2P04.H20 1.977 g, NaCl 3.093 g, puifiater gs. 500 mL, pH 6.5.) [25], 0.1 M HC1, or in
human plasma, and incubated at 37 °C under gemdlargy. After different durations, samples werestakut
and centrifuged (15,008x60 min). fH] helodermin release was assayed in supernatgiguid scintillation.
Samples of nanoparticles were centrifuged, freeimsdind polymer molecular weights were analyzedddy
permeation chromatography (GPC).

2.2.7. Transport of helodermin, free and encapsaaby M cells
2.2.7.1. Inverted in vitro model of the human FAE.

Caco-2 cells and Raiji cells were grown as previodskcribed [4,8,26], The invert@dvitro model of human
FAE was obtained as described by des Retuad. [4]. Briefly, 3-5 days after Caco-2 cell seedimgeérts were
inverted, placed in Petri dishes filled with suppéted DMEM+1% (v/v) PEST and a piece of silicopetwas
placed on each insert basolateral side. Invertksl were cultivated for 9-11 days and the basodteredium
was changed every other day. Then, Raji cells wdded in insert basolateral compartments. Co-adtwere
maintained for 5 days. Mono-cultures of Caco-2s;alltivated as above except for the presencejpfcRlls,
were used as controls. Prior to starting experigesilicon tubes were removed; cell monolayers vpdaieed in
multiwell plates and washed twice in HBSS. Cell miager integrity, both in co- and monocultures, was
controlled by transepithelial electrical resistaEEER) measurement [4,8].

2.2.7.2. Transport experiments.

Free fH] helodermin was diluted in HBSS (1.6 pCi, 10 piy/amd was added to cell monolayer apical sides
(400 pl). Cell monolayers were incubated for 60.min37 °C (unless stated otherwise). Then, ba=malkat
solutions were sampled and the amount of transpiitd labeled material was measured by liquid sciatiitin.
Integrity of transported freéHl] helodermin was checked by RP-HPLC performed avigd samples.

Since transport of 0.2 pm carboxylated polystyneseoparticles (model nanoparticles) has been well
characterized [4,8,26], these nanoparticles weed as control of thi vitro model functionality.
Concentrations of fluorescent carboxylated, pegddPEG-b-PLA:PLGA nanopatrticles) and PLGA
nanoparticles were adjusted from stock solutioheg¢ked by FACS analysis) by dilution in HBSS, tinal
concentration of 4.5 x 04 x 13° and 6 x 10 nanoparticles/ml, respectively, and vortexed fonifh to
dissociate possible aggregates. After equilibratiodBSS at 37 °C (unless stated), apical mediucedf
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monolayers was replaced by nanoparticle suspe@hul) and cell monolayers were incubated at@7 °
(unless stated) for 60 min. Then, basolateral eniatwere sampled and the number of transportedpaaticles
was measured using a flow cytometer (FACScan, Bebtokinson) [8,26]. Results are expressed as appar
permeability coefficient (Papp), as a mean * stedhdaror of the mean (SEM).

2.2.7.3. Localization of nanoparticles in cell monolayers.

After transport experiments, cells were fixed omiit 4% (v/v) buffered formaldehyde (pH 7.4, 10 jrand
washed twice in 500 pl cold HBSS. Actin was staingti 250 ul of rhodamine-phalloidin (4 U/ml) in
HBSS+0.2% (v/v) Triton X-100 for 10 min to revealidorders. Cells were washed in HBSS, cut andmniezl
on glass slides. Nanoparticle position in cell mMayer was observed with a DMIRE2 Leica™ confocal
microscope. Data were analyzed by Leica confodalvaoe to obtairy—zandx—yviews of cell monolayers.

2.2.7.4. Cytotoxicity studies.

Caco-2 cells were cultivated on 96 well plates 3&6 per well) with a density of 3 x 16ells per well for
approximately 3 days. Cytotoxicity studies werefgened for PLGA and PEG-b-PLA:PLGA nanoparticles at
concentrations between 0.05 and 5 mg/ml (0.1 ml)wielcubation duration was fixed at 90 min. Then
nanoparticle suspensions were removed and cellityalvas measured by using the colorimetric MT Bag
[27].

2.2.7.5. Statistics.

Differences between treated groups were analyzed iann-Whitney non-parametric test@, significance
P<0.05).

3. Results
3.1. Influence of PEG at the nanoparticle surfacen their transport by M cells

In order to determine whether PEG chain presentieatanoparticle surface could influence theialiptand
transport by M cells, the transport of fluoresdehGA and PEG-b-PLA: PLGA (1:1, w/w) nanoparticlesva
compared in an invertad vitro model of human FAE [4]. While their sizes were $an{219 + 21 and 194 + 2
nm, respectively), zeta potentials decreased f@it-9 to -4 £ 5 mV in HBSS. The incubation of PBG-
PLA:PLGA and PLGA nanoparticles with Caco-2 monelaydid not affect cell viability (MTT assay) up%o
mg of nanoparticles/cth (data not shown).

Mono- and co-cultures were incubated with nanoplarsuspensions at 37 °C, and Papp of non-pegyéaied
pegylated nanoparticles were compared. The furalityrof the inverted FAEn vitro model was first
confirmed by a 600 times higher transport of maweloparticles by co-cultures compared to mono-pestu
(2.2 x 10°+ 7.9 x 10° cm.s" and 3.5x13"+ 1.1 x 10" cm.§", respectively). PEG-b-PLA:PLGA and PLGA
nanoparticles were more transported by co-cultiras by monocultures (Fig. 1). The co-cultures/mono
cultures ratio was much higher for PEG-b-PLA:PLGa#aparticles than for PLGA nanoparticles (400 and 2
respectively). This could be explained by a comtidmeof a 2-fold more efficient transport of peggd
nanoparticles by the co-culturd®<0.05) with a 120-fold higher transport of PLGA paarticles by mono-
cultures as compared to pegylated nanoparti€le8.05).

3.2. Formulation of nanoparticles for helodermin ecapsulation

3.2.1. Formulation and physicochemical charactdiaa

Nanoparticle size in the range of 200 nm is optifoatheir uptake and transport by M cells [8].addition,
PEG chains at the nanoparticle surface increaseupiake by M cells (Fig. 1). Hence, helodermirswa
encapsulated in 200 nm pegylated biodegradablepaatides.

Two techniques can be used to encapsulate a paptiRlsGA-based nanoparticles. Nanoprecipitatioadapted
to hydrophobic molecules, whereas double emulsias @eveloped to encapsulate hydrophilic molecexe

helodermin is amphiphilic, the two methods were parad.

Zeta potentials, sizes of nanoparticles and entaiisu efficiency were similar whatever the prepea method
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used (Table 1). Total removal of surfactant (chati) from nanoparticle suspensions was confirlmetH
NMR analysis (data not shown). Addition of heloderid not change nanoparticle properties. Howeaer,
higher percentage of PEG at the nanoparticle seidad a lower polymer mass loss after formulatienew
observed for nanoparticles produced by double éonul3 hus, the double emulsion method was chosen to
encapsulate helodermin.

Fig. 1: Influence of PEG chains exposed at nanopartictéase on their transport by M cells. Transport
experiments were run in HBSS. Fluorescent PLGAEG®-PLA:PLGA nanoparticles were added apically and
incubated for 60 min at 37 °C with mono- and caxas. In this experiment no helodermin was endapsd in
nanoparticles (n=4). (a) P<0.05 versus pegylatediogarticles; (b) P<0.05 versus mono-cultures.
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Table 1: Encapsulation of helodermin by nanoprecipitatiody double emulsion: comparison of different
formulation parameters

Nanoprecipitation Double emulsion
Unloaded Helodermin Unloaded Helodermin Helodermin
loaded loaded loaded

Initial polymer mass (mg) 100 100 50 50 50
Amount of helodermin (ug) 50 50 100
Polymer mass loss after 51+11 NA 956 NA NA
formulation
Size(nmj* 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)*® -20+3 -17+2 -4 +5 -16 £ 11 -13+11
Encapsulation efficiency NA® 42 +2 NA 42 +3 26+8
PEG exposed at nanoparticle 41 NA 59 NA NA

surface (%)

A blend of PEG-b-PLA and PLGA was used (ratio ivw() to formulate nanoparticles.

#Values are mean for duplicates (polymer loss)rardn + SD for triplicates (particle size, zeta ptigg and encapsulation efficiency).
®Measures were performed in milliQ water.

¢ Not assayed.

The optimal proportion of PLGA and PEG-b-PLA polymé the formulation was then determined. As
summarized in Fig. 2, PEG-b-PLA:PLGA ratio influedcnanoparticle size, zeta potential and PEG p&agen

at their surface. Nanoparticle size increased #jighith PEG-b-PLA concentration up to a 1:1 rafimm 125

nm to 195 nm, and then stabilized. Zeta potentiaigased also with PEG-b-PLA concentration up Idlaatio,
from -60 mV to -20 mV, and then decreased to -40wién the formulation was composed of 75% and 100%
of PEG-b-PLA. The percentage of PEG at nanoparsictéace increased with the percentage of PEG-b-RALA
the formulation. It reached a maximum when 50%hefformulation was composed of PLA-PEG In conclusio
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all the tested formulations provided nanopartieléth a diameter of about 200 nm, but nanopartipkepared
with a 1:1 ratio presented the highest amount @& BRains at their surface.

[*H] helodermin integrity was demonstrated after @scéation, extraction and analysis by RP-HPLC (daia
shown). When the amount 6H] peptide was doubled, size and zeta potentiaéws@nilar, in contrast to
encapsulation efficiency (Table 1). However, eancapsulation efficiency was lower for 100 ug of
helodermin added in the formulation, the total amaf encapsulated peptide was similar (25.5 H@)&nd 26

+ 7.4 ug, for 100 pg and 50 pg incorporated, rebpeg). These results were confirmed by a microAB€st
(data not shown).

3.2.2. In vitro stability studies

To evaluate their stability, helodermin-loaded PEGLA: PLGA (1:1 (w/w)) nanoparticles were inculzhia
PBS (pH 7.4, 21 days), in simulated gastric medjorh M HCI,2 h) (European Pharmacopoeia), in siteda
intestinal fluid (FaSSIF, 24 h) [25] and in humdagma (48 h).

Polymer degradation was evaluated after incubatforanoparticles in PBS and in 0.1 M HC1 by gel
permeation chromatography (GPC). The relative Mahy(gtyrene standard curve) decreased upon 2 days of
nanoparticle incubation in PBS, but not signifidgmipon 2 h of incubation in 0.1 M HC1 (Fig. 3). ditonally,
the mean sizes of nanoparticles, whatever the mediuduration of incubation, remained unchangedéhdur
stability studies (Fig. 4). ThéHi] helodermin release remained low (< 5%) in PB& lamman serum, but was
higher in FaSSIF and 0.1 M HC1 (<25%). In FaSSI# &1, helodermin release could be explained by the
detachment of adsorbed helodermin at nanoparticface. Since the nanoparticle size remained urggdrihe
nanoparticle degradation would probably not beaasible for the helodermin release. After a fiegtid
desorption phase, the release increased quiteys{@@ in 2 h). Finally, the integrity of releaseelodermin
after 2 hin 0.1 M HCL and 24 h in PBS or FaSSIE wantrolled by RP-HPLC (data not shown).

In conclusion, the obtained nanoparticles had ar@table stability in various media. Therefores thi
formulation can be considered as suitable for adahinistration.

Fig. 2: Influence of PEG-b-PLA percentage in the formolatbn nanopatrticle size, zeta potential and PEG
percentage at the nanoparticle surface. Size atal patential measurements were realized in milliQex,
whereas PEG percentage at the nanoparticle sunfea evaluated b{H RMN in DO (n = 3).
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Fig. 3: Stability study of nanoparticles consisting of fwdw) PEG-b-PLA: PLGA, produced by double
emulsion, evaluated by measuring polymer moleautights by GPC. Nanoparticles were incubated for 56
days in PBS at 37 °C or incubated for 2 h in 0.HEI at 37 °C (simulated gastric fluid) (n=2).
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Fig. 4: Stability study of nanoparticles (1:1 (w/w) PEGPbA:PLGA; 50 pg iH] helodermin incorporated in
the formulations) evaluated following nanopartisize @) as well as [3H] helodermin releasg€ ).
Nanoparticles were incubated at 37 °C, for 21 diayBBS (pH 7.4), for 2 h in 0.1 M HC1 (simulatecyi
fluid), 24 h in FaSSIF (fasted state simulatedstitel fluid, pH 6.5), or 24 h in human serum (18x
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3.3. Influence of M cells on helodermin transport aross the intestinal mucosa
3.3.1. Transport of free helodermin by M cells

Following incubation ofiH] helodermin with mono- and co-cultures, radiodttiwas detected at a 5-fold
higher level in basolateral compartments of cotogl compared to monocultures (Fig. 5A). Howevér; R
HPLC analysis of basolateral media underlined #gradation of 75% offi] helodermin transported by mono-
cultures, whereasH] helodermin transported by co-cultures remaimeddt (Fig. 5A). M cell presence in tire
vitro cell co-culture model resulted in a 18-fold incee&stransport of intact helodermin in the basaokdte
compartment, compared to cell monolayers consigikuiusively of Caco-2 cells. In addition, helodérm
transport by co-cultures was temperature deper(@ent5B).
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3.3.2. Transport of encapsulated helodermin by N& ¢&o-cultures transported helodermin-loaded
nanoparticles

(PEG-b-PLA:PLGA nanoparticles) 415-fold more thaonocultures, by a temperature-dependent procegs (Fi
6A). The transport of carboxylated nanoparticlesdet nanoparticles) confirmed threvitro model of human
FAE functionality (nanopatrticle transport 620-fdidjher by co-cultures compared to mono-cultures)was

also a positive control of transport inhibitiord4C. Helodermin-loaded nanopatrticle transport wimés

lower compared to model nanopatrticles (Fig. 6A).

Confocal microscopy allowed to localize heloderddaded nanoparticles within co-cultures [8] (Fig,)6thus
confirming a transcellular transport of helodermainrcapsulated in nanoparticles. These observatiggest that
transport of helodermin-loaded nanoparticles bydalsccould occur by endocytosis.

Fig. 5: M cell influence on free helodermin transport. isport experiments were run in HBSS on the in vitro
model of human FAE. Free helodermin solutions veelded apically to cell monolayers and incubated@or
min. (A) Helodermin was incubated with mono- andtaltures at 37 °C. Papp were evaluated by meagurin
radioactivity in basolateral compartments and haodin integrity was evaluated by RP-HPLC (n=4).

(a) P<0.05 versus total helodermin transported ynrcultures; (b) P<0.05 versus monocultures. (B)
Temperature influence on free helodermin transgéelodermin transport across co-culture monolaywes
evaluated at 4 and 37 °C (n=4). Papp measured onavaultures were not significantly different atdda37 °C
(data not shown), (a) P<0.05 versus 4 °C.
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4. Discussion and conclusion

M cell influence on transport across the intestagthelium of a model peptide, helodermin, eitinee or
encapsulated in nanopatrticles, was studied usiriig @tro model of the FAE [4], Transport experiments
performed with thisin vitro model indicated that: (i) free and encapsulateddezimin were more transported
by M cells than by Caco-2 cells, although helodermas 650 times more transported free than encatesul
across thén vitro model; (i) free helodermin was not degraded duiisgransport by M cells, which was not
the case upon incubation with enterocyte-like ¢€ili$ pegylation of nanoparticles increased (Xjaheir
transport by M cells compared to PLGA nanoparticéesl (iv) helodermin transport, free or encapsualais
temperature dependent.
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Fig. 6: M cell influence on helodermin-loaded nanoparticnsport. (A) Temperature influence. Helodermin-
loaded nanoparticle transport across co-culture wlagers was studied at 4 and 37 °C. Transport of@ho
carboxylated nanoparticles assessed the functignafithe in vitro model and stand for a controkioé

transport inhibition at 4 °C (n=4). (a) P<0.05 vers carboxylated nanoparticles; (b) P<0.05 versusioio
cultures; (c) P<0.05 versus 4 °C; (d) P<0.05 versasboxylated nanoparticles. (B) Localization ofddermin-
loaded nanoparticles in cell monolayers. Cells wataned with rhodamine-phalloidin (red) and nandjdes
were labeled with coumarin (yellow-green). Monol{g,and co-cultures (c, d) were fixed and stainédr
incubation with yellow-green helodermin-loaded naauticles at 37 °C during 60 min. Mono-cultures wer
used as controls. Lines indicate where, withinddk monolayers, pictures were taken and analy@adles
indicate nanopatrticle localization in cell monolage
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4.1. Transport of free helodermin by M cells

For the first time, it has been demonstrated, uaimg vitro model of the human FAE, that M cells were able to
deliver an intact peptide at their basolateral pafel that the transport of free non-degraded leefoith was
enhanced by a factor of 20 in the presence of M eslcompared to Caco-2 cells. This is not tosuigprising
considering that M cells have been known to conthactsport of intact macromolecules from one sitihe
barrier to the other [28]. Besides a reduced nurobbrsosomes [1,29], lower levels of membrane-aisded
hydrolases [30] might allow antigens to remaindhia these regions of the epithelial surface [Jthnsport of
intact protein has already been suggested by Leaad) [32] who demonstrated the ability of ovalbumin tizie
in vitro an immune response after its transport by M célinan vitro model. However, they did not assess
ovalbumin integrity after its transport. ComparedttkDa Dextran [4], a hydrophilic molecule thaspdhrough
M cell-Caco-2 monolayers by the paracellular robtdpdermin was 14-fold more transported by cowrak.
This could be explained by a higher hydrophobioithhelodermin, reducing the paracellular contribotio
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transepithelial transport, while favoring its trpog by the transcellular route. Further studiesusth be
performed to confirm this hypothesis.

4.2. Influence of pegylation on nanopatrticle transprt by M cells

To orally deliver helodermin, a nanoparticle foration was developed to protect peptides from dediaal in
the Gl tract and to enhance uptake by intestinaels. Previous studies have shown that the optimal
nanoparticle size for M cell delivery was about 200 [8-10]. The influence of nanoparticle surfaceperties
on their uptake by M cell is well known but optinpabperties, e.g., hydrophobicity, zeta potentmatain
controversial. In particular, PEG influence on renticle transport by M cells has not been desdribée show
that PLGA nanopatrticle transport by M cells washleigwhen PEG chains were exposed at the nanoparticl
surface. This was quite unexpected, since it wagipusly observed that hydrophobic nanoparticlessvore
transported by M cells than less hydrophobic 08e33]. However, this result is in agreement witmsaecent
data that suggest that the presence of PEG ontfacs of nanoparticles could increase their trartspcross
mucosal surfaces. For instance, Alonso's groud fi134,35] observed that a hydrophilic PEG coating
nanoparticles dramatically increased macromolégigdavailability. In addition, PEG coating around
nanoparticles make these nanoparticles more stigioe contact with physiological fluids. PEG chadosild
hinder protein/enzyme adsorption, thereby protgatianoparticles against degradation and enzymeautiu
aggregation [13], However, it is not well definetather the improvement of drug bioavailability véae to a
greater stability of the formulation or whether giresence of PEG could play a role in facilitatiragnoparticle
transport. The reduced transport of pegylated nantigfes by Caco-2 cells agrees with observatignBéhrens
et al.[36], describing almost no association of PLA-PEg@particles with Caco-2 cells and a very low
transport, which suggests therefore that PEG-chaiokl inhibit interactions with Caco-2 cell suréac
However, pegylated nanoparticles were less tratspanan carboxylated polystyrene nanoparticles. mbst
probable origin is the influence of surface projesr{zeta potential, charge density, hydrophohieits.).

In conclusion, while the pegylation of nanoparscimproved their uptake by M cells, it reduced thginsport
by Caco-2 cells. Further studies would be requicegnderstand by which mechanism(s) pegylation anpd
nanoparticle transport by M cells.

4.3. Influence of encapsulation on helodermin trarmmort by M cells

In order to optimize the nanopatrticle uptake byells; the formulations tested to encapsulate hetoite
consisted of PEG-b-PLA and PLGA polymers. The naniiges were prepared by the double emulsion
technique. They had a size about 200 nm, a nezgtalpotential and contained 0.42 pg of helodermanf
polymer.

As expected from previous studies, helodermin-ldausnoparticle transport was 415 times higherén th
presence of M cells. However, our data underligentiuch higher transport (650-fold) of free heloderby M
cells compared to helodermin-loaded nanopartielesjport. Why free helodermin was transported more
effectively by M cells than the encapsulated onoisclear yet, but it could be hypothesized thateM
endocytosis mechanisms differ as a function oftlagerial to be transcytosed. Anyway, further inigzdtons
would be required to determine timevivo performance of free helodermin compared to encafesl
helodermin.

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