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Abstract. The lysozyme (LZ)-entrapped mannosylated liposomes were prepared in this study by the use
of N-octadecyl-pD-mannopyranosylamine (SAMAN), which had been synthesized in-house and confirmed
by characterization with FTIR and NMR. The reactant residues of synthesized SAMAN were found to be
less than 1%. The mean sizes, zeta potentials, drug entrapment efficiencies, and loading capacities of all
liposomal formulations were in the ranges of 234.7 to 431.0 nm, —10.97 to —25.80 mV, 7.52 to 14.10%, and
1.44 to 2.77%, respectively. The permeability of mannosylated LZ liposomes across Caco-2 cell mono-
layers was significantly enhanced to about 2.5- and 7-folds over those of conventional liposomes and
solution, respectively, which might be due to the role of mannose receptor or mannose-binding protein on

the intestinal enterocytes.
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permeation.

INTRODUCTION

Oral peptide and protein drug delivery still remain the area
of challenges for pharmaceutical scientists due to their low
stability and permeability in gastrointestinal (GI) tract. One
among promising strategies to improve GI permeability by
employing colloidal microcarriers is the utilization of liposomes
for oral delivery of peptide and protein drugs (1-5). Specific
receptor-mediated drug targeting would be another approach to
improve oral drug absorption by modifying particulate system
such as liposomes with specific ligand. There were many
attempts to deliver non-specific and specific drug targeting to
specialized M cells. However, major disadvantages of this strat-
egy reside in that majority of intestinal M cells are located at the
base of villous and as such located in a restricted site of intestinal
wall so that M cells areas are presented in only low numbers
(less than 1% of all enterocytes) (6).

It has been reported that particulate drug carriers could not
only be taken up by Peyer's patches, but also via the normal
intestinal enterocytes area (7). It was suggested that some mole-
cules, i.e., wheat germ agglutinin, Con A, and binding subunit of
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E. coli heat-labile toxin-conjugated nanoparticles could bind and
transport across intestinal epithelial cells such as Caco-2 cells (6).
As specific targeting, glycotargeting concepts are basically either
relied on the oligosaccharide moiety or lectin as a component of
drug delivery system (1). In this regard, modified liposomes with
sugar moiety as mannosylated ligand might be able to target to
the absorption site and enhance the intestinal absorption of
protein drugs. The possible rationale is the pattern recognition
receptor, mannose receptors (MR), or mannose-binding proteins
(MBP), which would be predominantly presented on macro-
phages, hepatic tissues, and serum capable of recognizing and
internalizing mannose, fucose, and N-acethylglucosamine termi-
nated molecules (8). The expression of MR or MBP could also
be found on numerous tissues including intestinal epithelium (9).
The emerging of MR or MBP on intestinal epithelial cells was
substantially evidenced, i.e., especially abundant on villous epi-
thelial cells of mouse intestine in duodenum and ileum (10).

The purpose of this investigation was to develop manno-
sylated liposomes, which are able to exhibit a strong bioadhe-
sive property to MR expressed on gut mucosal tissue, in order
to improve gastrointestinal permeability of the model protein
lysozyme. The mannosylating ligand, N-octadecyl-D-manno-
pyranosylamine, was synthesized in-house. The physicochem-
ical characterizations and permeation studies across Caco-2
cell monolayers of mannosylated lysozyme liposomes com-
pared to free drug were subsequently carried out.

MATERIALS

Lysozyme (LZ) from chicken egg white (L7651) was
purchased from Sigma-Aldrich Chemie, Steinheim, Germany.
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Phosphatidylcholine (PC) (Phospholipon® 90G) was kindly
provided by Rhone-Poulenc Rorer, Koln, Germany. Choles-
terol (Chol), sodium dihydrogen phosphate, and disodium
hydrogen phosphate were supplied by Merck, Darmstadt,
Germany. Dicetyl phosphate (DCP), stearylamine, and D-
mannose were obtained from Fluka, Steinheim, Germany.
Caco-2 cell line (HTB-37) was purchased from ATCC, Mana-
ssas, VA, USA. Dulbecco's modified Eagles medium (D-
MEM) was supplied by Gibco®, USA. Fetal bovine serum
was purchased from HyClone®, Thermo scientific, Cramling-
ton, UK. Antibiotic solutions (10,000 U/ml penicillin G, strep-
tomycin 10 mg/ml) and trypsin—-EDTA were obtained from
PAA, Austria. N-hydroxyethylpiperazine-N’-2-ethane sulfo-
nate (HEPES) was purchased from Research Organics,
USA. All chemicals used were of analytical or reagent grade.

METHODS

Synthesis and Characterization
of N-Octadecyl-d-Mannopyranosylamine

The synthesis procedure was carried out with slight
modification according to the previous report (11). A
5 mmol amount of stearylamine was dissolved in 15 ml
ethanol and heated up to 70 °C, after which 5 mmol of D-
mannose was added with continuous stirring. This solution
was continuously stirred further for 15 min after sugar had
completely dissolved. Subsequently, this solution was
cooled down to 40 °C and diluted with 35 ml hexane.
The obtained crystals were collected at room temperature
and washed with 30 ml hexane before drying under di-
minished pressure.

The Fourier transform infrared spectroscopy (FTIR)
spectra of mannose, stearylamine, and N-octadecyl-D-man-
nopyranosylamine (SAMAN) were determined by the use
of FTIR spectrophotometer (Nicolet® 6700 FTIR Spec-
trometer, WI, USA). The 'H nuclear magnetic resonance
(NMR) spectroscopy (Bruker® AV-300, Rheinstitten,
Germany) was performed at room temperature in
Fourier transform mode using deuterated pyridine as a
solvent at 500 MHz.

The residual mannose in synthesized SAMAN was deter-
mined by using high-performance liquid chromatography
(HPLC) pre-column derivatization technique as previously
described (12). The derivatized sample solution was diluted
with dimethylformamide before injected into the chromato-
graphic reversed phase(Cyg) column (Mightysil® ODS RP-
C18, 5 um, 4.6x250 mm, Kanto Chemical, Tokyo, Japan) on
an HPLC system equipped with a high-precision pump (LC-
20AD, Shimadzu, Kyoto, Japan), UV-vis detector (SD20A,
Shimadzu), and system controller (LC-20AD, Shimadzu). The
70:30 (v/v)—acetonitrile/water was used as a mobile phase at a
flow rate of 1.0 ml/min with the detection wavelength at
240 nm. In addition, the residual sterylamine could also be
analyzed by HPLC as previously described (13). The derivat-
ized sample solution was diluted with acetonitrile before
injected into the chromatographic reversed phase (C;g) col-
umn. The 98:2 (v/v)—acetonitrile/water was used as a mobile
phase at a flow rate of 1.4 ml/min with the detection wave-
length at 240 nm.
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Preparation of Mannosylated LZ Liposomes

Mannosylated LZ liposomes containing SAMAN at 5%
(mannosylated-0.5), 7.5% (mannosylated-0.75), and 10%
(mannosylated-1) were prepared by using thin film method.
Total lipid mixtures of 20 mmol containing PC, Chol, DCP,
and SAMAN at molar ratios of 8:2:1:0.5, 8:2:1:0.75, and 8:2:1:1
were dissolved in 2:1 (v/v)—chloroform/methanol in a ground-
glass quick-fit neck boiling flask. The solvent was evaporated
at 30-35 °C under reduced pressure by using a rotary evapo-
rator (Eyela® N-1000 Series, Tokyo Rikakikai, Japan). After
the thin film was obtained, drying was continued for at least
1 h in the evaporator to completely remove the remaining
trace of organic solvent. The lipid film was then rehydrated
with 10 ml of 3 mg/ml LZ in phosphate buffer pH 7.4 at 25—
30 °C for 30 min. The liposomal dispersions were subsequently
extruded six times through 100-nm pore size polycarbonate
membranes (Cyclopore®128, Whatman, NJ, USA) by using a
membrane extruder (Lipex®, Northern Lipids, Vancouver,
BC, Canada).

Physicochemical Characterization
of Mannosylated LZ Liposomes

The microscopic appearance of the vesicles was examined
using negative stain transmission electron microscope (TEM;
Jeol® JEM-2100, Jeol, Tokyo, Japan). Particle size of LZ lip-
osomes were determined at 25+0.1 °C with a particle analyzer
(Zetasizer® NanoSeries, Malvern Instrument, Malvern, UK)
equipped with a 4 mW He/Ne laser (1=633 nm). The intensity
of the laser light scattered by the samples was detected at an
angle of 173° by a photomultiplier. The zeta potentials were
assessed by determining the electrophoretic mobility of particles
and calculated by using the Helmholtz-Smoluchowsky equation
(Zetasizer®NanoSeries, Malvern Instrument). All determina-
tions were performed in triplicate.

The entrapment efficiency (% EE) and loading capacity
(%LC) of LZ liposomes were determined by using ultracen-
trifugation (Optimal L-80 XP Preparative Ultracentrifuge,
Beckman, UK) at 50,000 rpm for 40 min. The pellets were
then resuspended in buffer and repeatedly centrifuged until
LZ concentration in the filtrate was lower than 3.0% of total
amount added into the formulation. Triton X-100 was used to
liberate LZ from liposomes and the protein contents in solu-
tion were then analyzed by using Lowry-Peterson assay at
750 nm (14).

Permeation Studies Across Caco-2 Cell Monolayers

Caco-2 cells were grown in 75-cm? culture flask (Corning
Costar®, NY, USA) at 37 °C in an atmosphere of 5% CO, using
Dulbecco's modified eagle medium (D-MEM) at pH 7.2. The
medium was supplemented with 4.5 g/l D-glucose, 584 mg/ml L-
glutamine, 1% penicillin—streptomycin, HEPES 25 mM, and
10% fetal bovine serum. The medium was changed every
other day until the flask reached 90% confluence. The cells
were washed with phosphate buffer saline (PBS) and removed
from the flasks by incubating with 0.5% trypsin in 0.2% EDTA
solution for 4-5 min at 37 °C. The cells were collected into the
centrifugation tubes, spun for 10 min at 1,250 g, and the pellets
were then resuspended in D-MEM.
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Fig. 1. FTIR spectra of a mannose, b stearylamine, and ¢ SAMAN
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Fig. 2. The chemical shifts of "H NMR spectra of a mannose and b SAMAN; (b1) indicated small intensity at
8 2.12 ppm, and (b2) indicated multiplex at 6 3.83 ppm and duplet at  4.45 ppm, determined in ds-pyridine

solvent

The Caco-2 cells at 20-40 passages were seeded on the
permeable polycarbonate insert of 1-cm® membrane size and
0.4-pm pore size placed in 12-mm Transwell® plate (Corning
Costar®) at 100,000 cells/em?. The inserts were fed with

complete media every other day and then were used in the
experiments 18-28 days after seeding. The integrity of the cell
monolayers was evaluated by measuring transepithelial
electrical resistance (TEER) value with a volt/ohm meter
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(Millicell®-ERS, Millipore, MA, USA). The cell inserts were
used experimentally when the resistance reached 300-600 ()
cm? (3). The TEER values were measured again after
transport experiments to verify the integrity of the cell
monolayers. The last medium replacement had been
accomplished 24 h before the transport studies started.
Before the experiments, the cell monolayers were washed
with PBS and transport medium (Hank's balance salt
solution, HBSS, containing 25 mM HEPES and 25 mM
glucose). The pH's of apical and basolateral media were 6.8
and 7.4, respectively. After each wash, the plates were
incubated with the transport medium for 15 min at 37 °C,
and then TEER value was measured. After TEER
measurements, the incubation media in both sides of the cell
monolayer were removed by aspiration. An aliquot of LZ
solution or liposomal preparations in HBSS pH 6.8 was added
to the apical side and transport medium without drug to the
basolateral side. Aliquot portions of medium in basolateral side
were collected at various time intervals and analyzed by HPLC.
These aliquots were spiked with LZ standard solution in HBSS
pH 7.4 before injected into HPLC. All samples were analyzed
within 24 h after transport studies.

The contents of LZ from transport studies were analyzed
as previously described (15) by an HPLC system equipped with
a high-precision pump (LC-20AD, Shimadzu), UV-vis detector
(SD20A, Shimadzu), and system controller (LC-20AD, Shi-
madzu). A Cs reverse-phase column (Jupitor®, 5 um, 300 A,
4.6x250 mm, Phenomenex, CA, USA) was used at ambient
temperature. The mobile phase was 0.1 % trifluoroacetic acid in
acetonitrile: 0.1% trifluoroacetic acid in water, which was eluted
at a flow rate of 1.0 ml/min with a gradient of 25:75 to 50:50 (v/
v) from 0 to 15 min, 50:50 to 100:0 from 15 to 25 min, and eluted
back to the starting ratio from 25 to 35 min. Column was further
equilibrated for another 10 min. The sample injection volume
was 50 pl and the detection wavelength was 220 nm. The
retention time was about 14 min and the runtime was 45 min.

RESULTS AND DISCUSSION

Synthesis and Characterization
of N-Octadecyl-d-Mannopyranosylamine

The reaction from unprotected sugars of mono- or oligo-
saccharide with long chain fatty amine in hot alcoholic solu-
tion has been described (11). In this procedure, the reaction
was achieved at unprotected anomeric hydroxyl group of
mannose with stearylamine, resulting in occurrence of amine
bond of secondary glycosylamine. The synthesized SAMAN
obtained was pale yellow crystals with the yield from 73.97—
76.48% by weight based on the net weight of the initial
reactants.

It can be seen in Fig. 1 that the FTIR spectrum of man-
nose had the broad intense band around 3,500-3,300 cm ' and
sharp peaks between 3,000 and 2,800 cm L. These signals
indicated the hydroxyl stretching vibration and —CHj3 and —
CH,- stretching, respectively. In addition, the signal at lower
wave number at 1,150-1,085, 1,124-1,087, and 1,085-1,050 cm
exhibited the characteristics of C-O stretching of either, primary
and secondary alcohol, and secondary alicyclic five- or six-
membered ring, respectively. The FTIR spectrum of
stearylamine possessed the characteristics of NH stretching
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vibration as evidenced by the sharp peak between 3,500 and
3,200 cm ', Accordingly, the band position between 3,000 and
2,800 cm’lrepresented the -CH5; and —-CH,—, which was more
intense compared to that of mannose due to the long alkyl
chain. Other important peaks were NH bending around 1,650—
1,580 cm ™. These bands were pronounced in primary amine.
Peak around 1,486-1,462 cm ! could be identified as CH,
bending characteristics. Considering the spectrum of synthesized
SAMAN, the intense broadband around 3,500-3,000 cm ' was
decreased with respect to that of mannose along with the
emerging of one single broad band. These might be due to the
combination of OH stretching of mannose molecules and NH
stretching of the amine. The area of NH bending between 1,650
and 1,580 cm ! was also diminished compared to that of
stearylamine spectrum. Due to the fact that NH stretching and
bending vibrations of primary, secondary, and tertiary amine
had tiny differences, it usually showed two peaks for
primary amine, one peak for secondary amine, and no
peak for tertiary amine. Moreover, the NH bending
band of primary amine will be intense, thus, seldom seen
in secondary amine. As a result, exhibition of the single
broad peak with lower intensity around 3,500-3,200 cm ™' and
the diminishing of NH bending peak between 1,650 and
1,580 cm ™! could be used to draw the conclusion that
stearylamine and mannose had covalently conjugated by
secondary amine bond.

It is shown in Fig. 2 that the chemical shift of mannose
proton at different positions of C; to C¢ varied from 6 4.60 to
3.90 ppm and no chemical shift was found at lower than 6
3.9 ppm. Nevertheless, the chemical shift of synthesized
SAMAN dramatically showed the long alkyl chain proton at
6 1.28 ppm and small intensity of -NH- proton at 6 2.12 ppm.
This small intensity was due to the presence of secondary
amine linkage at the anomeric carbon atom of mannose mol-
ecules which could be used to confirm the glycosylation of
mannose with long-chain octadecyl amine. Besides, the multi-
plex at chemical shift of 6 3.83 ppm and duplet at 6 4.45 ppm
would indicate the B and o form of SAMAN, respectively, as
described earlier (11).

The percentage residual amount of mannose was found
to be 0.96+0.23% whereas that of stearylamine was 0.41+
0.04% by weight of SAMAN.

Fig. 3. Transmission electron photomicrograph of mannosylated-0.75
LZ liposomes. Magnification: 30,000
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LZ liposomes, which could be explained by electrostatic interac-
tion as discussed earlier. It has recently been reported that positive
charge LZ was far more entrapped in negatively charged lip-
osomes than in non-charged ones. The ionic interaction was pro-
nounced at the liposomal surface which was evident by alteration
of 3'P NMR chemical shift of PC in lipid bilayer (17). Moreover,
%EE of SAMAN-containing liposomes was gradually declined
with increasing SAMAN molar ratio from 14.10 to 10.09% and to
7.52% for mannosylated-0.5, mannosylated-0.75, and
mannosylated-1 LZ liposomes, respectively. The insertion
capability of SAMAN into lipid bilayer due to long alkyl chain
was able to diminish the possibility of DCP to be incorporated into
lipid vesicles during the hydration process, and hence, less
negative surface charge and entrapment.

Permeation Across Caco-2 Cell Monolayers

The permeation profiles across Caco-2 cell monolayers
(Fig. 4) revealed that LZ solution could hardly permeate at
only 0.28% after 3 h with the apparent permeability coeffi-
cient (P,pp) of 0.14x107° cm/s (Table I). The permeability of
LZ could significantly be increased about 2.8-folds by
incorporating in liposomes (p<0.05, Dunnett T3). Such
results suggested that conventional liposomes could possibly
enhance GI absorption of protein drugs via the proposed
interaction mechanism with enterocytes as previously
reported, including stable adsorption, endocytosis, fusion,
and lipid transfer (3,4,7,18).

In the case of mannosylated LZ liposomes, significant
increases in permeability across Caco-2 cells monolayer com-
pared to that of LZ solution were also observed in all formu-
lations. With varying SAMAN molar ratio, the maximum
permeability was found for mannosylated-0.75 LZ liposomes
(Fig. 4), whose P,p,, were significantly (11- and 2-fold) higher
than those of LZ solution and LZ liposomes (p <0.05, Dunnett
3). Moreover, P,,, of mannosylated-1 LZ liposomes and man-
nosylated-0.5 LZ liposomes were enhanced to be 3.9- and 1.2-
fold higher than that of LZ solution, respectively. The im-
proved permeability of mannosylated LZ liposomes might
be attributed to the interaction of terminal mannose unit with
some kind of specific binding on the epithelial cells as previ-
ously suggested (19).

The differences in permeability among mannosylated LZ
liposomes in this study could be explained on the basis of the
effect of mannose density on the surface of mannosylated
o/w emulsion previously studied (8). At 0.50 molar ratio of
SAMAN, liposomes might have less mannosylated surface than
that of 0.75 molar ratio, resulting in lower permeation in spite of
higher entrapment efficiency. On the other hand, the lower
entrapment efficiency and larger size of 430 nm in the case of
1.0 molar ratio of SAMAN might be the obstacle to LZ perme-
ation via Caco-2 cells despite the elevated mannosylated sur-
face. This may be attributed to the size-dependent adsorptive
endocytosis of the intestinal enterocytes, in which 0.1-um size
had a significantly higher efficiency of uptake by intestinal tis-
sues of both Peyer's patch and non-patch area than that of larger
size particles (18). According to their results, 0.1-pm size
exhibited higher uptake with increasing concentration and tem-
perature, which implied that the uptake was active process,
probably endocytosis. It was suggested that the smaller lipo-
somes required less energy for movement which brought about
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more collision frequency and high permeability coefficient than
larger liposomes did (20).

CONCLUSION

N-octadecyl-D-mannopyranosylamine(SAMAN) was
synthesized in-house and characterized by FTIR and NMR.
Mannosylated LZ liposomes were prepared by the use of
SAMAN, the mean sizes, zeta potentials, drug entrapment effi-
ciencies, and loading capacities of which were around 200-
400 nm, —20 mV, 7-14%, and 2-4%, respectively. The perme-
ations across Caco-2 cell monolayers of mannosylated LZ lipo-
somal formulations were demonstrated to be substantially
enhanced compared to conventional LZ liposomes and solution.
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