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2.5. Protein integrity of HBsAg-loaded PLGA microspheres

In order to confirm the integrity of HBsAg after the micro-
encapsulation process, the integrity of the HBsAg extracted from
the PLGA microspheres was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
size exclusion-high performance liquid chl"tfmatography (SEC-
HPLC), respectively [17,20,21]. The HBsAg-PLGA micro-
spheres were dissolved in methylene chloride at 37 °C for
10min. HBsAg was extracted with 0.3ml of PBS twice and
0.4ml of PBS once by gentle mixing and separated by cen-
trifugation at 3000rpm for 3min. The aqueous layers from the
three extractions were pooled and concentrated by Nanocep®
(catalog: ODO010C33, PALL Corp., USA). For SDS-PAGE
analysis, the samples of native HBsAg and concentrated antigen
extracted from the HBsAg-PLGA microspheres were loaded
onto a 5% stacking gel and subjected to electrophoresis ona 15%
separation gel at 200V (Miniprotean IT Electrophoresis Cell,
Bio-Rad Lab., CA, USA.). The gel was stained with.a 1% (w/v)
silver solution. The same samples were also analyzed by SEC-
HPLC using a TSK-G5000 PWy column (Tosoh Corp., Tokyo,
Japan) with detection at 280nm on a TSP-P2000 series HPLC
system (Thermo Electron Corporation, MA, USA). The mobile
phase was PBS (pH 6.8) delivered at a flow rate of 0.6 ml/min
and the injection volume was 100 ul.

In order to confirm protein integrity of HBsAg after the
microencapsulation process, the HBsAg after 72h released from
microspheres was analyzed using Western blotting [17]. About
25mg of HBsAg-PLGA microspheres was placed in an
Eppendorf tube containing 1 ml of PBS and shaken with a rotary
shaker at 551rpm and 37+0.5 °C for 72h. Briefly, the standard
and the supernatants in release test (diluted to about 0.1ug
antigen) were blotted onto a wetted nitrocellulose membrane
(Hybond-c, 0.45pum, Amersham Life Science) and blocked at
room temperature for 60 min. Then, the membrane was put into
the diluted solution of polyclonal anti-HBsAg antibody (purified
by NCPC Gene Tech. Biotechnology Development Co., Ltd.) at
37 °C for 60min. After 3 times of washing, the membrane was
moved into the diluted horseradish peroxidase-conjugated goat
anti-rabbit IgG (Beijing Zhongshan Biotechnological Corp.,
China) at 37 °C for 60min. The blots were visualized with
3,3-diaminobenzidine (DAB) solution. Then, the membrane was
washed by distilled water to end the reaction.

2.6. In vitro release experiments

The release of HBsAg from the PLGA microspheres was
studied as follows. About 25mg of HBsAg-PLGA microspheres
was placed in an Eppendorf tube containing 1 ml of PBS and
shaken with a rotary shaker at 55rpm and 37+0.5°C. At ap-
propriate intervals, up to 63 days, the samples were centrifuged
at 17,800rpm for 10min. The superatants (700ul) were
collected and fresh buffer (700ul) was added to control the
pH, and release experiments were continued. The amount of
antigen in the supernatants was determined with the BCA assay.
HBsAg release profiles were generated for each microsphere
formulation in terms of cumulative antigen release versus time.

2.7. Measurement of the degradation of the polymer

To investigate the degradation of the polymer of micro-
spheres in release experiments, the change in the weight of the
microspheres, the pH of the incubation solution, and the
molecular weight (MW) of the polymer were measured. Blank
PLGA microspheres (about 10mg) were placed in centrifuge
tubes containing Sml of PBS and shaken with a rotary shaker at
55rpm and 37+0.5 °C. At specific times (0, 1, and 2 months),
the samples were centrifuged at 10,000 rpm for 10min. The pH
of the supernatants was assayed. The loss of the weight of the
microspheres was obtained by weighing the pellet after it was
lyophilized. Then the lyophilized microspheres were dissolved
in tetrahydrofuran (THF) and the MW of the polymer was
determined by gel permeation chromatography (GPC) (Waters
717 plus autosampler, Waters 600 pump, Waters 2414 refractive
index detector, Waters Styragel® HR4E column, Waters
Corporation, Boston, USA). The detectable MW range was
50—-100,000 Da, the column heater was set at 35 °C, and THF
was used as the mobile phase at a flow rate of I ml/min.

2.8. Immunization protocol and detection of anti-HBsAg
antibody

Female BALB/c mice, weighing about 20 g (6-8 weeks old),
were obtained from Beijing Weitong Lihua Test Animal Co.
(Beijing, China). The mice were maintained on a normal diet
throughout the study. To measure anti-HBs antibody (total
antibody), six groups of eight mice were injected subcutane-
ously (sc.) with a quantity of HBsAg, according to the following
protocol: (1) three injections of 0.25ml of HBsAg-aluminum-
vaccine (10ug/ml) at 0, 1 and 2 months, respectively, and a
single injection of (2) HBsAg-PLGAS50/50-COOH micro-
spheres, (3) HBsAg-PLGAS50/50 microspheres, (4) HBsAg-
PLGA75/25 microspheres, (5) a mixture of HBsAg-PLGAS50/
50-COOH, HBsAg-PLGA50/50 and HBsAg-PLGA75/25
microspheres, and (6) 0.25ml of 0.9% NaCl solution as a
blank. The four groups of HBsAg-PLGA microspheres were
weighed and dispersed in 0.25ml of sterile 0.9% NaCl solution
and the dose of HBsAg was 7.5 ug/mouse, the same as the total
dose for three injections of the HBsAg-aluminum-vaccine.
Blood samples were collected from the retro-orbital plexus at
1,2, 4, 6,8, 10, 12, 14 and 18weeks. Sera were separated by
centrifugation and stored at —20 °C until assayed.

Anti-HBs antibody was determined by quantitative ELISA
using an HBsAb ELISA Kit precoated with purified HBsAg
(Beijing Wantai Biological Pharmacy Enterprise Co., Ltd.,
China) as recommended by the manufacturer.

3. Results and discussion

3.1. Size and surface morphology of HBsAg-PLGA
microspheres

The HBsAg-PLGA microspheres prepared by the “double
emulsion” method in this study were basically spherical with a
smooth surface as indicated by morphological examination
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Fig. 1. ESEM micrographs of HBsAg-PLGA microspheres.

using ESEM (Fig. 1). Some of the HBsAg-PLGA microspheres
possessed a hollow, donut-like structure and microcaves or little
holes on the surface, especially the HBsAg-PLGAS50/50-COOH
formulation (Fig. 1C). The difference between spherical, donut-
like, flattened ball-like and porous-like microspheres may be
related to the species of polymer (PLGA) and the hardening and
drying process. Because PLGAS50/50-COOH has a lower
inherent viscosity (0.22 dl/g) than the other two kinds of polymer
(0.67dl/g), the evaporation of methylene chloride during the
hardening and drying of PLGAS50/50-COOH may be more
rapid, leading to forming more microcaves [12,22]. PLGA
microspheres with microcave structures were often observed
when manufactured using a spray-drying method [16,23].

Various factors including the surface morphology, particle
size, polymer composition, viscosity, MW of the polymer, etc.
have been shown to affect the release of antigen from
microspheres, the degradation of the polymer and the immuno-
genicity of the antigen loaded in PLGA microspheres [24]. Size
was one important factor: the larger the microspheres, the slower
the release of vaccine and the longer the immunogenicity
[25,26]. Table 1 lists the size determined by optical microscopy
and ESEM. Although different methods of measurement of
particle sizes showed different values for the three types of
PLGA microspheres, the size trend of them was the same as
larger order: PLGA50/50-COOH microspheres <PLGAS50/50
microspheres <PLGA75/25 microspheres.

3.2. Loading efficiency of HBsAg into PLGA microspheres

The methods most commonly used to determine the protein-
loading efficiency into PLGA microspheres are utilizing the
BCA protein assay [12] after digestion with NaOH/SDS
solution [13,15,19] or extraction with PBS from the dissolution
of microspheres by organic solvents (methylene chloride,
DMSO, chloroform, etc.) [19]. From the results shown in
Table 1, it was concluded that the total amount of antigen
encapsulated into microspheres could not be determined
accurately by the method of extraction (loading efficiency
determined from 18.80% to 27.17%), since a layer of whitish
and cloudy protein flocculated between the interface of
methylene chloride, DMSO or chloroform and aqueous layers,
resulting in an underestimation of the entrapped HBsAg. The
protein content of HBsAg aqueous solution obtained from

extraction method (85.75%+5.17%) by BCA assay is more
close to that of the digestion method (99.59%=+0.98%) than that
of the protein content of HBsAg-microspheres. This might be
due to the protein in aqueous solution being protected by the
aqueous layer all the time, and the chance to be immediately in
contact with organic solvent is slight, while a portion of protein
in microspheres was denatured by organic solvent when
microspheres were dissolved by the organic solvent before the
PBS being added. Besides, the microspheres could not be
completely dissolved and antigen could not be completely
extracted from the solvent layer and W/O interface. The results
were in accordance with the investigation results of Gupta et al.

- who showed that up to 70% protein could be obtained after the

solvent layer was dried and the polymer was completely digested
with 6M HCI1 [19]. The digestion method is a relatively accurate
technique for the determination of the levels of total protein
entrapped in PLGA microspheres [15].

3.3. Integrity of the antigen loaded in microspheres

The retention times of the antigen extracted from micro-
spheres were close to those of the native antigen (13.465min)

Table 1

Size and loading efficiency of HBsAg in PLGA microspheres

Methods of Size (nm)* Loading efficiency (%)

determination Oprical ESEM Digestion  Extraction

microscopy (BCA)® (BCA)®

PLGAS0/50 297 472 66.50+3.76  18.80+4.89
microspheres

PLGAT75/25 4.54 6.39  76.45£4.52 27.17%2.12
microspheres

PLGAS0/50-COOH  1.72 315 73.56£1.92  22.96+5.02
microspheres

* The size was mcasurcd by optical microscopy and Environmental Scanning
Electron Microscopy (ESEM). The size data were the average of 3-3
measurements.

® The loading efficiency was determined by the BCA protein assay after
digestion with 0.5ml of 0.1 M NaOH/5%SDS solutions. The data represent the
mean=8D (n=3). The HBsAg-PLGA microspheres were prepared using
0.65mg HBsAg per 100mg PLGA polymer by a double emulsion method.

¢ The loading efficiency was determined by the BCA protein assay after
extraction with methylene chloride and PBS. The data represent the mean=SD
(n=3).



L. Feng et al. / Journal of Controlled Release 112 (2006) 35-42 ' 39

and the purity of the extracted antigen was always above 95%
from SEC-HPLC although this method has several limitations;
only soluble aggregates can be measured and the size of them is
overestimated (data not shown). The antigen’s integrity was
also examined using SDS-PAGE assays of the antigen extracted
from the microspheres. Fig. 2 reveals identical bands for the
native and entrapped antigen without any neévly distinguishable
bands, indicating there was no significant degradation or ag-
gregation of antigens during SDS-PAGE. These results suggest
that the integrity of the antigen was not significantly affected by
the encapsulation procedure.

Before in vivo immunoactivity investigation, protein integ-
rity of HBsAg after the microencapsulation process was
evaluated by Western blots. Fig. 3 reveals identical blots for
the native and entrapped antigen without any significant
difference, suggesting that protein integrity of HBsAg before
and after microencapsulation was unaltered.

3.4. Degradation of PLGA microspheres and release of antigen
from the microspheres in vitro

The surface morphology of the HBsAg-PLGA microspheres
incubated in PBS at 37+0.5 °C for 40 days was shown in Fig. 4.
All the microspheres were in the “erosion phase,” especially the

PLGAS50/50-COOH microspheres that were in a broken-down -

- state. Analysis by GPC showed that the chromatograph curves of
the polymer before and after encapsulation were initially fairly
broad and symmetrical but gradually developed multiple peaks
as the hydrolytic degradation proceeded, with many different
and smaller MW components emerging. The changes of MW
were summarized in Table 2. The PLGAS50/50-COOH micro-
spheres exhibited extensive erosion and breakdown at 1 and 2
months, and the degradation half-life (50% loss of molecular
weight, D) was 32.7days. In contrast, the PLGAS0/50
microspheres and PLGA75/25 microspheres exhibited incom-
plete erosion and breakdown at 40 days (Fig. 4), and the D, was
41.5 and 116.8days, respectively. The hydrolysis of PLGA
releases lactic and glycolic acids, which may in turn lower the

D
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Fig. 2. SDS-PAGE of native HBsAg and entrapped HBsAg extracted from the
HBsAg-PLGAS50/50 microspheres (50MS), PLGA75/25 microspheres
(75MS) and PLGA50/50-COOH microspheres (COMS). The MW in kDa of
the peptide brands of marker after gel electrophoretic analysis is shown on the
left, and the numbers on the right are those of the peptide brands of antigen.

Fig. 3. Western blots of native HBsA g before (BI) and after 3 days incubation in
PBS with shaking on a rotary shaker at 55rpm and 37£0.5 °C (Al), and
entrapped HBsAg released from the HBsAg-PLGAS50/50 microspheres
(50MS), PLGA75/25 microspheres (75MS) and PLGA30/50-COOH micro-
spheres (COMS) incubated in PBS with shaking on a rotary shaker at 55rpm and
3740.5 °C after 3 days.

pH of the solution as well as the environment inside of
microspheres [11]. The loss of the weight of the microspheres
and the changes of pH-accompanied erosion are also given in
Table 2. The PLGA50/50-COOH microspheres revealed the
largest loss of weight and decrease of pH in the dissolution
solution within 2 months, compared with the PLGAS50/50
microspheres and PLGA75/25 microspheres. These results
corresponded with the D, value of a PLGA polymer, which
was related to its monomer ratio of L/G [10,27]. The results of
our study indicate that in terms of the rate of degradation, the
microspheres rank as follows: PLGA50/50-COOH>PLGAS50/
50>PLGA75/25.

Profiles of the release of HBsAg from PLGA microspheres
based on the three different polymers are shown in Fig. 5. The
data are presented as the relative cumulative release of antigen
from the microspheres. The PLGAS50/50-COOH microspheres
released HBsAg faster than the PLGAS50/50 microspheres and
PLGAT75/25 amicrospheres, with respectively, 92.61%=1.37%,
45.2%+5.50%, and 35.35+1.73% of the antigen cumulatively
released from microspheres until day-63.

The release of HBsAg seemed to correlate with the
morphological changes of microspheres revealed in the ESEM
images (Fig. 4), and comresponded to the decrease in MW and
weight of microspheres (Table 2), suggesting that the release was
controlled mainly by degradation and erosion of the polymer
matrix rather than simple diffusion. That is, after microspheres
emerge in the aqueous environment, with the water diffusing, the
polymer swells and the antigen dissolves. As a consequence of
hydrolysis of the ester bonds of polymers and formation of
monomers and oligomers, microspheres become irregular in
shape, develop craters on the surface, and release protein by
diffusion tortuously through the water-filled polymer matrix
and/or by escaping from the eroded polymer matrix {10,11,27].

The pores of the PLGAS0/50-COOH microspheres might
enhance the burst of initial release. When HBsAg-PLGAS50/50-
COOH microspheres are exposed to an aqueous environment,
hydrophilic ends of the polymeric matrix are hydrated by water,
the dissolved antigen can be released from the pores by osmotic
pressure, and then the carboxylic ends might facilitate the
autocatalytic hydrolysis of the ester bonds of the polymer and the
erosion of the microspheres [11,22,27]. The PLGA50/50 and
PLGA75/25 polymers with relatively high MW and viscosity
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Fig. 4. ESEM micrographs of HBsAg-PLGA microspheres incubated in PBS with shaking on a rotary shaker at 55rpm and 3720.5 °C after 40 days.

may form a highly viscous polymer solution in the primary w/o
emulsion and this may result in the production of compact and
dense microspheres with reduced porosity. Therefore, these
microspheres could minimize burst effects and slow down the
release of proteins [12,22].

In addition, the size of the microspheres is also an important
parameter that influences the rate at which HBsAg is released.
As the particles decrease in size, the relatively high surface area
per unit volume of the microspheres facilitates contact with the
buffer or penetration into the microspheres and at the same time
allows a faster diffusion of monomers and oligomers formed as a
result of the degradation of the polymer. Then, the acidic (lactic
acid and glycolic acid) monomers and oligomers further catalyze
the degradation of PLGA microspheres [11,12,22,24,28].

Sanchez et al. [15] reported that PLGA microspheres with a
particle size of 20-35um released about 50-50% of tetanus
toxoid within the first day. Bittner et al. [11] reported that particles
of about 18um with 9% loading released 60% of bovine serum
albumin in an initial burst within the first day. In our study, the
particle size was 1-8uum, the antigen was loaded into micro-
spheres rather than associated with the surface, and the loading
percentage was about 0.4% (w/w), so the initial burst release of
HBsAg was not observed within 24-h incubation at 37°C in PBS.
It suggested that the larger the particle size, the more antigens
located on the surface of the microspheres, and then the more
initial burst release. The majority of proteins were released in the
first week from HBsAg-PLGAS50/50-COOH microspheres,
which would afford the initial burst in vivo of the mixture of

Table 2

three different microspheres loaded with HBsAg, corresponding
to the priming immunization dose [13]. The release of antigen and
the degradation of the microspheres exhibit the same trend, and
the sustained release of antigen may induce an extended immu-
nogenic response rather than an initial burst release.

3.5. Immunogenicity

The total antibody induced by the HBsAg-PLGA micro-
spheres in vivo was analyzed by ELISA using plasma taken at
different time points from immunized BALB/c mice (Fig. 6).
The group that received three injections of 2.5 ug of the HBsAg-
aluminum-vaccine at 0, 1 and 2 months is also shown in Fig. 6.
The HBsAg-PLGA50/50-COOH microspheres produced rap-
idly anti-HBs antibody, which continued to fall from 6 weeks
onwards compared to the HBsAg-PLGA50/50 and HBsAg-
PLGA75/25 microspheres. This finding might be correspond-
ing to the rapid release of HbsAg from PLGA50/50-COOH
microspheres (Fig. 5). HBsAg-PLGA50/50-COOH micro-
spheres might have released sufficiently during the 6 weeks
and lacked of a persistent antigen stimulation to maintain the
antigen concentration in the germinal center of lymphoid tissues
in the latter time [29]. It suggested that HBsAg-PLGAS50/50-
COOH microspheres released sufficiently during the 6 weeks
and lacked of an effective booster in the latter time. The fact that
HBsAg-PLGA75/25 microspheres released antigen slightly
slower than HBsAg-PLGAS0/50 microspheres might be due to
the higher MW and higher ratio of L/G of the copolymer. The

The change of molecular weight determined by GPC, the loss of weight, pH of dissolution solution and 50% loss of MW (D1;) of PLGA blank microspheres incubated

in PBS shaking with a rotary shaker at 55rpm at 37+0.5 °C for 2 months

Molecular weight of microsphere® Loss of weight pH of dissolution Dy (day)*©
of microsphere (%) solution®

Incubation time (month) 0 1 2 1 2 1 2

PLGAS50/50 50,378 22,477 3699 7.63 .27.69 6.96 4.45 415
microspheres

PLGAT75/25 86,311 60,202 40,606 2.74 12.41 6.95 6.81 116.8
microspheres

PLGAS50/50-COOH 16,247 3724 1830 46.84 91.00 4.57 3.56 327

microspheres

* The molecular weight (MW) of raw material of PLGAS50/50, PLGA75/25 and PLGA50/50-COOH were 50,413, 88,148 and 18,577 Da, respectively, determined

by GPC.
® pH of the incubation solution was 7.4 in 0 month.
€ Dy:50% loss of molecular weight was calculated.
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mixture of these three microspheres showed an intermediate
immune tesponse induced by the rapid release of HBsAg-
PLGAS50/50-COOH microspheres and the slow release of
HBsAg-PLGA50/50 and HBsAg-PLGA75/25 microspheres.
Until 3 months post-immunization, the antibody responses for
the PLGA50/50 microspheres, PLGA75/25 microspheres and
the mixture were comparable to those of the group that received
three injections of the HBsAg-aluminum-vaccine (P>0.05), and
the antibody response for the PLGA50/50-COOH microspheres
was significantly lower than that for the group that received three
injections of the HBsAg-aluminum-vaccine (P<0.01).

Shi et al. [16] reported that HBsAg-loaded PLGA micro-
spheres 25-50um in size did not induce a significant immune
response after a single injection with a dose of 12 ug of HBsAg,
but a single injection of 3 ug of HBsAg-aluminum-vaccine plus
9ug of HBsAg-PLGA. microspheres did induce a response.
Priming the mice with the HBsAg-aluminum-vaccine might lead
to a greater initial response than immunization with the micro-
spheres alone. The small particles (<10um) can easily be
phagocytozed and transported by phagocytic APCs into the
draining lymph nodes for rapid antigen release, inducing a rapid
antibody response, while larger particles (>30um) are too large
for phagocytosis, so they remain at the injection site and have the
effect of continuously stimulating the immune system [26,30]. Tn
our study, the particles were all less than 10m, and it is believed
* that the low molecular weight biodegradable polymer, formulated
as small microspheres represents the major priming component of
the formulation. In the present study, the antibody level induced
by the mixed formulation was slightly greater than that of the
HBsAg-PLGAS50/50 microspheres and HBsAg-PLGA75/25
microspheres. This might be ascribed to a'single injection with
the mixture of three HBsAg-loaded microspheres with different
particle sizes and degradation and/or release rates. The PLGAS50/
50-COOH microspheres with a lower MW and faster release
properties like an initial priming dost generated a greater total
antibody response at an early stage of the immunization, while
PLGA50/50 microspheres and PLGA75/25 microspheres with a
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Fig. 5. Relative cumulative release of HBsAg from HBsA g-PLGAS50/50-COOH
microspheres (A), HBsAg-PLGAS50/50 microspheres (@) and HBsAg-
PLGA75/25 microspheres (@) on different days. The HBsAg-PLGA micro-
spheres were incubated in PBS with shaking on a rotary shaker at 55rpmand 37+
0.5°C.
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Fig. 6. Geometric mean of total antibody titer (n=8) obtained from BALB/c
mice after immunizations with three injections of aluminum-HBsAg (2.5ug) at
0, 1 and 2 months (—4¥-), single injection of HBSAg-PLGA50/50 microspheres
(—#-), PLGA75/25 microspheres (-®-), PLGA50/50-COOH microspheres
(—A-) and the three above-mentioned mixture (— 4 -). The blank group given
0.25ml of 0.9% NaCl solution was expressed as (-0O-). The total dose of
HBsAg was 7.5 pg/mouse.

higher MW and prolonged release properties like booster doses
evoked a delayed and sustained response. The results indicated
that when a series of microspheres were mixed in vitro and in
vivo, the release rate and the immunogenicity of vaccine-loaded
PLGA microspheres might be conveniently adjusted to control the
fate of the vaccine, achieving an optimal immunogenic effect.

4. Conclusion

HBsAg was encapsulated in PLGA microspheres using a
double emulsion method. The release of HBsAg from HBsAg-
PLGA microspheres was related to the surface morphology of
the microspheres, polymer composition (L/G ratio), molecular
weight of the polymer (viscosity), etc. A single injection of
HBsAg-PLGA microspheres had the capacity to induce a long-
lasting immune response in a manner comparable to that of three
injections of the HBsAg-aluminum-vaccine; the mixture of mi-
crospheres with different release rates in particular induced a
strong anti-HBsAg antibody response. The rapid-release
PLGAS50/50-COOH microspheres were used as a priming
dose, and the prolonged-release PLGAS50/50 microspheres and
PLGA75/25 microspheres were used as an “autobooster dose.”
Adjustment of the kinetics of antigen release and degradation of
polymer could control and manipulate an optimal immune
resporse.
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Abstract

The design, synthesis, and evaluation of in vitro gene delivery efficacy of a novel series of oligo-Arg-lipid conjugates are described. 3,5-
Bis(dodecyloxy)benzamide (BDB) was employed as the lipid component, and a poly(ethylene glycol) (PEG) spacer was introduced between the
C-terminal of oligo-Arg and the amide group of BDB. Four derivatives with various oligo-Arg lengths (ArgN-PEG-BDB; N=4, 6, 8, 10: the
number of arginine residues) were prepared, and the effect of oligo-Arg length on the gene transfection was investigated in HeLa cells. Transfection
efficiency increased as the number of arginine residues increased. Argl0-PEG-BDB showed the highest transfection efficiency, without severe
toxicity to cells. These findings well corresponded to the cellular association of the Arg-PEG-BDB/DNA complex determined by flow cytometry.
Even in the presence of serum, Argl0-PEG-BDB achieved appreciable cellular association and attained high gene expression. Thus, Argl10-PEG-
BDB is potentially a simple and useful gene delivery tool, because one need only to mix it with plasmid DNA and apply the complexes to the cells

even in a serum-containing medium.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cationic lipid-based gene transfection constitutes one of the
most promising alternatives to the use of viral vectors (Felgner
etal., 1987; Song et al., 1998; Cotten et al., 1990; Kircheis et al.,
1999; Brown et al., 2000). However, the low-level transfection
efficiency compared with viral vectors is considered a major
limitation in the application to gene therapy. The poor efficiency
is supposed to arise from the endocytic route of internalization
of cationic lipids complexed with DNA. Therefore, novel and
more efficient synthetic vectors, hopefully with a different cell
internalization mechanism, are desired.

Recently, a cellular internalization method using short pep-
tides derived from protein-transduction domains has attracted
much attention. Several cell penetrating peptides (CPPs), such as
HIV-1 Tat fragments, less than 30 amino acid residues in length,

* Corresponding author. Tel.: +81 3 5498 5048; fax: +81 3 5498 5048.
E-mail address: yoshie@hoshi.ac.jp (Y. Maitani).

0378-5173/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
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have the capability of crossing a plasma membrane (Derossi et
al:, 1994; Vives et al., 1997; Oehlke et al., 1998; Pooga et al.,
1998; Futaki et al., 2001a; Morris et al., 2001). In addition, they
can deliver their associated molecules into cells. The Tat peptide
has been reported to be capable of delivering B-galactosidase
(120 kDa) to various organs when administered intraperitoneally
to mice (Schwarze et al., 1999), and even nanoparticles (Lewin
et al., 2000) and liposomes (Torchilin et al., 2001) can be deliv-
ered into cells. Although the mechanism of cell internalization is
still incompletely understood, it is reported to be different from
that of liposome vectors, which are internalized via an energy-
independent pathway (Derossi et al., 1994; Vives et al., 1997).
Oligo-arginine (Arg) conjugates were demonstrated to have
characteristics. similar to CPPs in cell translocation (Mitchell
et al., 2000; Wender et al., 2000; Futaki et al., 2001a).
Although investigations delineating the influence of Arg
length on the transfection efficiency and uptake of oligo-Args
have been reported (Mitchell et al., 2000; Wender et al., 2000;
Futaki et al., 2001a,b), there is no report about oligo-Arg-linked
poly(ethylene glycol) (PEG) lipids alone as a gene vector. The
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aim of this study was to design and synthesize simple and effec-
tive vectors for use in gene delivery. Oligo-Arg-linked PEG-
lipids might have the ability to electrostatically stabilize naked
DNA and mediate gene transfection through a non-endocytotic
pathway. ’

In the present study, we synthesized oligo-Arg-lipids of quite
different structure from a reported one (Futaki et al., 2001b),
employing 3,5-bis (dodecyloxy)benzamide (BDB) as the lipid
component, and introducing a PEG spacer between the C-
terminal of oligo-Arg and the amide group of BDB (oligo-Arg-
PEG-BDB). Four derivatives with various oligo-Arg lengths
were prepared, and the effect of oligo-Arg length on the gene
delivery efficacy was investigated in Hela cells. We demon-
strate that the arginine 10-mer exhibits the highest transfection
efficiency in HeLa cells among our series of compounds.

2. Materials and methods
2.1. Materials

All amino acid derivatives and coupling reagents were
obtained from Kokusan chemical Co., LTD (Tokyo, Japan).
PEG 2000 was obtained from Kanto Kagaku Co., Ltd (Tokyo,
Japan), and converted into its diamino derivative using a reported
‘procedure (Slama and Rando, 1980). 9-fluorenylmethyl-
oxycarbonyl-[Arg(2,2,4,6,7-pentamethyldihydrobenzofuran-5-
sulfonyl)]¢-OH (Fmoc-[Arg(Pbf)]¢-OH) was purchased from
Peptide Institute, Inc (Osaka, Japan). The Pica gene luciferase
assay kit was purchased from Toyo Ink (Tokyo, Japan).
Bicinchonic acid (BCA) protein assay reagent and EZ-Label
Fluorescein Protein Labeling Kit were obtained from Pierce
(Rockford, IL, USA). LipofectamineTM 2000, fluorescein
isothiocyanate (FITC)-transferrin and Dulbecco’s modified
Eagle’s medium (DMEM) were purthased from Invitrogen
Corp. (Carlsbad, CA, USA). FITC-Tat was purchased from
AnaSpec, Inc. (San Jose, CA, USA). All other chemicals used
were of reagent grade. Fetal bovine serum (FBS) was purchased
from Life Technologies (Grand Island, NY, USA). In the
following section, the number of moles of PEG in compounds is
calculated by taking the molecular weight of the PEG fragment
as 2000.

2.2. Synthesis of oligo-Arg-PEG-BDBs

3,5-Bis(dodecyloxy)benzoic acid (Balagurusamy et al.,
1997) (1g) and benzotriazol-1-yl-oxy-tris-pyrrolidino-phos-
phonium hexafluorophosphate (PyBOP) (0.38 g) were dissolved
in N,N-dimethylformamide (DMF) (30 mL), and the solution
was stirred at room temperature for 1 h. Diamino poly(ethylene
glycol) 2000 (5 g) was added to the solution, and the reaction
was carried out overnight. The resulting mixture was poured
into water, and extracted with CHCl3;. The organic layer was
washed with water, dried over MgSQg, and filtered, and the
organic solvent was evaporated under reduced pressure. The
residue was purified by silica gel column chromatography to give
1 (Fig. 1). Fmoc-Arg(2,2,5,7,8-pentamethylchroman-6-sulfonyl
(Pmc))-OH (1.07 g) and PyBOP (0.84 g) were dissolved in DMF

- OC12H25
SR TS
Ao
OG12Hgg

1 R=H 9 R=Arg, (Arg4-PEG-BDB)
2 R=Fmoc-Arg(Pmc) 10 R = Fmoc-[Arg(Pbf)]s
3 R=Arg(Pmc) 11 R=Argg (Arg6-PEG-BDE)
4 R=Fmoc-{Arg(Pmc)l; 12 R = Fmoc-[Arg(Pbf)l[Arg(Pmac)
5 R=[Arg{Pmc)l, 13 R=Argg (Arg8-PEG-BDB)
6 R=Fmoc{Arg(Pmc)l; 14 R =[Arg(Pmc)l,
7 R=[Arg(Pmec)ls 18 R = Fmoc-[Arg(Pbf)lglArg(Pmc)l;
8 R=Fmoc-{Arg(Pmc),; 16 R=Argy, (Arg10-PEG-BDB)

Fig. 1. Chemical structures of ArgN-PEG-BDBs and their synthetic intermedi-
ates.

(20mL), and the solution was stirred at room temperature for
1 h. 1 (2 g) was added to the solution, and the reaction was car-
ried out overnight. The resulting mixture was poured into water,
and extracted with CHCls. The organic layer was washed with
water, dried over MgSOyq, filtered, and the organic solvent was
evaporated under reduced pressure. The residue was purified by
Sephadex LH-20 to give 2. To a solution of 2 (2.45 g) in CH,Cla,
piperidine wag added, and the solution was stirred at room tem-
perature for 30 min. The resulting mixture was directly purified
using Sephadex LH-20 to give 3. Similarly, 4, 5, 6, 7 and 8 were
synthesized step by step. A solution of 8 (0.2 g) in trifluoroacetic
acid (TFA)/water (9/1, 2mlL) was stirred at room temperature
for 3 h, and concentrated in vacuo. The residue was dissolved
in CH,Cl,. Piperidine was added to the solution, and the reac-
tion carried out at room temperature for 30 min. The resulting
mixture was directly purified by silica gel column chromatogra-
phy to give Arg4-PEG-BDB (9). MALDI-TOF MS («-CHCA)
3096.13, 3140.03, 3184.71 ([M+H]*). Similar to the synthesis
of 2 and 8, 10 and Arg6-PEG-BDB (11), respectively, were syn-
thesized from Fmoc-[Arg(Pbf)]s-OH and 1. MALDI-TOF MS
(a-CHCA) 3584.62,3628.17,3672.29 ([M + HI™). Similar to the
synthesis of 2 and 8, 12 and Arg8-PEG-BDB (13), respectively,
were synthesized from Fmoc-[Arg(Pbf)]s-OH and 5. MALDI-
TOF MS («-CHCA) 3670.02, 3714.17, 3757.87 (M +H]").
Similar to the deprotection of the Fmoc group of 2 and 8 gave 14.
Similar to the synthesis of 2and 8, 15 and Arg10-PEG-BDB (16),
respectively, were synthesized from Fmoc-{Arg(Pbf)]¢-OH and
14. MALDI-TOF MS (a-CHCA) 4123.36, 4166.18, 4209.92
(IM+HJ").

2.3. Plasmid DNA and FITC-labeled oligodeoxynucleotide

The plasmid DNA (about 6740bp) encoding the luciferase
gene under the control of the CMV promoter (pCMV-luc) was
supplied by Dr. Tanaka of the Mt. Sinai School of Medicine
(NY, USA). The plasmid pEGFP-C1 encoding the green fluo-
rescent protein (GFP) under the CMV promoter was purchased
from Clontech (Palo Alto, CA, USA). Protein-free preparations
of pCMV-luc and pEGFP-C1 were purified following alkaline
lysis using maxiprep columns (Qiagen, Hilden, Germany). The
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FITC-labeled 20-mer randomized oligodeoxynucleotide (FITC-
labeled ODN) was synthesized with a phosphodiester backbone
(Sigma Genosys Japan, Hokkaido, Japan).

2.4. Preparation of FITC-labeled Arg10-PEG-BDB

FITC-labeled Argl0-PEG-BDB was prepared by applying
an EZ-Label Fluorescein Protein Labeling Kit to Argl0-PEG-
BDB.

2.5. Cell culture

Human cervical carcinoma cells (Hela) were kindly pro-
vided by Toyobo Co., Ltd. (Osaka, Japan). Hel.a cells were
grown in DMEM supplemented with 10% FBS at 37°C in a
humidified 5% CO; atmosphere.

2.6. Gene transfection

An aqueous solution of plasmid DNA (pCMV-luc or pEGFP-
C1) or FITC-labeled ODN was added to the oligo-Arg-PEG-
BDB aqueous solution with gentle shaking to form oligo-Arg-
PEG-BDB/DNA complexes. Each complex was left at room
temperature for 10-15 min. Hela cell cultures were prepared
by plating cells in a 35-mm culture dish 24h prior to each
experiment. The cells were washed 3 times with 1 mL of serum-
free DMEM. For transfection, each oligo-Arg-PEG-BDB/DNA
complex (2 pg of plasmid DNA and 100 p.g of oligo-Arg-PEG-
BDB per well were fixed with a charge ratio (+/—) of oligo-Arg
to plasmid DNA of 4.25-5.5 (Arg4-PEG-BDB-Argl0-PEG-
BDB)) was diluted with serum-free DMEM to 1 mL, then gently
applied to the cells. Two sets of conditions were employed:
(a) after incubation for 3h at 37°C in serum-free DMEM,
DMEM (1 mL) containing 10% FBS was added, and the cells
were further incubated for 21 h, (b) incubation for 24 h at 37°C
in DMEM (2 mL) containing 10% FBS. For transfection with
Lipofectamine™ 2000, 5 uL of Lipofectamine™ 2000 was
used for 2 ug of the plasmid DNA to form a DNA complex
in Opti-MEM according to the manufacturer’s protocol. The
incubation conditions were the same as stated above. The mea-
surement of gene transfer efficiency was performed in triplicate.

2.7. Inhibition of endocytosis

Arg10-PEG-BDB (100 pg) containing 20% FITC-labeled
Argl0-PEG-BDB or its complex with plasmid DNA (2 ng),
FITC-transferrin and FITC-Tat were diluted with DMEM con-
taining 10% FBS to 1 mL and then incubated with cells for 3h
at either 4 °C or 37 °C.

2.8. Luciferase assay

Luciferase expression was measured according to the instruc-
tions accompanying the luciferase assay system. Incubation was
terminated by washing the plates three times with cold phos-
phate buffered saline (pH 7.4) (PBS). Cell lysis solution (Pica

gene) was added to the cell monolayers and subjected to freez-
ing at —80°C and thawing at 37 °C, followed by centrifugation
at 15,000 rpm for 5s. The supernatants were frozen and stored
at ~80°C until the assays. Aliquots of 20pL of the super-
natants were mixed with 100 pL of luciferase assay system
(Pica gene) and counts per second (cps) were measured with a
chemoluminometer (Wallac ARVO SX 1420 multilabel counter,
Perkin-Elmer Life Science, Japan, Co. Ltd., Kanagawa, Japan).
The protein concentration of the supernatants was determined
with BCA reagent using bovine serum albumin as a standard
and cps/p.g protein was calculated.

2.9. Flow cytometry

At the end of the incubation, the dishes were washed: two
times with 1 mL of PBS, and the cells were detached with
0.05% trypsin and EDTA solution. The cells were centrifuged
at 1500x g, and the supernatant was discarded. The cells were
resuspended with PBS containing 0.1% BSA and 1 mM EDTA,
and directly introduced to a FACSCalibur flow cytometer (Bec-
ton Dickinson, San Jose, CA, USA) equipped with a 488 nm
argon ion laser. Data for 10,000 fluorescent events were obtained
by recording forward scatter (FSC) and side scatter (SSC) with
green (530/30 nm) fluorescence.

2.10. Confocal microscopy

GFP expression in Hela cells was observed after the gene
transfection with incubation for 3h at 37°C in serum-free
DMEM. DMEM (1 mL) containing 10% FBS was added as
described above. After the medium was removed, the cells were
washed with PBS and fixed with 10% formaldehyde PBS at
room temperature for 20 min, and washed three times with PBS.
Then, the cells were coated with Aqua Poly/Mount (Poly sci-
ence, Warrington, PA, USA) to prevent fading and covered with
coverslips. The fixed cells were observed with a Radiance 2100
confocal laser scanning microscope (BioRad, CA, USA). GFP
was imaged using the 488-nm excitation beam of an argon laser,
and fluorescence emission was observed with a filter HQ515/30.
The contrast level and brightness of the images were adjusted.

2.11. Particle size determination

The oligo-Arg-PEG-BDB/DNA complex and Lipofecta-
mine™ 2000/DNA complex were formed as described in Gene
Transfection. Particle size was measured by the dynamic light-
scattering method (ELS-800, Otsuka Electronics Co. Ltd, Osaka,
Japan) at 25 °C after diluting the Arg-PEG-BDB/DNA complex,
the Lipofectamine™ 2000/DNA complex, Lipofectamine™
2000 and Arg10-PEG-BDB to an appropriate volume with Milli-
Q water.

2.12. Cytotoxicity
HeL a cells were seeded at a density of 1 x 10* cells per well

in 96-well plates and maintained for 24 h before transfection in
DMEM supplemented with 10% FBS. The cells were washed
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with serum-free DMEM. The culture medium was replaced with
serum-free DMEM (50 p.L) including various concentrations of
Argl0-PEG-BDB ranging from 2.5 to 1000 uM, or the DNA
complex as described in Section 2.6. After incubation for 3h at
37°C with serum-free DMEM (50 L), DMEM (50 pL) con-
taining 10% FBS was added. The cells were further incubated
for 21 h. The number of surviving cells was determined by a
WST-8 assay (Dojindo Laboratories, Kumamoto, Japan). Cell
viability was expressed as the ratio of the Assp of cells treated
with the DNA complex to that of the control samples.

2.13. Data analysis

Significant differences in the mean values were evaluated
by student’s unpaired r-test. A p-value of less than 0.05 was
considered significant.

3. Results

3.1. Luciferase expression of Arg-PEG-BDB/DNA
complexes

We prepared four oligo-Arg-linked lipids of various
Jlengths, Argd-PEG-BDB, Arg6-PEG-BDB, Arg8-PEG-BDB
and Argl0-PEG-BDB (Fig. 1). We evaluated the transfection
efficiency of oligo-Arg-PEG-BDB by assaying luciferase activ-
ity. HeLa cells were transfected with oligo-Arg-PEG-BDB com-
plexed with pCMV-luc. Transfection was conducted for 3h in
the absence or presence of serum, and the cells were cultured
for another 21h in the presence of serum. According to the
result of a preliminary experiment, the oligo-Arg-PEG-BDB
concentration appeared to be an important factor in obtain-
ing a high transfection efficiency. All oligo-Arg-PEG-BDB
derivatives exhibited luciferase activity at 40 pg/mL with a
charge ratio of cation to plasmid of 2.2-1.7 (Arg4-PEG-BDB-
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Argl0-PEG-BDB). As the concentration of oligo-Arg-PEG-
BDB increased, the level of luciferase activity also increased.
However, it was observed that Arg8-PEG-BDB became cyto-
toxic at 200 pg/mL in the gene transfection. Therefore, the
concentration of oligo-Arg-PEG-BDB should be restricted. A
concentration of 100 wg/mL, corresponding to 32, 29, 27 and
25 uM for Arg4-PEG-BDB, Arg6-PEG-BDB, Arg8-PEG-BDB
and Argl10-PEG-BDB, respectively, was used in the subsequent
experiments.

Fig. 2(A) and (B) demonstrates that the longer oligo-Arg
showed stronger luciferase activity irrespective of the serum
in the medium. Argl0-PEG-BDB showed the highest level
of activity among the oligo-Arg-PEG-BDB derivatives, with
about 40-fold, 11-fold and 4-fold higher transfection efficien-
cies than Arg4-PEG-BDB, Arg6-PEG-BDB and Arg8-PEG-
BDB, respectively, on 3 h-incubation in serum-free medium
(Fig. 2(A)). ArglO-PEG-BDB showed about 1/5 the trans-
fection efficiency of Lipofectamine™ 2000, a commercial
gene transfection reagent, even in a serum-containing medium
(Fig. 2(B)). Serum tended to decrease the gene transfec-
tion efficiency of oligo-Arg-PEG-BDB, an exception being
Argl0-PEG-BDB.

3.2. Cellular uptake of Arg-PEG-BDB/DNA complexes

To confirm the ability of oligo-Arg-PEG-BDB to carry genes
into cells, we prepared ODN labeled with FITC and assayed
the cell internalization of the Arg8-PEG-BDB, Argl0-PEG-
BDB/ODN or Lipofectamine™ 2000 complex by flow cytom-
etry (Fig. 3). Cells were exposed for 3h to the FITC-labeled
ODN complex in the absence (Fig. 3(A)) or presence of serum
(Fig. 3(B)), cultured for another 21 h in the presence of serum,
and then trypsinized. A flow cytometric analysis demonstrated
that cell internalization occurred in each case and in the absence
of serum, Lipofectamine™ 2000 showed the strongest labeling
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Fig. 2. In vitro luciferase activity after transfection of HeLa cells using oligo-Arg-PEG-BDB/DNA complexes. The complexes were prepared by mixing 2 ug of
pCMV-luc with 100 p.g of oligo-Arg-PEG-BDB or Lipofectamine™ 2000 (5 wL). The charge ratio of cation to plasmid was 4.25-5.5 (Arg4-PEG-BDB-Arg10-PEG-
BDB). (A) After incubation for 3h at 37 *C in serum-free DMEM, DMEM (1 mL) containing 10% FBS was added, and the cells were further incubated for 21 h.
(B) Cells were incubated for 24 h at 37 °C in DMEM (2 mL) containing 10% FBS. Each bar represents the mean == S.D. of three experiments.
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Fig. 3. Cellular uptake of the DNA complexes of Arg8-PEG-BDB and Argl0-PEG-BDB. Arg8-PEG-BDB, Arg10-PEG-BDB (100 p.g) or Lipofectamine™ 2000
was mixed with 2 g of FITC-labeled ODN. (A) The cells were incubated for 3hin serum-free DMEM and incubated another 21 h in DMEM containing 10% FBS.
(B) The cells were incubated for 24 h in DMEM (2 mL) containing 10% FBS and treated with trypsin before FACS analysis. Rough dotted line, untreated; Subtle
dotted line, Arg8-PEG-BDB; Bold line, Arg10-PEG-BDB; Plain line, Lipofectamine™ 2000.

intensity among vectors. However, in the presence of serum, the
intensity of the signal was greater in the cells transfected with
Argl10-PEG-BDB than those with Lipofectamine™ 2000 and
Arg8-PEG-BDB, indicating that Arg10-PEG-BDB could carry
more DNA into the cells than Lipofectamine™ 2000 and Arg8-
PEG-BDB. It suggests that the uptake efficiency of Arg10-PEG-
BDB was not susceptible to the serum. These results suggest
that the optimal number of oligo-Arg was 10 among the tested.
Therefore, Arg10-PEG-BDB was used in subsequent experi-
ments.

3.3. GFP gene transfection

To examine the distribution of transfection in cells, we
observed the transfection efficiency of Argl0-PEG-BDB with
the plasmid pEGFP-C1 using confocal microscopy. Cells were
exposed for 3h to the Arg10-PEG-BDB or Lipofectamine™
2000/DNA complex in the absence of serum, and then cul-
tured for another 21h in the presence of serum. Next, the
cells were fixed with 10% paraformaldehyde and visualized by
confocal microscopy (Fig. 4). A slightly lower level of GFP
protein was observed in the cells treated with Argl0-PEG-
BDB than with Lipofectamine™ 2000, corresponding to the
results of luciferase expression (Fig. 2). Similar results were
obtained in a flow cytometric study for Argl0-PEG-BDB and
Lipofectamine™ 2000 in serum-free incubation (Fig. 3(A)).

3.4. Effect of low temperature on the uptake

To confirm the internalization mechanism of our CPP, we pre-
pared FITC-labeled Argl0-PEG-BDB and examined the effect
of temperature on the cellular uptake of complexes. In order
to avoid changes in the cell internalization character, we only
incorporated FITC-labeled Argl0-PEG-BDB (20%). The endo-
cytosis marker transferrin (Tf) and another CPP of Tat were used
as control. The cells were exposed to FITC-labeled Arg10-PEG-
BDB or its DNA complex, FITC-transferrin and FITC-Tat for
3h at either 4°C or 37 °C in the presence of serum. Then, the
cells were trypsinized and analyzed by flow cytometry (Fig. 5).
FITC-labeled Argl0-PEG-BDB and its DNA complex showed
about an 86% lower internalization efficiency at 4 °C than at
37°C. No significant difference in the mean fluorescence was
observed between the DNA complex and FITC-labeled Argl0-
PEG-BDB alone at4 and 37 °C (Fig. 5(C)). This finding suggests
that the internalization by our oligo-Arg-PEG-BDB and its DNA
complexes was considerably inhibited at low temperature.

3.5. Particle size

Particle sizes of Argl0-PEG-BDB, Lipofectamine™ 2000,
Arg10-PEG-BDB/DNA and Lipofectamine™ 2000/DNA were
estimated using dynamic light scattering in Milli-Q water
15-60min after the complex had formed. Particles of

Fig. 4. Analysis of GFP expression by confocal microscopy. The DNA complexes were prepared by mixing 2 pg of pEGFP with Argl0-PEG-BDB (100 p.g) or
LipofectzunineTM 2000 (5 pL). The cells were incubated for 3h in serum-free DMEM and incubated another 21 h in DMEM (1 mL) containing 10% FBS before
confocal microscopy. Panel A, untreated; panel B, Arg10-PEG-BDB; panel C, Lipofectamine™ 2000. All views were recorded with the same camera acquisition

parameters.
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s

ArglO-PEG-BDB and the Argl0-PEG-BDB/DNA complex
were about 300 and 1000 nm, respectively, suggesting that
Arg10-PEG-BDB formed micelles. Those of Lipofectamine™
2000 and the Lipofectamine™ 2000/DNA complex were about
400 nm and about 800 nm, respectively.

3.6. Cytotoxicity

The cytotoxicity of the vectors was assessed by the WST-8
assay using cells incubated with Argl0-PEG-BDB in serum-
free medium for 3h and in a serum-containing medium for
another 21 h. The ICsp value was about 550 uM for ArglO-
PEG-BDB (data not shown). The cytotoxicity of the ArglQ-
PEG-BDB/DNA complex was almost equal to that of the
Lipofectamine™ 2000/DNA complex in both sets of conditions
(Fig. 6).

4. Discussion

A peptide consisting of oligo-Arg has been shown to be
translocated through cell membranes as efficiently as other CPPs
(Mitchell et al., 2000; Wender et al., 2000; Futaki et al., 2001a).
In these cases, the oligo-Arg length and the hydrophobic moiety

of oligo-Arg conjugates were important factors for the uptake
and transfection in cells (Futaki et al., 2001b). The aims of
this study were to design and synthesize novel oligo-Arg-linked
PEG-lipids, and determine the optimal length of oligo-Arg for
transfection efficiency and to develop an effective gene delivery
vector.

We prepared oligo-Arg-modified lipids with a PEG linker.
The transfection experiment using pCM V-luc showed the ability
of oligo-Arg-PEG-BDB to carry genes into cells. The transfec-
tion efficiency of the longer oligo-Arg was higher. The trans-
fection efficiency in the absence of serum increased about four
times as two arginine residues were added. The highest level
of luciferase activity in cells was observed in Arg10-PEG-BDB
irrespective of serum, suggesting that the optimal number of
arginine residues for transfection was 10.

A Timitation of the transfection assay with pCMV-luc is that
it does not provide any information on the percentage of cells
transfected. Therefore, we used pEGFP-C1 as another plas-
mid DNA. Argl0-PEG-BDB showed a similar efficiency in
gene transfer to pCMV-luc, and a slightly lower fluorescence
to Lipofectamine™ 2000, on confocal microscopy and flow
cytometry in serum-free medium. The transfection assay with

"pEGFP-C1 and ArglO-PEG-BDB provided evidence that the
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Fig. 6. Cytotoxicity of Argl0-PEG-BDB and LipofectamineTM 2000 com-
plexed with the plasmid DNA. The cytotoxicity on transfection was evaluated
using the WST-8 assay. HeLa cells were seeded at a density of 1 x 10* cells per
well in 96-well plates and maintained for 24 h before the gene transfection in
DMEM containing 10% FBS. The culture medium was replaced with serum-
free DMEM (50 p.L) containing DNA (2 pg) complexed with Argl0-PEG-BDB
(100 g) or with Lipofectamine™ 2000 (5 wL). After incubation for 3 hat 37 °C
in DMEM without FBS, DMEM (50 L) containing 10% FBS was added. The
cells were further incubated for another 21 h. Open bars, cell viability in the
absence of plasmid DNA; Closed bars, cell viability in the presence of plasmid
DNA. Each bar represents the mean & S.D. of three experiments.

observed transfection efficiency resulted from low overall levels
of gene insertion in many cells, not from a low overall percent-
age of cells transfected with a few cells receiving large numbers
of the reporter gene. :

We also showed that both Arg8-PEG-BDB and Arg10-PEG-
BDB were able to carry plasmid DNA inside the cells by flow
cytometry. To removing the surface bound Arg-PEG-BDB/DNA
complexes, we washed the cells with PBS and treated them with
trypsin (Richard et al., 2003). In the presence of serum, Arg10-
PEG-BDB was able to deliver more DNA into the cells than
Lipofectamine™ 2000 and Arg8-PEG-BDB, but this finding
did not reflect in transfection efficiency. It was suggested that
the process of cellular uptake and/or transfection might be dif-
ferent between Argl0-PEG-BDB and Lipofectamine™ 2000.
No severe cytotoxicity was observed during 24 h incubation at
25 uM (100 p.g/mL) of Arg10-PEG-BDB (Fig. 6). Notably, even
in the presence of serum, the Argl0-PEG-BDB/DNA complex
achieved appreciable cellular association to attain a high level
of gene expression. .

Mitchell et al. reported that 15 arginine residues were inter-
nalized significantly more effectively than 20 arginine residues
(Mitchell et al., 2000). Wender et al. reported that nine argi-
nine residues, the maximum number used in their experiment,
were superior to shorter oligomers in terms of cellular uptake
as determined by flow cytometry (Wender et al., 2000). They
also demonstrated that the presence of at least six arginine
residues is important for cellular uptake (Wender et al., 2000).
Using oligomers composed of 4-16 arginine residues, Futaki

et al. demonstrated that there was an optimal number of argi-
nine residues (Arg8) for cellular internalization by microscopic
observation (Futaki et al., 2001a). They also reported that steary-
lation of Arg8 at the N-terminal (stearyl-Arg8) improved the
transfection efficiency compared with Arg8 alone, giving the
highest transfection efficiency from stearyl-Arg4 to stearyl-
Argl6 at a charge ratio of cation to DNA of 2:1 (Futaki et al,,
2001b). In our case, Argl0-PEG-BDB showed a higher trans-
fection efficiency and cellular uptake than Arg8-PEG-BDB.

Therefore, effect of the length of oligo-Arg on transfection
efficiency has to be taken into consideration. In transfection
experiments with the oligo-Arg-PEG-BDB/DNA complex, the
arginine residues may be partly used for translocation through
the plasma membrane and partly for the formation of complex
with plasmid DNA. The longer oligo-Arg would be needed for
the intracellular delivery of oligo-Arg-PEG-BDB/DNA than the
uptake of oligo-Arg-PEG-BDB alone. In this respect, oligo-Arg-
PEG-BDB with more than ten arginine residues would be more
effective for transfection if no cytotoxicity is observed. Cyto-
toxicity may be influenced by incubation with or without serum
and/or cell type. The cellular uptake and transfection efficiency
of oligo-Arg-PEG-BDB/DNA complexes were proportional to
the chain length of oligo-Arg. This finding suggests that the lim-
iting factor of gene transfection was the uptake of complex to the
plasma membrane, and not the release of DNA from the endo-
some compartment to the cell cytoplasm or the penetration of
DNA into the nucleus.

It is interesting that two quite different designs of oligo-
Arg-lipids, Arg10-PEG-BDB (25 pM) (Fig. 2) and stearyl-Arg8
(30 wM) (Futaki et al., 2001b), showed comparable transfection
efficiencies to Lipofectamine™ 2000. The presence of a PEG
linker and the lipid structure does not seem to affect the length
of oligo-Arg suitable for the transfection and uptake. The trans-
fection efficiency is likely to be influenced more by the length of
oligo-Arg than by overall structural features such as the anchor
lipids, linker groups, and direction of oligo-Arg relative to the
lipid portion, etc.

The cellular translocation by CPP was initially proposed to
be an energy-independent process. Most papers report no differ-
ence in uptake between 37 and 4 °C (Vives et al., 1997; Futaki et
al., 2001a). However, more recent papers suggest that the major-
ity of the translocation occurs via an energy-dependent pathway
and that the translocation of CPP is reduced by endocytosis
inhibitors (Fischer et al., 2002; Vives, 2003; Drin et al., 2003).
To investigate the internalization mechanism of our system,
we constructed FITC-labeled Argl0-PEG-BDB and its DNA
complex, and examined the temperature-dependence of their
internalization using flow cytometry. Therefore, the internaliza-
tion mechanism of our system may have less of a contribution
from energy-independent processes. FITC-labeled Arg10-PEG-
BDB alone showed a similar internalization efficiency to the
FITC-labeled Arg10-PEG-BDB/DNA complex at 37 °C for 3 h,
suggesting that Argl0-PEG-BDB and Argl0-PEG-BDB/DNA
follow a similar pathway. These findings conflict with the report
that the quantitative uptake of free CPP or CPP coupled to cargo
can differ (Fischer et al., 2004), but corresponds to the report that
the cellular entry of both stearyl-Arg8 and the stearyl-Arg8/DNA
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complex occurs mainly through endocytosis (Khalil et al.,
2004).

Given the particle size of Argl0-PEG-BDB, aggregates such
as micelles would be formed since PEG-lipid conjugates were
reported to form micelles (Lukyanov et al., 2002). One expla-
nation for the transfection efficiency of Arg10-PEG-BDB could
be that Argl0-PEG-BDB aggregates and behaves similarly to
polycationic micelles (Itaka et al., 2003).

5. Conclusions

In summary, we synthesized oligo-Arg containing lipids with
a PEG spacer as novel gene vectors, and found that their trans-
fection efficiency increased as the number of arginine residues
increased. Among them, Argl0-PEG-BDB showed the highest
transfection efficiency in HeLa cells. Arg10-PEG-BDB and its
DNA complex may be internalized via energy-dependent pro-
cesses.
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Abstract

Beta-sitosterol 3-B-D-glucoside (Sit-G), an absorption enhancer, was incorporated into ultra-deformable vesicles containing bleomycin to
attepuate drug toxicity in human keratinocytes. The presence of Sit-G increased drug entrapment and improved in vitro stability of ultra-
deformable vesicles: Confocal laser scanning microscopy revealed the extent to which Sit-G facilitated the penetration of ultra-deformable vesicles
containing fluorescent probes into rat skin upon non-occlusive topical application. Furthermore, treatment with preparations incorporating Sit-G
resulted in elevated epidermal and dermal concentrations of bleomycin. Ultra-deformable formulation contained Sit-G maintained flexibility for
penetration through the skin, increased entrapment efficiency of bleomycin and stability in vitro, and significantly increased distribution of
bleomycin in epidermis and dermis compared with those without Sit-G.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The surface of human skin consists of the epidermis and
stratum cormneum (SC) layers. Despite their natural barrier
properties, several drugs have successfully been delivered
through these layers and the use of transdermal drug delivery
systems have recently. increased in popularity. In order to
cross intact skin, drug carriers must either pass through
corneocytes, or in between them via intercellular spaces.
Many approaches have been developed to either destroy or
fluidize the lipid bilayers, thereby, enhancing the penetration
of drugs [1]. The diffusivity and solubility of the drug carrier
in the SC and epidermis are critical parameters, which
control the rate of drug permeation in skin [2].

Lipid vesicles drug delivery systems can be biocompatible in
humans and incorporate both hydrophilic and lipophilic drugs

* Corresponding author. Tel./lfax: +81 3 5498 5048.
E-mail address: yoshie@hoshi.ac.jp (Y. Maitani).

0168-3659/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel.2006.04.016

[3]. Edge activators can increase the elasticity of bilayers
formed from the redistribution of amphiphilic lipids [4] and
such ultra-deformable vesicles have been shown to penetrate
intact skin via transdermal osmotic gradients and hydration
forces [5]. Examples of'edge activators include the surfactants:
sodium cholate, sodium deoxycholate [6,7], Tween 80 and Span
80 [8].

Bleomycin is an established anti-tumour drug used in the
treatment of non-melanoma skin cancer (NMSC). Recent work
has shown that bleomycin can be encapsulated in ultra-
deformable liposomes [9] and this preparation may be useful
for topical chemotherapy of NMSC [10].

Beta-sitosterol 3-B-D-glucoside (Sit-G, Fig. 1) exhibits
slight solubility in water and oil. Particulate Sit-G exhibited
the novel capability of promoting transport of peptide drugs
through the intestinal and nasal mucosae by being ascribed to
the glucose residue [11,12]. Sit-G was expected to be an
absorption enhancer for skin.

The purpose of this investigation is to study the physical
properties of ultra-deformable liposomes incorporating Sit-G.
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Fig. 1. Chemical structure of p-sitosterol B-b-glucoside (Sit-G).

In order to enhance permeation of drugs through skin, we
developed a novel formulation of ultra-deformable vesicles
incorporating an absorption enhancer, Sit-G.

2. Materials and methods
2.1. Materials

Bleomycin hydrochloride for injection (BLM) was a gift
from Nippon Kayaku Co. (Tokyo, Japan). Egg phosphatidyl-
choline (EPC) was purchased from NOF Corp. (Tokyo, Japan).
Sit-G was obtained from Essential Sterolin Products (Midrand,
South Africa). Tween 80 (Tween) and calcein were purchased
from Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan). Sodium
cholate (Cholate), sodium perchlorate and urethane were
obtained from Sigma Chemicals Co. (St. Louis, MO, U.S.A.).
1,1’-Dioctadecyl-3,3,3/,3-tetramethylindocarbocyanine per-
chlorate (Dil) was purchased from Lambda Probes and
Diagnostics (Graz, Austria). Other chemicals used were of
reagent grade and purchased from Wako Pure Chemical
Industries Ltd. (Osaka, Japan).

2.2. Preparation of ultra-deformable vesicles entrapped with
calcein or BLM

Ultra-deformable vesicles were prepared by a dry film
method. Briefly, lipid mixtures of EPC, Tween or Cholate,
were dissolved in ethanol. Sit-G was dissolved in a
chloroform/methanol solvent system at 2:1 v/v ratio. Then
these lipid solutions were mixed. This organic solvent
system was removed by rotary evaporation, under vacuum
and at 55 °C. The dry lipid film was hydrated with either
Milli-Q water, 1 mg/mL BLM aqueous solution, or 20 mM
calcein solution, to yield empty vesicles, BLM-entrapped
vesicles (BLM-vesicles), or calcein-entrapped vesicles, re-
spectively. Vesicles labelled with Dil were prepared by
addition of Dil (0.4 mol%) to lipid mixtures and hydrating
with Milli-Q water. Vesicles were subsequently sonicated for
2-10 min using a bath-type sonicator (UT-205S, Sharp

Corp., Osaka, Japan) at a 200 W energy output. Final total
lipid concentration in all formulations was 10 mg/mL.

2.3. Vesicle size, morphology and (-potential measurements

Average diameters and {-potentials of vesicles were
measured by dynamic light-scattering (DLS) and electrophore-
sis light-scattering methods, respectively (ELS 800, Otsuka
Electronics, Osaka, Japan). All measurements were performed
at 25+1 °C, after diluting the vesicle suspension with Milli-Q
water.

Particle morphology was analyzed using a scanning
electron microscope (SEM, JSM-5600LV, JEOL Ltd,
Tokyo, Japan). Samples were coated with platinum prior to
analysis. An accelerating potential of 15 keV was used and
the images were obtained with a scintillating secondary
electron detector.

2.4. Measurement of elasticity value

The elasticity value of bilayer of ultra-deformable vesicles
was directly proportional to Jayux X (rv/rp)z;

Elasticity = Jaux % ("v/”p)z

where Juux is the rate of penetration through a permeability
barrier, r, is the size of vesicles after extrusion and r;, is the pore
size of the barrier [13,14]. To measure J, the vesicles were
extruded through a polycarbonate membrane (Nuclepore,
Whatman Inc., MA, USA) with a pore diameter of 50 nm
(rp), at a pressure of 0.5 MPa. After 5 min of extrusion, the
extrudate was weighed (J), and the average vesicle diameter
after extrusion (r,) was measured by DLS.

2.5. Captured volume of ultra-deformable vesicles

Calcein-entrapped vesicles were separated from free
(unentrapped) calcein by gel filtration chromatography
using a Sephadex G-50 column and a mobile phase of 1/
10 diluted phosphate-buffered saline (1/10 PBS). Vesicles
were disrupted by addition of 10% (v/v) Triton X-100 (final
concentration 0.1%) to release their calcein load. Entrapment
efficiency was calculated by measurement of fluorescence
emitted from entrapped calcein, and by EPC quantification
via enzyme assay (Phospholipid B Test Wako, Wako Pure
Chemical Industries Ltd.). Captured volume was obtained
from calculated values of calcein entrapment efficiency and
total post-filtration lipid concentration [15].

2.6. Determination of BLM-entrapment efficiency

Free BLM was separated from entrapped BLM using a
Sephadex G-50 column and a mobile phase of 1/10 PBS.
Unentrapped BLM was quantified by a UV-spectrophotometer
(UV-1700 Phamaspec, Shimadzu Corp., Kyoto Japan) at
292 nm. Entrapment efficiency of BLM was calculated
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indirectly from the amount of free drug, according to the
following equation:

Entrapment efficiency (%) = (1-B¢/B;) x 100

where Br was the amount of free BLM and B: was the total
amount of BLM.

2.7. Physical stability study of BLM-vesicles in vitro

The stability of BLM-vesicles (10 mg/mL total lipid
concentration) was evaluated by monitoring entrapment
efficiency of BLM for 1 h at 37 °C [8]. Samples of the original
" vesicle suspensions, unfiltered and undiluted, were incubated at
37 °C. After 1 h, 100 pL aliquots were taken for determination
of entrapment efficiency using the method in Section 2.6.
Entrapment efficiency was calculated indirectly from the
percentage of drug released. The amount entrapped at start
time was normalized to 100%.

2.8. Animals

Wistar rats (male, 7 weeks, 190-220 g) and hairless rats
(male, 7 weeks, 190-210 g) with clean status were purchased
from Tokyo Laboratory Animal Science Co., Ltd. (Tokyo,
Japan) and Sankyo Labo Service Corp. (Tokyo, Japan),
respectively. They were housed in animal facilities under
standard laboratory conditions prior to experimentation.

2.9. In vivo skin deposition and partitioning of BLM

Prior to experimentation, hair was carefully removed, with
an electric clipper from the abdominal area of Wistar rats
under anesthesia (intra-peritoneal injection of urethane, 1 g/
kg). Ceve and Blume [5] had previously recommended non-
occlusive application for optimum transdermal drug delivery
with ultra-deformable vesicles. The individual BLM-vesicle
suspension containing 157 pg of liposomal BLM without gel
filtration and the BLM solution (157 pg BLM using 1 mg/
mL) were non-occlusively applied on the abdomen of rats
(3.14 cm?) for either 3 or 12 h. Rats were kept on their back
on a heating pad during the sedation period. Blood sample
(1 mL) was collected from the jugular vein periodically for
either 3 or 12 h after dosing, and then centrifuged at
13,000 rpm for 4 min to obtain serum. After percutaneous
administration of suspension, the residual suspenSion was
removed from the skin surface with a cotton swab with warm
water. The full-thickness skin was then separated from the
underlying tissue. The serum and full-thickness skin was
stored at ~20 °C until HPLC analysis.

For in vivo skin partitioning of BLM after 12 h application,
the BLM-vesicle suspensions remaining on the skin surface
were wiped off with warm water. Stratum comeum (SC) was
obtained using tape-strip technique. Ten strips and stripped skin
(viable epidermis plus dermis) were further processed for HPLC
analysis.

2.10. Sample preparation and HPLC assay

The serum (400 pL) was also centrifuged at 13,000 rpm for
4 min following to addition of 20% (w/v) trichloroacetic acid
(TCA, 100 pL). The full-thickness and stripped skin were cut
into small pieces and homogenized in 2 mL of 10 mM sodium
perchlorate in 0.1% aqueous phosphoric acid (solvent A). After
addition of 1 mL of 20% (w/v) TCA, the homogenate was
centrifuged at 15,000 rpm for 5 min. The supernatants of serum
and sample (300 pL) were directly injected into the HPLC
system to determine the concentration of BLM. The recovery of
added amounts of BLM to serum and skin homogenate was 89.6
+9.6% and 87.9+16.7%, respectively. The SC tape-strips were
soaked in 5 mL of solvent A for 5 h at room temperature. After
removal of the tapes, SC sample was freeze-dried and dissolved
in 800 uL of solvent A.

The HPLC analysis was performed at 25 °C. The system was
consisted of SCL-10A system controller, LC-10AT liquid
chromatograph, SIL-10AF auto injector, SPD-10A UV spectro-
photometric detector at 240 nm (Shimadzu Corp.), and a C;g
column (YMC-Pack, ODS-A A-302, 150x4.6 mm 1.D., YMC
Co., Ltd., Japan). The mobile phase was consisted of solvent A
and acetonitrile (solvent B). A line gradient was applied from 5%
to 25% solvent B for 20 min, increasing within 2 min to 100% B
and hold for a 2 min and followed by post-time of 8 min under
the initial condition [16]. The flow rate was set at 1 mL/min.

2.11. In vivo distribution of fluorescent-labeled ultra-deform-
able vesicles

Vesicle contained 16% (w/w) Cholate and 5% (w/w) Sit-G
(CS-vesicles) suspension labeled by both Dil and calcein
(551 pL; containing 14.8 mM of total lipid, 59 uM Dil and
20 mM calcein) without gel filtration, the mixture suspension of
20 mM calcein and Dil-labeled CS16-vesicles (Table 1)
(551 pL; containing 14.8 mM of total lipid and 59 pM Dil)
and the mixture solution (551 pL) of 20 mM calcein and 59 uM
Dil were applied on the abdominal skins of hairless rats for 3 h

s~

Table 1 <

The formulation of ultra-deformable vesicles

Vesicles EPC Tween 80 (T) Sodium cholate (C) Sit-G (S)

% (wiw)

EPC 100 - - -

T6 94 6 - -
10 90 10 - -
16 84 16 - -
26 74 26 - -

Cé 94 - 6 -
10 90 - 10 -
16 84 - 16 -
26 74 - 26 -

CS6 89 - 6 5
10 85 - 10 5
16 79 - 16 5
26 69 - 26 5

T-, C- and CS-vesicle were composed of Tween 80, sodium cholate, and sodium
cholate and Sit-G, respectively.
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under anesthesia. After the removal of excess suspension, the
skins administered were excised, washed three times with Milli-
Q water and then dried with cotton swab. The skins were
embedded in OCT compound (Tissue-Tek, Sakura Finetechni-
cal Co., Ltd., Tokyo, Japan) and processed for frozen
sectioning. The embedded skins were sectioned; frozen sections
20 um apart of both cut surfaces. Each frozen section was
mounted on a MAS coat slide glass (SUPERFROST®,
Matsunami, Osaka, Japan), and examined microscopically. A
confocal laser-scanning microscope (CLSM, Radiance 2100,
Bio-Rad Laboratories, Inc., Hercules, CA, U.S.A.) was
employed for imaging. For Dil, maximum excitation was
performed by a 543-nm line of internal He—Neon laser, and
fluorescence emission was observed with long pass barrier filter
560DCLP. Calcein was imaged using the 488 nm excitation line
of an argon laser, and fluorescence emission was observed with
a filter HQ515/30. The contrast level and brightness of the
images were adjusted.

2.12. Statistical analysis

Significant differences in the mean values were evaluated by
the Student’s unpaired #-test. A p-value of less than 0.05 was
considered to be significant.

3. Results
3.1. Elasticity of vesicles

Elasticity is an important feature of ultra-deformable vesicles
that differentiates it from other lipid disperse systems which are
typically non-elastic. Four formulations were used (Table 1):
control vesicles containing only EPC (EPC-vesicles), EPC-
vesicles containing a surfactant (Tween or Cholate, T- or C-
vesicles), and C-vesicles incorporating 5% (w/w) Sit-G (CS-
vesicles). »

Average vesicle diameters of each preparation, before and
after extrusion, are shown in Table 2. Preparations contain-
ing 26% (w/w) Cholate, either with (CS26) or without (C26)

Table 2
Size of empty ultra-deformable vesicles before and after extrusion through
polycarbonate membrane with a pore size of 50 nm

Vesicles Size before extrusion (nm) Size after extrusion (nm)
EPC 155.4+9.2 80.3+£9.0
T6 150.7£13.3 102.7+£17.2
10 139.6+5.3 114.7+1.0
16 136.7+7.8 102.3x£104
26 125.4+7.9 112.6£12.8
Cé 156.3£9.2 122.7£3.7
10 143.3%33 122.9%0.7
16 140.0£5.2 108.4+£2.5
26 66.6+15.4 48.6+9.9
Cs6 143.0+8.9 1147£1.1
10 140.0+4.1 112.5%£2.9
16 148.0+1.0 110.5+£0.8
26 66.1+£23.1 52.8+17.4

Values represented as mean+S.D.(n=3).
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Fig. 2. Jaux (A) and calculated elasticity values, Jqyx % (r\,/r,,)Z (B) of empty ultra-
deformable vesicles in relation to the content of Tween 80 or sodium cholate.
Each value represents the mean+S.D. (n=3). **p<0.01.

5% (w/w) Sit-G, exhibited average vesicle diameters of
66 nm. Average vesicle diameters of all other preparations
were in the range of 125-155 nm. Over the course of
5 months storage at room temperature, significant changes in
vesicle size were only observed in the control preparation
(data not shown). A reduction in average vesicle diameter
was observed in a}l preparations after extrusion. Except for
C26, CS26 and céntrol formulations, the average vesicle
diameter of ultra-deformable vesicles remained above
100 nm after extrusion (Table 2).

Jaux started at 16% (w/w) surfactant concentration in T-,
C- and CS-vesicles (Fig. 2A) and elasticity of C- and CS-
vesicles peaked to plateau at this concentration (Fig. 2B). At
the highest concentrations of surfactant, reductions of vesicle
size and elasticity were observed in C26 and CS26 (Table 2
and Fig. 2B), whereas no reduction of them was observed in
T26. Elasticity of the preparations (T- or C-vesicles) in this
investigation was comparable with published data {8].

The recovery of vesicle suspensions after extrusion was
determined by measuring EPC concentrations in the
extrudate when the passage of vesicles through pores much
smaller than their own diameter (Fig. 3). The recovery of
EPC of EPC-vesicle was approximately 10%. That in T-, C-
and CS-vesicles was increased with an increase of surfactant
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Fig. 3. EPC recovery A(%) in vesicle suspensions after extrusion through
polycarbonate membrane with a pore size of 50 nm. Each value represents the
mean=S.D. (n=3). *p<0.05, ¥**p<0.01.

content in each formulation. C16- and CSl6-vesicles with
maximum elasticity passed through the polycarbonate
membrane showed about 80% of EPC, which was
significantly higher compared with that of T-vesicles
(p<0.05). C26- and CS26-vesicles showed high EPC
recovery because of small sizes.

—

A)

X328, 888 B:5nm BOBB:

Fig. 4. Scanning electron micrographs of Cl6-vesicles before (A) and after
extrusion (B) through a polycarbonate membrane with a pore size of 50 nm.
Scale bar=0.5 pm.

The morphology of vesicles was also investigated by
scanning electron microscopy. Cl6-vesicles were chosen for
SEM observation because of their high elasticity and EPC
recovery. Cl6-vesicles after extrusion appeared as particles
with a diameter of above 100 nm, like vesicles before
extrusion (Fig. 4A, B). High recovery of EPC and SEM
observation of vesicle suspensions after extrusion suggest
that high elasticity of the bilayers, ultra-deformable vesicles
might squeeze themselves and pass through pores much
smaller than their own diameter.

3.2. Captured volume and (-potential of empty vesicles and
characterization of BLM-entrapped vesicles

Based on the result of extrusion measurement, highly
elastic T16-, C16- and CS16-vesicles were chosen as the
formulations of BLM-vesicles (T16-, C16- and CS16-BLM,
respectively) for stability study. The volume of entrapped
aqueous fluid per mole of lipid represented the captured
volume afforded by the preparation, and this parameter has
been linked with many membrane properties [17,18]. In this
experiment, captured volume was calculated from the
entrapment efficiency of calcein. Captured volume of the
T16-, C16- and CS16-vesicles was 1.7£0.06 pL/pmol, 1.4+
0.11 uL/umol and 1.0+0.03 pL/umol, respectively (Table 3).
This finding suggests that the inner aqueous phase of
vesicles was significantly decreased with the increase of
other components into EPC.

C16- and CSl6-vesicles were more negatively-charged
than T16-vesicles (Table 3). Vesicles containing Cholate
showed particularly negative {-potentials, but CS16-vesicles
showed less negative {-potential than Cl6-vesicles, suggest-
ing that Sit-G might disturb the charge of Cholate at the
surface of vesicles. The entrapment efficiencies of BLM-
vesicles are given in Table 3. The average size of BLM-
vesicles was about 145-158 nm. Of the formulations, higher
efficiency of BLM was as follows; CS16-BLM>Cl6-
BLM>T16-BLM~EPC-BLM, and CS16-BLM gave the
highest entrapment efficiency; 28.5%. Cl6 was more
negative than CS16, but had lower efficiency. This finding
suggests that positively-charged BLM might lead to the

Table 3
Characteristics of empty and BLM-vesicles

Vesicles Empty vesicles BLM-vesicles®
Captured volume® 4 -potential Entrapment
(u¥pmol) (mV) efficiency (%)
EPC 104+0.8
T16 1.7£0.06 ] -3.48 13.2£2.1
. )
C16 14£0.11 :I * ~-37.6 227+1.1
* ] &
Ccs16 1.0+£0.03 ~-30.7 285+1.7

Each value represents the mean=S.D.(n=3) except {-potential (n=2). *p<0.05.
*Average size of BLM-vesicles was 145~158 nm.

PRatio of captured volume (itL) over mole (umol) of lipids. Captures volume
was calculated from entrapment efficiency of calcein.
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Fig. 5. Stability of BLM-vesicles by monitoring entrapment efficiency. BLM-
vesicles prepared using 1 mg/mL BLM aqueous solution without gel filtration
were incubated at 37 °C. Each value represents the mean+S.D. (n=3). Total
lipid concentration of each vesicle was 10 mg/mL.

binding with Cholate and also interact with Sit-G molecules
incorporated_into the membrane.

Fig. 5 illustrates the result of the stability of BLM-
vesicles without gel filtration, assuming the entrapped
amount to be 100% before incubation. Entrapment efficiency
of CS16-, C16- and EPC-BLM preparations after 1 h of
incubation at 37 °C was approximately 105%, 80%, and
102%, respectively. Preparations made from CS16-BLM
were very stable and similar to EPC-BLM, whereas T16-
BLM showed rapid release of BLM such that over 50% of
entrapped BLM was lost within the initial 30 min (Fig. 5).
These differences might be due to variations in,molecular
ordering caused by using particular surfactants. Preparations
made from CS16-BLM were stable and showed high BLM
entrapment efficiency, suggesting strong interaction between
BLM and the Sit-G incorporated in vesicle bilayers. After

-=

'% 10r sk

@ T EX 1

171 Aok

g T 2 % 1

= 8r T i 1

2

= 6t

= . 3h
£ [J1zn
= 4r

=

=

S 2}

®

8

= Ci16-BLM CS16-BLM EPC-BLM BLM sol.

Fig. 6. Deposition of BLM in full-thickness skin 3 h and 12 h after application of
ultra-deformable vesicles on Wistar rat. BLM-vesicles contained 157 pg of
BLM as an entrapped amount without gel filtration, and the BLM solution
(157 pg BLM using 1 mg/mL) were non-occlusively applied on the abdomen of
rats (3.14 cm®). N.D; not detected. Each value represents the mean=S.D. (n=3),
* p<0.05, ** p<0.01.

gel filtration, the entrapment efficiency of CS16-, C16- and
EPC-BLM preparations were less thar that without gel

- filtration after 1 h incubation at 37 °C (data not shown).

This finding suggests that BLM was highly released from
CS16-, C16- and EPC-BLM preparations after gel filtration
at 37 °C. Consequently, in the following in vivo permeation
studies, BLM-vesicles were used without gel filtration.

3.3. In vivo skin permeation and deposition of BLM

Skin permeation of BLM arising from preparations of C16-,
CS16-, and EPC-BLM was examined in vivo. Free BLM
aqueous solution (BLM sol) was used as a control. The
permeation profile of BLM as a function of time is presented in
Fig. 6. The skin permeation of C16-, CS16-, and EPC-BLM
showed 1.8+0.5, 3.1£0.4 and 0.8::0.2 dose% at 3 h and 4.0+
1.0, 6.0+£1.2 and 1.1+0.4 dose% at 12 h, respectively.

Skin permeation and deposition of BLM sol. showed no
detectable levels of BLM, either in serum or in full-thickness
skin (skin; <0.5 dose%, serum; <2.9 dose%). This indicated
that free BLM did not permeate into the rat skin over a period of
12 h. The absorption of BLM into the skin from vesicle
formulations was observed but serum concentrations of BLM
were not detectable. Preparations of CS16-BLM showed
significantly higher concentrations of BLM than EPC-BLM,
at both 3 and 12 h (p<0.01).

Distribution of BLM in skin 12 h after application (Fig. 7)
revealed that EPC-BLM preparations only showed detectable
levels of BLM in SC and not beyond. By comparison, C16- and
CS16-BLM showed preferential absorption of BLM into
epidermis and dermis rather than merely residing in the SC.
Preparations of CS16-BLM delivered higher skin concentra-
tions of BLM than C16-BLM (p<0.01), and BLM levels in
epidermis plus dermis were approximately twice as high as that
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Fig. 7. Distribution of BLM in different layers of the skin of Wistar rat 12 h after
non-occlusive application of vesicles. Vesicles contained 157 pg of BLM as an
entrapped amount without gel filtration. Stratum corneum and viable epidermis
plus dermis were obtained from the treated full-thickness skin. N.D.; not
detected in viable epidermis plus dermis. Each value represents the mean+S.D.
(n=3), ** p<0.01.






