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Abstract: It has been generally known that liposomes become unstable when they contain cyclodextrins (CDs). Our present
studies demonstrate that these liposomes can be stable by association of amphiphilic polyelectrolytes. Transmission electron
microscopy and photocorrelation spectroscopy results showed that polymer-associated liposomes containing CDs (8-CD (8
CD) and hydroxypropyl- 3CD (HPSCD)) were more stable than phosphatidylcholine (PC)-cholesterol (Chol) liposomes
containing these CDs. We also compared the stability of PC-Chol liposomes with polymer-associated liposomes containing
HPABCD complexed with water-insoluble drug, rhaponticin (Rh). Two liposomes were relatively stable when HPSCD did not
contain Rh, but Rh-HPACD complexes triggered the disruption of PC-Chol liposomes. In contrast, polymer-associated
liposomes containing Rh-HP 8CD complexes maintained its stability over 6 months. The skin permeation test demonstrated
that drugs solubilized by CDs were delivered better into the skin of guinea pig by using polymer-associated liposomes than
by using PC-Chol liposomes. Above results showed that polymer-associated liposomes gave an effective way to stabilize the
liposomes containing drug-loaded CDs, which gives an application of liposomes in drug delivery systems.
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1. Introduction

Drug-in-cyclodextrins—in-liposomes system as a new
concept in biomedical applications has been proposed
because cyclodextrins (CDs) feature a relatively non-
polar cylindrical cavity, which can bind and thereby
solubilize a wide variety of hydrophobic molecules[1-3].
This approach can be useful to increase drug solubility
and stability[4,5] and better control the in vivo fate of
poorly water-soluble drugs, avoiding the rapid release
observed after conventional incorporation into the
liposome lipid bilayer[6-8].

Meanwhile, CDs are known to remove lipid com-
ponents from cell membranes by forming inclusion
complexes[9]. Several groups have used differential
scanning calorimetry to clarify the extraction of pho-
spholipids from vesicles by CDs[10,11]. In addition,
CDs-induced disruption or reorganization of phos—
pholipid vesicles was monitored through carboxyfluore-
scein leakage from vesicles(12,13]. These studies dem-
onstrated that the degree of destabilization of vesicles
by CDs was highly sensitive to the concentration of
CDs. Such destabilization effect of CDs on the vesicle
formation might reduce the benefits of liposome carrier.
Therefore, the improvement of the vesicle stability of
liposomes in the presence of CDs is required.

In this study, we investigated the influence of 8-CD
(BCD), hydroxypropyl- 8CD (HP 8CD), and rhaponticin
(Rh)-HPBCD complexes (Rh-HPACD) on the vesicle
stability of phosphatidylcholine (PC)-Cholesterol (Chol)
liposomes and polymer-associated PC-Chol liposomes
m aqueous media by using transmission electron
microscopy (TEM), photocorrelation spectroscopy (PCS),
and in vitro skin permeation test. Our present studies
demonstrate that the stability of vesicles can be im-
proved by association of amphiphilic polyelectrolytes.

2. Experimental Section

2.1. Preparation of Polymer-associated Liposome

The synthesis of poly (methylmethacrylic acid—co-
stearyl methacrylate) (poly (MMAc-co-SM)) was de-
scribed in our previous research(14,15]. The PC-Chol
liposomes and polymer—associated liposomes containing
CDs or Rh-HPBCD were prepared by using high
pressure homogenization techniques[16).
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Table 1. Composition of Liposomes and Polymer-associated
Liposomes Containing CDs or Rh-HP 8CD

Composition (g)

Code Lipid
__components  Polymer CD Rh
PC Chol

L-only 473 0.264 - - -
L-8 473 0264 - 114 (BCD) -
L-HPA 473 0264 - 53 (HPACD) -
PL-only 332 01&% 15 - -
PL-3 332 018 15 114 (BCD) -
PL-HP B 332 018 15 58 (HPBCD) -
L-HPA-Rhl 473 0264 - 58 (HPACD) 1
L-HPA-Rh2 473 0264 - 117 (HPBCD) 2
PL-HPS-Rhl 332 018 15 58 (HPRCD) 1
PL-HPSA-Rh2 332 018& 15 117 (HPBCD) 2

Table 1 lists the compositions of lipid components,
polymer, CDs, Rh for the preparation of liposomes and
polymer-associated liposomes. The mole ratio of PC
(5100-3; a mixture of oleoyl-palmitoyl and oleoyl-
stearoyl, Lipoid) and Chol (Aldrich, USA) was 9 : 1
and the ratio of the lipid components (PC + Chol) and
polymer was 7 : 3 on a weight basis. These com-
ponents were solubilized in 40 mL ethanol by heating
up to 60T and the solution was transferred into 300
mL aqueous solution containing CDs and the mixture
was homogenized (5000 rpm) at 60°C. After 5 min, this
mixture was undergone by the high pressure homog-
enizer (Microfluidics Corp., USA) with 1000 bar and 3
cycles. In case of Rh-HP BCD, the aqueous solution of
HPACD and Rh was homogenized at 60C and 9,000
rpm for 15 min before being homogenized with the
ethanolic solution of lipid components and polymer.
Fthanol and water were eliminated by using rotary
evaporater and the resulting concentration of vesicles
was 5 wt%.

2.2. Characterization of Polymer-associated
Liposome

The vesicle sizes of PC-Chol liposomes and polymer-
associated liposomes were measured at 25°C by using
PCS (Malvern Instruments 4500HS, USA) based on the
principles outlined previously in the literature[17]. The
samples were diluted to 0.1 mg/mL, and the intensity
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of the He-Ne laser light (633 nm) scattered by the
samples was detected at an angle of X0° For each
specimen, 10 autocorrelation functions were analyzed
using the scattered intensity and the mean diameter of
the nanoparticles calculated using the Stokes—Einstein
equation. The size distribution was calculated using the
CONTIN routine.

The vesicle structures were visualized by using TEM
(Hithachi H-7600, Japan). Vesicles were stained with a
20 wt% phosphotungstic acid aqueous solution, and the
stained solutions were floated on a gold-coated EM
grid. This was immediately freeze—dried with liquid
nitrogen and then lyophilized with a freeze dryer. Such
prepared samples were observed by TEM.

2.3. In vitro Skin Permeation Test

To compare the Rh delivery efficiency of the PC-
Chol liposomes, polymer-associated liposomes, and
vesicle-free solution, we measured the amount of Rh
transported into the skin for three carriers: Rh—-HP 8CD,
PC-Chol liposomes containing Rh-HPSCD, polymer-
associated liposomes containing Rh-HP SCD. The con-
centration of Rh was 2 wt% in all cases. The skin
permeation test was carried out using Franz-type
diffusion cells (Hansan Research, Korea) for 18 h at
32, and the skin tested was the abdominal part of
albino guinea pigs (Charles Liver, China). After 18 h, 1
mL of receptor solution of the diffusion cells was
withdrawn and the amount of Rh was determined
using high performance liquid chromatography (Hewllet
Packard 1100, USA).

3. Results and Discussion

3.1. Structure of PC-Chol Liposomes and
Polymer-associated Liposomes

The structure and stability of polymer—associated
liposomes were well described in previous results
[14,15]. Briefly, when poly (MMAc-co-SM) content was
approximately 30 wt% in all components (PC, Chol,
and polymer) used for the preparation of polymer-
associated liposome, most of PC-Chol liposomes tran-
sitioned into the polymer—associated liposome. The
association of the stearyl group in poly (MMAc-
co-SM) with the bilayer of PC-Chol liposome was
confirmed by using microcalorimetry and TEM. As

Figure 1. TEM images of PC-Chol liposomes (A) and
polymer-associated liposomes (B). Scale bar is 200 nm.

shown in Figure 1, both PC-Chol liposomes and
polymer-associated liposomes have a similar vesicular
structure although they have different vesicle sizes.

3.2. Stability of PC-Chol Liposomes and Poly-
mer-associated Liposomes Containing CDs
or Rh-HPBCD

Table 2 summarizes the average vesicle sizes and
polydispersity indexes (PDI) of PC-Chol liposomes and
polymer-associated liposomes for various CDs moni-
tored for 1 month by using PCS. As shown in Table
2, PC-Chol liposomes containing CDs showed the
gradual increase of vesicle size or PDI as a function of
time, indicating that CDs caused the disruption of
vesicles.

In contrast to PC-Chol liposomes, polymer associated
liposomes exhibited a similar vesicle size and PDI for
one month regardless of the presence and type of CDs.
These results indicate that polymer-associated lipo-
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Table 2. Vesicle Size® and Polydispersity Index” (shown in parentheses) of PC-Chol Liposomes and Polymer-associated

Liposomes Containing CDs or Rh-HP 3CD

Vesicle size (nm)

Code
0 week 1 week 2 weeks 4 weeks

L-only 123 + 4 (0.22) 125 + 5 (0.24) 121 + 6 (0.26) 120 + 5 (0.24)
L-8 122 + 7 (0.24) 125 + 6 (0.19) 121 £ 6 (0.20) 139 £ 14 (0.37)
L-HPA 106 + 4 (017D 112 = 7 (0.28) 112 £ 6 (0.27) 109 = 8 (0.31)
PL-only 197 + 7 (0.24) 192 £ 5 (0.20) 193 £ 7 (0.23) 195 + 7 (0.25)
PL-8 189 + 6 (0.20) 189 + 6 (0.18) 183 + 5 (0.17) 187 + 7 (0.23)
PL-HP A 185 = 5 (0.20) 183 + 5 (0.18) 182 £ 5 (019 172 £ 6 (0.20)
L-HP 8 -Rhl 130 = 4 (0.24) 129 + 4 (0.25) 123 + 11 (0.33) 125 + 10 (0.32)
L-HP 8 -Rh2 230 + 15 (0.36) 234 + 12 (0.34) 243 + 21 (0.39) 247 + 19 (0.38)
PL-HPA-Rhl 183 + 4 (0.20) 184 £ 3 (017) 181 + 5 (0.25) 18 + 4 (0.23)
PL-HP 8-Rh2 181 + 2 (0.15) 184 + 4 (0.16) 181 + 4 (0.17) 180 + 4 (0.18)

* Vesicle size were measured by photocorrelation spectroscopy in deionized water. Average values and standard deviations were obtained by

measuring three different samples.

b Polydispersity index is defined as the broadness in the size distribution of the particles, the variance is divided by the mean square of the

particle size[17].

somes have much more stable vesicle formation than
PC-Chol lposomes. We obtained the similar results by
observing TEM images (data not shown). As shown in
Table 2, L-HP A -Rhl and PL-HP A -Rhl showed good
vesicle stability for 1 month. However, when the
concentration of Rh-HP8CD was increased by twice,
L-HPA-Rh2 showed an increase in the vesicle size
and PDI, while PL-HPJB-Rh2 maintained the similar
vesicle size and PDIL The disruption of L-HPS-Rh2
was accelerated as a function of time, and the col-
lapsed vesicle structure was confirmed by the pho-
tograph (Figure 2E) and TEM image (Figure 3B) of
L-HPA-Rh2. PL-HPA-Rhi, L-HP3-Rhl, and PL-HP#&
~-Rh2 showed homogeneous vesicle solutions with no
precipitation (Figures 2A, 2B, and 2D), whereas L-HPA
~-Rh2 was precipitated (Figure 2E). TEM image of
L-HP 8 -Rh2 (Figure 3B) also indicated that the vesi-
cle structure was extremely disrupted. In addition,
although L-HPA-Rhl showed no precipitation, TEM
image of L-HP 8-Rhl showed lots of lamellar phases
and indistinct boundary of vesicles (Figure 3A).

The mechanism underlying the enhanced stability of
polymer-associated liposomes observed in aqueous media
containing various CDs is difficult to explain. However,
it can be speculated that the structure of the polymer-
associated liposomes act to stabilize the vesicles in
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Figure 2. Photographs of samples after four weeks of
storage at 4C: (A) PL-HPS-Rhl, (B) L-HPA-Rhi, (C)
Rh (2 wt%)-HPBCD (11.7 wt%) complex aqueous solu-
tion, (D) PL-HP B -Rh2, (E) L-HP 5 -Rh2.

aqueous media containing various CDs. Specifically, the
stearyl groups in the polymer associate to form a
bilayer structure with PC and Chol[14,15]; thus, the
structure of the polymer—associated liposomes may be
strengthened by the liposome constituents being chained
to a polymer binder. Such physical binding of lipid
components disturbs effectively CDs in extracting lipid
components from vesicle structure. In addition, the
carboxyl groups of polymer covering the liposomes
serve to stabilize the vesicles because this charged
surface, as a barrier function, prevents CDs from
interacting directly with lipid components of vesicles.



Figure 3. TEM images of PC-Chol liposomes and polymer-associated liposomes containing Rh-HP #CD complexes: (A)
L-HPA-Rhl, (B) L-HP8-Rh2, (C) PL-HPS8-Rhl, (D) PL-HP 8 -Rh2. Scale bar is 200 nm.
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Figure 4. Accumulated amount of Rh molecules that pass
through the skin when using (A) Rh (2 wt%)-HPACD
(11.7 wt%) complex aqueous solution, (B) PL-HP A3 -Rh2,
and (C) L-HPS-Rh2. The concentration of Rh was 2
wt%, respectively.

3.3. In vitro Skin Permeation Test

In in vitro skin permeation test, we found that the
stability of vesicles against Rh-HP ACD influences the
delivery efficiency of Rh into the skin. We measured
the accumulated amounts of Rh that had passed through
the skin of guinea pig as a function of time. As shown
in Figure 4, the highest amount of Rh was obtained
after 18 h using PL-HP S8 -Rh2, and the amount of Rh
decreased in the order of PL-HP4-Rh2, Rh-HPACD,
and L-HPA-Rh2. The vesicle structure of L-HPS-
Rh2 was collapsed as shown in Figure 2 and Figure 3,
which might cause a loss of the enhancing Rh delivery
function which PC-Chol liposomes inherently possess.
In contrast, the delivery efficiency of Rh was much
improved through polymer-associated liposomes. Com-
bining with previous results, the stability of vesicle
structure should be considered as one of the factors
influencing drug delivery function.
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4. Conclusion

We investigated the influence of ACD, HPACD, and
Rh-HPBCD on the vesicle stability of PC-Chol lipo-
somes and polymer-associated liposomes in aqueous
media. We found that polymer-associated liposomes
show much more improved vesicle stability than PC-
Chol liposomes in the presence of CDs. Furthermore,
polymer-associated liposomes form more stable vesicle
formation in the presence of high concentration of Rh-
HPACD than PC-Cho! liposomes, which might partly
attribute to a higher skin delivery efficiency of Rh.
The results obtained in this study strongly suggest the
potential of polymer-associated liposomes with im-
proved long-term vesicle stability in the presence of
CDs or drug-CD complexes for the new application of
drugs-in-CDs-in-liposomes system.
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