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Cyclodextrin-induced release of drug-entrapping
liposomes associated with the solation of liposome

Hiromu Yamada,? Keita Yamana,? Riku Kawasaki, @2 Kazuma Yasuhara ©°
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In this work, we demonstrate that liposome gels in which liposomes are connected by polyethylene glycol
terminated by cholesterol groups at both ends can store hydrophilic and hydrophobic drugs in the gel
interiors, inner aqueous phases, and lipid membranes. The addition of cyclodextrins (CDxs) as extrinsic

stimuli led to the release of drug-entrapping liposomes due to the interactions between CDxs and

cholesteryl groups and/or the alkyl chains of lipids. The addition of aqueous solutions of B-CDx,
dimethyl-B-CDx, trimethyl-B-CDx, and y-CDx (final concentration: 7.5 mM) induced the solation of
liposome gels and the release of liposomes accompanying the solation. Furthermore, the addition of B-

CDx led to the partial release of hydrophilic drugs encapsulated in the liposomes, although the drug
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release was scarcely observed in other CDxs. In particular, the addition of trimethyl-B-CDx, which has

low cytotoxicity, accelerated solation, and cationic liposomes released from the gels were effectively

DOI: 10.1039/d2ra03837d
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Introduction

Liposomes have attracted immense interest as highly efficient
drug carriers.’” Liposomes consisting of phospholipids possess
high biocompatibility and passive tumor targeting via the
enhanced penetration and retention effect.%” Furthermore,
hydrophilic and hydrophobic drugs can be incorporated into
the inner aqueous phase and lipid membranes, respec-
tively.»*»*** Injectable gelation™™* of aqueous solutions con-
taining liposomes, which incorporate hydrophilic or
hydrophobic drugs, is crucial for the long-term retention of
drugs in liposomes, their accumulation at disease sites, and the
controlled release of drugs in the body. Taguchi et al. reported
that liposomes connected by polyethylene glycol derivatives
with two cholesterol terminals (Fig. 1, 1) form supramolecular
hydrogels, called liposome gels (Scheme 1).'**” We employed
cyclodextrins (CDxs) as an external trigger to introduce
a stimuli-responsive feature for obtaining liposome gels. CDxs
can interact with cholesterol and the alkyl chains of lipids.**>*
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taken up by murine colon cancer (Colon26) cells. Thus, we propose that liposomes released from
liposome gels can function as drug carriers.

These interactions can pull out cholesterol from cell
membranes'®* or collapse cell membranes.**>* Furthermore,
free CDxs can be released from pseudo-rotaxane or rotaxane via
external stimuli such as light and pH change.”®*” Depending on
the affinity of CDxs to lipids, the cytotoxicities of CDxs and their
derivatives were reported to be in the following order: hepta-
kis(2,6-di-O-methyl)-B-cyclodextrin (DMe-B-CDx) > pB-CDx >

OR3 (o]
3 CHa(CH )Lo Me

R0 O 50 o 3(CH2)14 ? I

o j\/ A ~_N'-Me
% R? RO CHy(CHalyq 007707
OR? e o
) R2Q OR? o
OR' DPPC
o
3, 1
R0~ or? , R g ° Me
H |
[ Y . CHiCHahs N N*-Me
5 8 CH3(CH,)15” N m/\/\/n'n
[o] e
(o] 0 fe) 0R3 3! 2)15 Br
2
R%0

a-CDx: n=1,R"=R2=R3=H )ol\

B-CDx: n=2,R'=R?=R%®=H CH3(CHy)4” O o
DMe-B-CDx: n=2,R'=R3=Me, R2=H j\/o_g_o/\/x
TMe-B-CDx: n=2 R'=R2=R3=Me CHS(CHZ)M\H/O O HN'Ety

y-CDx: n=3,R'=R?2=R%=H o

Fig. 1 Structures of the compounds used in this study.
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Scheme 1 Schematic illustration of (A) liposome gel structure, (B)
solation and release of drug A from the gel interior, and (C) release of
drug B from the inner aqueous phase of liposomes and drug C from
the lipid membrane of liposomes by the addition of CDxs.

heptakis(2,3,6-tri-O-methyl)-p-cyclodextrin (TMe-B-CDx)

CDx > y-CDx. Correspondingly, CDxs have low toxicity, except
for DMe-B-CDx.”®° It is predicted that the addition of CDxs can
elute liposomes from the liposome gel, triggering the release of
substances encapsulated in liposomes (Scheme 1). In this work,
we investigated the solation of liposome gels accompanied by
the release of substances from the inner aqueous phases of
liposomes by the addition of CDxs. Further, we confirmed the
intracellular uptake of cationic liposomes by murine colon
cancer (Colon26) cells after the solation of the liposome gels.

Results and discussion
Solation of liposome gels by addition of cyclodextrins

To investigate the effect of CDxs addition on sol-gel states,
aqueous solutions of various CDxs were added to the liposome
gel (Fig. 2). The concentration of CDxs was adopted to be 15 mM
(aqueous solutions) because all CDxs, including B-CDx which
had lowest solubility in water (15.9 mM), were soluble in water
in the same concentration. The final concentration of CDxs
became 7.5 mM upon mixing an equal volume of the liposome
gel ([DPPC] = 5.0 mM, 1: 3.0% (w/v), 600 uL) and an aqueous
solution of CDxs (600 pL). To obtain stable liposome gel, we
employed [DPPC] = 5.0 mM, 1: 3.0% (w/v)."” After the incuba-
tion at room temperature for 24 h, the disappearance of the
lump of the liposome gel was observed. We propose two
mechanisms for the solation of the liposome gels by the addi-
tion of CDxs: (i) CDx pulls out cholesterols from liposomes by
interacting with the cholesterol moiety, and (ii) CDx collapses
liposomes by interacting with 1,2-dipalmitory-sn-glycero-3-
phosphocholine (DPPC). After the addition of water or an
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Fig. 2 Photographic images of the liposome gel after the addition of
(A) water and aqueous solutions of (B) a-CDx, (C) B-CDx, (D) DMe-B-
CDx, (E) TMe-B-CDx, and (F) y-CDx (IDPPC] = 2.5 mM, 1: 1.5% (w/v),
[CDx] =0 or 7.5 mM).

aqueous solution of a-CDx (7.5 mM), there was no change in the
liposome gel (Fig. 2A and B). Consequently, a-CDx could not
induce liposome gel solation by either mechanism (i) or (ii).
This is expected for mechanism (i) since a-CDx scarcely inter-
acts with cholesterol because «-CDx has an extremely small
cavity so as not to be able to include the steroid structure.’>*
Regarding mechanism (ii), although it is known that «-CDx can
interact with the alkyl chains of lipids and collapse lipo-
somes,'®* their interactions increase turbidity without solation
(Fig. 2B). The enhanced light scattering was caused by the
increase in liposome size due to the interaction between o-CDx
and DPPC (Table S1%), but the concentration of -CDx was
insufficient to collapse the liposomes. In contrast, by incuba-
tion after the addition of the aqueous solutions of -CDx, DMe-
B-CDx, TMe-B-CDx, and y-CDx, the complete solation of the
liposome gel was observed ([CDx] = 7.5 mM) (Fig. 2C-F). The
complete solation took 30-120 min for f-CDx, DMe-B-CDx, and
TMe-B-CDx, but 12 h for y-CDx. y-CDx slowly extracts 1 because
it shows the second weakest interaction with cholesterol among
the CDxs examined in this study (Fig. 3C).** Whether these
solations were obtained by mechanism (i) or (ii) were investi-
gated by performing the following experiments.

Additional effects caused by higher concentrations of CDxs
were examined for «-CDx, DMe-3-CDx, and y-CDx because these
CDxs can be readily dissolved (over 150 mM) in water. By
increasing the concentration of a-CDx (final concentration: 75

M), the turbidity of the liposome gel was enhanced, but the
gel state remained (Fig. 3A). The result indicates that a-CDx,
even at a high concentration, could not induce solation by the
collapse of liposomes (mechanism (ii)). In contrast, the solation
was accelerated to 15 min using a 150 mM (final concentration:

RSC Adv, 2022, 12, 22202-22209 | 22203
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Fig. 3 Photographic images of theliposome gel after the addition of
aqueous solutions of (A) a-CDx, (B) DMe-B-CDx, and (C) y-CDx at high
concentrations ([DPPC] = 2.5 mM, 1: 1.5% (w/v), [CDx] = 75 mM).

75 mM) aqueous solution of y-CDx (Fig. 3C). The treatment
using DMe-B-CDx (75 mM) similarly induced faster solation
than that by 15 mM DMe-B-CDx (Fig. 3B). Notably, the experi-
ments with high concentrations of B-CDx and TMe-B-CDx could
not be conducted because of their low solubility in water.?*?*
Thus, the following experiments were performed using CDxs,
except for a-CDx, as external stimuli to introduce solation.

Collapse of liposomes by addition of cyclodextrins as
confirmed by calcein release

To investigate whether the collapse of liposomes (mechanism
(if)) occurs by the addition of CDxs, we used liposomes that
encapsulated calcein in the inner aqueous phase.***® Since
calcein was encapsulated at a sufficiently high concentration to
induce self-quenching, the release of calcein from the lipo-
somes in the liposome gel was monitored by the recovery of the
fluorescence intensity upon the dilution of calcein in the outer
aqueous phase (Fig. 4). The release percentage of calcein from
the inner aqueous phase of the vesicle to the outer phase (drug
B in Scheme 1) was calculated by

calcein release (%) = (F — Fo)l(Fr — F), &Y

where F,, F, and Fr are the calcein fluorescence intensities of the
DPPC liposome encapsulating calcein, the liposome gel after
the addition of each CDx, and the liposome gel (100 pL) after the
addition of 222 mM Triton X-100 (10 uL, final concentration: 20
mM), respectively (Fig. S17). Fluorescence intensities were cor-
rected for dilution. In the absence of 1, by the addition of DMe-
B-CDx, TMe-B-CDx, or y-CDx ([CDx] = 7.5 mM), the calcein was
scarcely released in 50 min (Fig. 4B). In contrast, 22% of calcein
was released from liposomes by the addition of B-CDx (Fig. 4B).
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Fig. 4 (A) Photographic images of liposomes entrapping calcein in the

inner aqueous phase after the addition of aqueous solutions of CDx.
(B) Percentage of calcein release by the addition of CDx in the absence
of 1 after incubation for 50 min ([DPPC] = 2.5 mM, [CDx] = 7.5 or 75
mM).

At present, we could not determine whether the solation by B-
CDx was triggered by mechanism (i) or (ii). When a larger
amount of DMe-B-CDx or y-CDx was added (75 mM), the release
of calcein increased dramatically (34 and 9%, respectively). The
plausible mechanisms for calcein release by B-CDx, DMe-B-CDx,
and y-CDx are discussed in the section on the morphology of
liposomes.

Determination of calcein release to the outer aqueous phase
of liposomes

The release of hydrophilic substrates (drug A in Scheme 1) from
the outer aqueous phase of the liposomes was monitored by the
fluorescence intensity of calcein transferred from the gel inte-
rior to bulk water (Fig. 5). By the addition of water without CDxs,
the calcein release gradually increased to approximately 30% in
60 min (Fig. 5B). Because the addition of water did not result in
solation, the release of calcein from the gel interior was caused
by diffusion. Therefore, when the aqueous solutions of CDxs
were added, the calcein release exceeding that by the addition of
water was accompanied by the solation of liposome gels. Since
the absorbance of calcein decreased due to the formation of -
CDx-calcein and TMe-B-CDx-calcein complexes (Fig. S2t), the
values of F,, F, and Fp were corrected by the absorbances of
these complexes. After the addition of the aqueous solutions of
B-CDx, DMe-B-CDx, TMe-B-CDx, and y-CDx (15 mM), the calcein

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (A) Photographic images of the liposome gel containing calcein

and empty liposomes in the gel interior after the addition of CDx. (B)
Incubation time dependence of the absorbance at Amax Of calcein in
the bulk solution with the addition of water (black), 15 mM aqueous
solutions of B-CDx (red), DMe-B-CDx (blue), TMe-B-CDx (green), and
v-CDx (orange), and 150 mM aqueous solution of y-CDx (purple)
(IDPPC] = 2.5 mM, 1: 1.5% (w/v), [CDx] = 0, 7.5 or 75 mM).

releases, i.e., the solation rates increased in the order of DMe-f-
CDx > TMe-B-CDx > B-CDx > y-CDx = water (Fig. 5B and S37).
In contrast, after the addition of the aqueous solution of y-CDx
(150 mM), the solation of liposome gels occurred quickly
(Fig. 5B). These results agreed with the observations of solation,
shown in Fig. 2.

Release of calcein-encapsulated in the inner aqueous phase of
liposomes by the addition of CDxs

To determine the integrity of liposomes in a gel, the release of
vesicle-encapsulated calcein was observed by fluorescence
(Fig. 6A). Liposome gels were prepared using liposomes that
encapsulated calcein at a self-quenching concentration (50 mM)
in physiological saline. The release percentages of calcein from
the inner aqueous phase of the vesicle to the outer phase (drug
B in Scheme 1) were also calculated by eqn (1) (Fig. S47), where
Fr is the calcein fluorescence intensity of the liposome gel after
the addition of 222 mM Triton X-100 (10 pL, final concentration:
20 mM) in the absence of 1 and CDxs because the presence of 1
and CDxs increased the turbidity of the sample, which
remarkably decreased its fluorescence intensity due to scat-
tering. These values were corrected for dilution, for example, by
the addition of the aqueous solutions of CDxs and Triton X-100.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Photographic images of the gel containing calcein entrap-
ping liposomes after the addition of aqueous solutions of CDx. (B)
Percentage of calcein release with the addition of CDx in the presence
of 1 after incubation for 50 min ([DPPC] = 2.5 mM, 1: 1.5%(w/v) [CDx] =
7.5 or 75 mM).

The results of calcein release are shown in Fig. 6B. The addition
of B-CDx aqueous solution led to a calcein release of 25% ([p-
CDx] = 7.5 mM). The value was similar to that in the absence of
1 (Fig. 4B), indicating that the influence of 1 was exceedingly
small toward the release of calcein. In contrast, the percentages
of the calcein release became slightly negative by the addition of
DMe-B-CDx, TMe-B-CDx, and y-CDx as shown in Fig. 6B,
because of the reduction of fluorescence intensity due to the
slight change in the scattering of liposomes (the inference is
supported by the increase in the hydrodynamic diameters of
DPPC liposomes after the addition of CDxs; Table 1). Therefore,

Table 1 Hydrodynamic diameters (Dy,,) of sols® after the addition of
CDx determined by dynamic light scattering at 25 °C

CDx 1/% (w/v) [CDx)/mM [DPPC)mM Dy ’/nm PDI
— 0 0 2.5 1071+ 0.9  0.07
B-CDx 1.5 7.5 2.5 1749 £3.2 017
DMe-B-CDx 1.5 7.5 2.5 1542 + 1.8 0.22
TMe-B-CDx 1.5 7.5 2.5 1574+ 1.5 018
¥-CDx 1.5 7.5 2.5 114.8 + 57.5  0.92

“ Sol solutions were diluted to 1/10 by water. The final concentrations of
CDx and DPPC were 0.75 and 0.25 mM, respectively. > Each experiment
was performed in triplicates. ¢ PDI: polydispersity index.

RSC Adv, 2022, 12, 22202-22209 | 22205
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these results indicate that the addition of these CDxs scarcely
induced the release of calcein. Despite the extremely high
affinity of DMe-B-CDx to lipids, the percentage of calcein release
was —3% by the addition of a 15 mM aqueous solution of DMe-
B-CDx. Because three or four DMe-B-CDx molecules need to
interact with the alkyl chains of one lipid,*** the concentration
of DMe-B-CDx was too small to collapse the liposomes, as well
as a-CDx. Furthermore, similar percentages of calcein release
were observed in the absence and presence of 1 (1 and —3%,
respectively), indicating that the calcein release was scarcely
influenced by 1 (Fig. 6B). In contrast, 58 and 27% of calcein were
released from liposomes by DMe-B-CDx and y-CDx (75 mM),
respectively (Fig. 6B). The percentages of calcein release
increased significantly compared with that in the absence of 1
(Fig. 4B: 34 and 9%, respectively). The reason is not clear at
present.

Release of rhodamine B by the addition of TMe-B-CDx

We observed the release of liposomes from the liposome gel
based on the fluorescence intensity in the bulk water using a lipid
membrane incorporating rhodamine B 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (3) as drug C (Scheme 1, Fig. 7A,
[3)/[DPPC] = 1.0 mol%). In this experiment, we employed TMe-pB-
CDx because of its low cytotoxicity, low liposome collapse ratio,

(A) Liposome gel including calcein in inner aqueous phase

| Fluorescence of the solution |

B)
120

100

80

Rhodamine B (3) release / %

S ] | l I
0 20 40 60 80 100

Incubation time / min

120

Fig. 7 (A) Photographic images of the liposome gel incorporated in
the lipid membranes of 3 after the addition of the aqueous solutions of
TMe-B-CDx. (B) Incubation time-dependence of the absorbance at
Amax Of 3 in the bulk solution with the addition of TMe-B-CDx (red) and
saline (blue) ((DPPC] = 2.5 mM, 1: 1.5%(w/v), [3] = 25 uM, [3]/[DPPC] =
1.0 mol%, red: [TMe-B-CDx] = 7.5 mM, blue: [TMe-B-CDx] = 0 mM).
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and fast liposome gel solation. The incubation time for the
complete solation in this experiment (90 min) was longer than
that of the visible observation (Fig. 7B and 2E). The reason was
that, in this measurement, the solutions were kept back in UV
cells without sampling. As shown in Fig. S5A,7 we observed the
increase in not only the absorbance of 3 at 573 nm but also the
scattering of light by liposomes in the 300-800 nm region
(Fig. S5At). Consequently, the lipid membrane incorporated in 3
was released from the liposome gel by TMe-B-CDx. In contrast,
the spontaneous release from liposomes was scarcely observed in
the absence of CDxs (Fig. 7B and S5Bf).

Morphology of liposomes released from liposome gels

After the addition of CDxs (except o-CDx), we ascertained the
morphology of DPPC liposomes in the sol. Transmission elec-
tron microscopy (TEM) observations for the addition of aqueous
solutions of B-CDx, DMe-B-CDx, TMe-B-CDx, and y-CDx (final
concentration: 15 mM) in the liposome gels revealed that lipid
vesicles remained for all cases of CDxs (Fig. 8A-D and S6A-Dt).
The sizes of liposomes obtained by the addition of aqueous
solutions of B-CDx were larger than those obtained by the
addition of other CDxs (Fig. 8F-I). A fusion among liposomes by
B-CDx led to not only the size increase of liposomes but also the
release of liposome-encapsulated calcein, as shown in Fig. 4B
and 6B. In contrast, by the addition of y-CDx, liposomes with
similar size to those of DMe-B-CDx and TMe-B-CDx were
observed, but the number of liposomes decreased (Fig. 8D). It is
likely that the self-aggregation of 1'*'” after the solation influ-
enced the TEM image because of the weak interaction between 1
and y-CDx. The addition of DMe-B-CDx at a high concentration
(75 mM) led to the collapse of liposomes (Fig. 8E, J and S6ET).
This result indicates that the collapse of liposomes led to high
calcein release values (58%) from the inner aqueous solution in
the absence and presence of 1, respectively (Fig. 4B and 6B).

Furthermore, we measured the hydrodynamic diameters
(Dry) of DPPC liposomes by a dynamic light scattering (DLS)
spectrophotometer (Table 1 and Fig. S7t). The Dy, value ob-
tained by the addition of B-CDx was larger than those of DMe-3-
CDx and TMe-B-CDx, which agreed with the liposome sizes in
TEM images (Fig. 8F-H). The result indicates the fusion among
liposomes with the addition of B-CDx. After the addition of
15 mM aqueous solutions of DMe-B-CDx and TMe-B-CDx, the
Dy, values of DPPC liposomes were approximately constant
both in the absence and presence of 1 (Table 1, 143-157 nm). In
these systems, because of the low percentages of calcein release
by the addition of these CDxs (Fig. 6B), the slight increase in Dy,
values was expected due to swelling. In contrast, the Dy, value
was scarcely changed after the addition of y-CDx (115 nm), but
a large PDI value was obtained. The result also suggests that the
self-aggregation of 1'* was formed because y-CDx scarcely
interact with cholesterol moieties of 1.

Intracellular uptake of liposomes released from liposome gels
by Colon26 cells

Before the experiments of the intracellular uptake, the cyto-
toxicity of the constituent compounds in this system was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A—-E) TEM images of the sol solution obtained from liposome
gel after the addition of 15 mM aqueous solutions (600 pl) of (A) B-
CDx, (B) DMe-B-CDx, (C) TMe-B-CDx and (D) y-CDx and 150 mM
aqueous solution of (E) DMe-B-CDx ([DPPC] = 2.5 mM, 1: 1.5% (w/v)
[CDx] = 7.5 or 75 mM). The scale bars correspond to 200 nm. (F-J)
Histograms of nanoparticle diameters determined from TEM images
after the addition of 15 mM aqueous solutions of (F) B-CDx, (G) DMe-
B-CDx, (H) TMe-B-CDx and (I) y-CDx and 150 mM aqueous solution of
(J) DMe-B-CDx. Each histogram was calculated based on 50 particles
randomly selected from TEM images.

investigated. It was already known that DPPC and TMe-f-CDx
have low cytotoxicity.?***”3* Furthermore, a cytotoxicity of 1
was tested in the presence of TMe-B-CDx because 1 forms gel by
itself in the absence of liposomes.'*"” Compound 1 showed
a low cytotoxicity toward murine colon cancer (Colon26) cells
until the concentration of 0.075 wt% after 24 h incubation
(Fig. S8t). The intracellular uptake of the liposomes upon the
addition of TMe-B-CDx by murine colon cancer (Colon26) cells
were observed by confocal laser scanning microscopy (CLSM) at
the emission wavelengths of calcein (Fig. 9). We prepared the
liposomes containing 10 mol% cationic lipid 2 toward DPPC to
aid the intracellular uptake by Colon26 cells with an anionic
surface.**?” Dilute calcein was entrapped in the inner aqueous
phase for fluorescence observation. As shown in Fig. 9C, while

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Differential interference contrast (A, D, and G), fluorescence (B,
E, and H) and overlay images (merge) (C, F, and I) of Colon26 cells
treated with an aqueous solution of calcein (A-C) and liposome
including calcein in the inner aqueous phase without (D-F) and with
(G-I) TMe-B-CDx for 12 h at 37 °C. The scale bar represents 10 pm.

the fluorescence was scarcely observed in Colon26 cells by the
addition of an aqueous solution of calcein, it was observed on
the glass culture plate (Fig. 9B and C). Furthermore, in the
absence of TMe-B-CDx, the liposome entrapping calcein in the
inner aqueous phase was scarcely incorporated in Colon26 cells
(Fig. 9F). In contrast, in the presence of TMe-B-CDx, we observed
a fluorescence signal in the Colon26 cells (Fig. 91). The results
indicate that the cationic liposomes entrapping calcein after the
release by TMe-B-CDx were successfully delivered to and incor-
porated by Colon26 cells, indicating that liposomes released
from the liposome gels can function as drug carriers.

Conclusions

The addition of a-CDx did not induce the solation of liposome
gels because a-CDx cannot form a complex with the cholesterol
moiety of 1. In contrast, the addition of 7.5 mM aqueous solu-
tions of DMe-B-CDx, TMe-B-CDx, and y-CDx induced the
solation of liposome gels with the release of liposomes.
Furthermore, the release of liposomes by DMe-B-CDx and TMe-
B-CDx was faster than that by y-CDx. At this time, the solation
led to the release of hydrophilic guest molecules from the gel
interior but not from the inner aqueous phase of liposome gels.
Consequently, in a local site such as a subcutaneous injection,
the addition of DMe-B-CDx, TMe-B-CDx, and y-CDx allows the
controllable release of liposomal drugs from liposome gels. The
addition of a 7.5 mM aqueous solution of B-CDx and 75 mM
aqueous solutions of DMe-B-CDx and y-CDx induced not only
the solation of liposome gels but also the release of the hydro-
philic drug from the inner aqueous phase of liposomes.
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Furthermore, the hydrophobic drugs incorporated in the lipid
membrane were released along with liposomes from liposome
gels. It is conceivable that the release of various drugs from the
inner and outer aqueous phases and lipid membranes of lipo-
some gels can be controlled by the selection of the types and
concentrations of CDxs.

Experimental
Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was
purchased from NOF Corp. (Tokyo, Japan). o-CDx, B-CDx, TMe--
CDx, and y-CDx were obtained from Wako Pure Chemical Indus-
tries Ltd (Tokyo, Japan). DMe-B-CDx was purchased from Sigma-
Aldrich Chemical Co., Inc. (St Louis, MO, USA). Calcein diso-
dium salt was purchased from Cosmo Bio Co. Ltd (Tokyo, Japan).
Compound 1 was prepared as described in a previous study.*

Preparation of liposomes

A chloroform solution of DPPC (300 uL, 50 mM), mixture of
DPPC (180 uL, 50 mM) and 2 (100 pL, 10 mM), or mixture of
DPPC (200 pL, 50 mM) and 3 (100 pL, 1.0 mM) was air-dried. The
thin film was added saline (1.0 mL) and heated at 55 °C. The
mixture was shaken on a vortex mixer for 5 min. To change from
multilamellar to unilamellar vesicles and obtain a narrow size
distribution, the solution was subjected to freeze-thaw cycles (8
times) and extruded 31 times (LiposoFast-Basic; Avestin Inc.,
Ottawa, Canada) with two stacked polycarbonate membranes
(pore size: 50 nm). The resulting solution was diluted with water
to a final concentration of 15.0 mM lipids.
Calcein-encapsulated DPPC liposome was obtained using
a chloroform solution of DPPC (200 pL, 50 mM) or a mixture of
DPPC (180 uL, 50 mM) and 2 (100 uL, 10 mM) and saline con-
taining 50 mM calcein (1.0 mL) by the same procedure
mentioned above. To remove calcein in the outer aqueous phase,
calcein-encapsulated DPPC liposome was purified by gel column
chromatography (Sephacryl S-400) using saline as the eluent.

Preparation of liposome gels

According to a previous study,'® three types of liposome gels
were prepared by mixing (i) 1 (18 mg), DPPC liposome (133 pL,
15 mM), calcein-encapsulated DPPC liposome (250 pL), and
saline (217 pL), (ii) 1 (18 mg), DPPC liposome (133.3 puL, 15 mM),
calcein-encapsulated DPPC liposome (250 pL) and pure water
(216.7 pL), or (iii) 1 (18 mg), DPPC liposome (300 pL, 10 mM),
and aqueous solution of calcein (300 pL, 50 mM) at 55 °C
([DPPC] = 5.0 mM, 1; 3.0% (w/v), 600 pL). The resulting gels
were obtained in the absence and presence of calcein inside and
outside of DPPC liposomes, respectively.

Addition of CDxs and Triton X-100 in liposome gels

The aqueous solutions (600 pL) of the DPPC liposome gel (5.0
mM), calcein-encapsulated DPPC liposome gel, and DPPC
liposome gel in the presence of calcein were added to the
aqueous solutions (600 pL) of CDxs (15 or 150 mM). The
samples were incubated at ambient temperature.
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UV-vis and fluorescence spectroscopy

UV-vis absorption spectra were recorded using a UV-3600PC
spectrophotometer (Shimadzu Corp., Kyoto, Japan). All experi-
ments were performed at 25 °C using cell path length of 1 cm.
Fluorescence spectra were measured using an F-2700 fluores-
cence spectrophotometer (Hitachi, Tokyo, Japan). An excitation
wavelength of 475 nm was used for calcein along with emission
wavelengths in the range of 485-650 nm.

DLS measurements

The hydrodynamic diameters of DPPC liposomes and liposome
gels after the addition of CDxs were measured at 25 °C, using an
electrophoretic light scattering instrument with a laser Doppler
system (Zetasizer Nano ZS, Malvern Instruments Ltd, Malvern,
UK). The sol solutions were diluted to 1/10 by water. The
instrument consisted of a He/Ne laser operating at 633 nm and
10 mW. The DTS Nano version 5.00 software was used (Malvern
Instruments Ltd, Malvern, UK).

TEM

The TEM of the released liposomes from liposome gels (600 pL)
after the addition of 15 mM aqueous solutions (600 pL) of B-
CDx, DMe-3-CDx, TMe-B-CDx, and y-CDx was performed using
a negative staining technique with ammonium molybdate.
Sample droplets (2-3 pL) were placed on collodion supported on
a TEM grid; then, the liquid was absorbed using filter paper. A
drop of aqueous ammonium molybdate solution (1%) was
placed on the grid and incubated at room temperature for
1 min. The solution was absorbed using filter paper. Composite
morphology was then characterized using a transmission elec-
tron microscope (JEM-2010, JEOL Ltd, Tokyo, Japan).

Cytotoxicity of 1 toward Colon 26

Murine colon cancer (Colon26) cells were seeded on 48 well
plate (1.71 x 10" cells) and incubated 24 h. The cells were
exposed to 1 which was complexed and solubilized with TMe-§-
CDx at an optional concentration (0.0015-0.15 wt% 1 to cell
culture medium). After an additional 24 h, cell counting kit-8
(CCK8) solution was added to each sample and the absor-
bance at 450 nm was measured using a microplate reader (MPR-
A100, AS ONE, Tokyo, Japan) to quantify cell viability.

Cellular uptake study

Colon26 cells were co-incubated with an aqueous solution of
calcein or liposome gel in the absence and presence of TMe-f3-
CDx for 24 h at 37 °C. After incubation, the phase contrast and
fluorescence images of Colon26 cells were obtained using CLSM
(LSM700, Carl Zeiss, Germany) at an excitation wavelengths of
488 nm.
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