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Abstract Dimeric b-cyclodextrins (b-CD) were prepared

from the reaction of native b-CD with epichlorohydrin

under basic conditions, and the effects on the diacetylene

(DA) and polydiacetylene (PDA) liposomes have been

investigated. Vesicular DA was solubilized in the presence

of dimeric b-CD with the consequent inhibition of poly-

merization. The result is attributed to the formation of a

complex between dimeric b-CD and DA liposomes, and it

is clearly differentiated from that of monomeric b-CD.

Furthermore, the ordered supramolecular structure of PDA

was perturbed by the dimeric b-CD, which was detected

from the visible color change. Finally, the morphological

characteristics and size of PDA in the absence and presence

of dimeric b-CD were examined using transmission elec-

tron microscopy and dynamic light scattering The results

show fused structure of size more than 200 nm along with

the deformation of the vesicles, and they represent a novel

phenomenon of liposome structure induced by complexa-

tion with dimeric b-CD. The evaluated physicochemical

characteristics can be applied to the development of car-

bohydrate-based detergents.

Keywords Dimeric b-cyclodextrins � Liposome �
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Introduction

Diacetylenes (DA) are compounds possessing two triple

bonds in conjugation that exhibit the unique property of

polymerization via 1,4-addition under UV irradiation. Di-

acetylenyl lipids with polar head groups and long alkyl tails

tend to spontaneously arrange into vesicular structures in

aqueous solution. The scientific appeal of polydiacetylene

(PDA) liposomes is derived from their distinctive electronic

and optical properties based on the extended p-electron

delocalization along their backbones [1, 2]. Variation of the

effective p-conjugation lengths of the polymer backbones or

conformational changes of the PDA unit induces color

changes; thus, PDA undergoes a blue to red chromatic

transition when thermal, mechanical, or chemical stimulus is

applied [3]. Furthermore, the interesting fluorescence prop-

erties of PDA are evidenced by the lack of fluorescence of the

initially polymerized blue-phase PDA, whereas the red-

phase PDA fluorescence strongly at 560 and 630 nm [4].

Because of these intrinsic physicochemical properties, PDA

has been exploited in the sensing of molecular recognition

events, and the applications range from artificial membrane

systems to biomolecular sensors [5].

Cyclodextrins (CD) are a series of cyclic oligosaccha-

rides, and classified as a-, b- and c-CD composed of six to

eight glucose units connected through a-1,4 linkages,

respectively. Based on their complex-forming ability with

various substrates; these species are widely used as sepa-

ration reagents, enzyme mimics, for host–guest interac-

tions, and as drug carriers [6]. The torus shape of CD

facilitates incorporation of hydrophobic compounds into

the internal cavity. b-CD is the most widely studied host

molecule for a variety of guest species in water because of

its ready availability and appropriate size. b-CD has been
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extensively modified to widen and improve the catalytic

and complex-forming abilities [7].

Recently, dimeric b-CD species tethered by diverse

moieties have been reported to provide a number of advan-

tages over native CD for complexation of guest species in

terms of their stability, selectivity, and flexibility [8]. Based

on the dimeric structure, cooperative complexations as well

as simple statistical advantage are expected. For example,

certain linked dimeric b-CD species have been reported to

selectively bind the hydrophobic side chain in polypeptides

and modulate the polypeptide aggregation process [9].

Various guest molecules, including dyes, drugs, and steroids,

have been studied for complexation and solubilization by

dimeric b-CD with disulfide, bipyridine, and diamine linkers

[10–12]. However, there is no report on the complexation of

dimeric b-CD with lipids or bio-membranes. Herein, the

novel carbohydrate-lipid interaction between dimeric b-CD

and diacetylenic lipids is described. This complexation

induces membrane fusion, and thus further solubilizes the

liposome structure.

In the present study, dimeric b-CD is synthesized using

epichlorohydrin and the interactions between glyceryl-

bridged dimeric b-CD and DA/PDA liposomes are inves-

tigated. In a prior study, the effects of monomeric CD on

the formation and colorimetric transition of PDA were

reported [13], indicating that a-CD exhibited a blue-to-red

color transition as the most prominent effect of perturba-

tion of the ordered structures of the PDA vesicles based on

partial inclusion of PDA by a-CD. Thus, it is considered

interesting to determine whether the effects of dimeric b-

CD can be further augmented and made more selective and

to explore the prospect of applications in biology and

medicine.

Experimental

Chemicals

b-CD were obtained from Tokyo Chemical Industry Co.,

Ltd. b-CD was recrystallized from distilled water and dried

in vacuo for 12 h. 10,12-Pentacosadiynoic acid (PCDA),

10,12-tricosadiynoic acid (TRCDA), and dimyristoylpho-

sphatidylcholine (DMPC) were purchased from Sigma–

Aldrich Chemicals Co. (St. Louis, Mo, USA).

Synthesis of dimeric b-CD

The dimeric b-CD host was synthesized according to a

known literature procedure [14, 15]. A mixture of 2.83 g of

b-CD in 10 mL of NaOH solution (5 %, w/w) was stirred

for 24 h at 25 �C. Epichlorohydrin (EP) was added to the

b-CD solution in a dropwise manner so that the molar ratio

of b-CD to EP was 1:15. The mixture was heated to 60 �C

and stirred at 600 rpm for 5 h. The reaction was terminated

by the addition of 3 N HCl, and residual EP was removed

by centrifugation. Finally, the dimeric fraction was sepa-

rated using a Bio-Gel P4 column.

Nuclear magnetic resonance (NMR) spectroscopy

For the NMR spectroscopic analysis, a Bruker Avance 500

spectrometer was used to record the 1H-NMR, 13C-NMR,

and HSQC spectra. NMR analyses were performed in D2O

at room temperature.

Matrix-assisted laser desorption/ionization-time

of flight mass spectrometry (MALDI-TOF MS)

The synthesized dimeric b-CD were dissolved in water and

mixed with 2,5-dihydroxybenzoic acid (DHB) as the

matrix. The mass spectra were recorded in DHB at a molar

ratio of 10-3 with a total loading of around 1 lg of sample.

For MALDI-TOF MS, we used a MALDI-TOF mass

spectrometer (Voyager-DETM STR BioSpectrometry,

PerSeptive Biosystems, Framingham, MA, USA) in the

positive-ion mode.

Preparation of PDA liposomes

The PDA liposomes were prepared as previously described

[13]. PCDA or TRCDA was dissolved in chloroform, and

the organic solvent was removed by purging with N2 to

generate a thin lipid film on the glass surface. To generate

the artificial membrane system, a mixture of TRDCA

(60 %) and DMPC (40 %) was dissolved in chloroform

and dried with N2. A HEPES buffer solution (5 mM, pH

8.0) was added to yield a total lipid concentration of 1 mM.

The samples were then heated at 80 �C for 15 min and

probe sonicated for 12.5 min using a Sonics VC-505

instrument at 40 % of the power used. The resulting

solution was filtered through a 0.8 lm filter (Satorius,

Minisart), and the milky filtrate was cooled overnight at

4 �C. Polymerization was carried out at room temperature

by UV irradiation at 254 nm for 15 min.

Quantitative assay

The color change of the mixed vesicles from blue to red

was quantified by calculating the colorimetric response

(%CR) according to the following equation:
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where Ablue is the absorbance at 640 nm, determined from

the UV–vis spectrum of the ‘‘blue’’ component, and Ared is

the absorbance at 550 nm for the ‘‘red’’ component. The

CR is derived from the change in the ratio of absorbances

at 640 and 550 nm in the absence and presence of dimeric

b-CD, b-CD, and a-CD. (Ablue/(Ablue?Ared))0 and (Ablue/

(Ablue?Ared))1 are the red/blue ratios of a sample before and

after an addition of CD, respectively.

Dynamic light scattering (DLS)

DLS measurements were carried out with a Wyatt Tech-

nology DynaPro Plate Reader at constant room

temperature.

Transmission electron microscopy (TEM)

TEM images of the PDA liposomes were obtained using a

JEM 1010 microscope (JEOL, Tokyo, Japan) operating at

80 kV. Vesicle samples were absorbed onto Formvar-
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Fig. 1 Chemical structure (a), MALDI-TOF mass spectrum (b), 1H-NMR spectrum (c), and 13C-NMR spectrum (d) of dimeric b-cyclodextrin

(b-CD). In Fig. 1b, the largest m/z of the monomeric, dimeric, and trimeric b-CD was written
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coated copper grids (200 mesh) and air-dried for 5 min.

For negative staining, 2 % uranyl acetate solution was

used. The blue and purple PDA vesicles produced by

interaction with dimeric b-CD were examined using

transmission electron microscopy.

Results and discussion

Dimeric b-CD was synthesized using EP under basic

conditions, and the dimeric fraction was separated from the

reaction mixture on a Bio-gel P4 column. Although the

dimerization methods vary depending on the cross-linker,

EP is considered to be a powerful cross-linker because of

its ease of use, flexibility, and universality [16]. However,

the epoxy groups produce a network by crosslinking, thus,

the reaction products are mixtures of various species from

monomers to polymers [14]. In the present study, we used

the prepared dimeric b-CD fraction, where they have the

glyceryl bridges and the glycerol tails with different

lengths. The representative chemical structures of the

glyceryl bridged dimeric b-CD were shown in Fig. 1a; a

diversity of substituents can be achieved because of the

reactivity of the epoxy group. Although small portion of

monomeric b-CD derivatives and trimeric b-CD are

observed, the major fraction was dimeric b-CD (Fig. 1b).

The average molecular weight (Mn) of dimeric b-CD was

determined to be 2899 Da. Assignment of the dimeric b-

CD protons and carbons required one-dimensional NMR

(1H and 13C) experiments and two–dimensional NMR

(Heteronuclear Single Quantum Coherence; HSQC) (data

not shown), and the use of previous data for the 1H and 13C

chemical shifts of the polymeric b-CD [14, 15]. Fig. 1c

shows the –CH and –CH2 protons in the region

3.5–4.5 ppm except for H1 protons which appear down

field. The location of the EP residues was evaluated from

the 13C-NMR spectrum (Fig. 1d). Because of C2, C3, and

C6 substitution on both sides of b-CD, resonances corre-

sponding to C10 (*102.6 ppm), C20 (*80.5 ppm), C30

(*78.5 ppm), and C60 (*72.2 ppm) were observed. Sub-

stitution of C2 and C3 produces a downfield chemical shift

(*5 ppm) of the respective carbons bearing the substitu-

ents, whereas an upfield shift (*2 ppm) is observed for b-

carbon (C10). The downfield chemical shift (*10 ppm) of

the C6 resonance is attributed to substitution. Other carbon

peaks affected by possible substitution are also designated,

as shown in Fig. 1d. These structural analyses indicated

that the glyceryl bridged dimeric b-CD was successfully

synthesized.

To evaluate the effect of dimeric b-CD on the stability

and photopolymerization of the DA liposome, dimeric b-

CD (10 mM), b-CD (10 mM), and a-CD (10 mM) solu-

tions were respectively added to PCDA liposome (1 mM).

With the addition of dimeric b-CD solution, the opaque

liquid became clear, as shown in Fig. 2a, b. No noticeable

change was induced by addition of b-CD, and the addition

of a-CD produced a white precipitate after showing a clear
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Fig. 2 Photographs of 10,12-Pentacosadiynoic acid (PCDA) lipo-

some solutions containing CD at room temperature after 1 min (a),

30 min (b), 1 h (c), 4 h (d), and e after irradiation of sample d with

UV light for 15 min. Total carbohydrate concentration is 5 mM. (1)

Dimeric b-CD, (2) b-CD, (3) a-CD, (4) buffer, and (5) water
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solution for a little while. For comparison, a clear vial

containing only water was positioned on the right side

(Fig. 2). After allowing the respective solutions to stand for

4 h, each was irradiated with UV light (254 nm) for

15 min. The solubilizing effect of dimeric b-CD on the DA

liposomes was observed more clearly in Fig. 2e. Following

UV-induced polymerization of the PCDA liposomes, the

resultant alternating ene-yne structure is characterized by

blue color. In the presence of the buffer and b-CD, the

diacetylene liposomes exhibited the blue color because of

polymerization. However, addition of dimeric b-CD gen-

erated a transparent solution, and the DA polymerization

was inhibited. Although a-CD can also inhibit DA poly-

merization, a-CD resulted in the formation of a precipitate

of the inclusion complex with PCDA [13].

Subsequently, the samples in Fig. 2e were lyophilized

and proton nuclear magnetic resonance (NMR) spectro-

scopic analyses were carried out in D2O to compare dif-

ferences. 1H-NMR spectroscopy is a suitable method for

the evaluation of non-covalent interactions at the molecular

level [17]. In the case of PCDA liposomes/dimeric b-CD,

blue-numbered peaks were down-shifted (0.13 ppm for ‘1’,

0.08 ppm for ‘2’, and 0.14 ppm for ‘3’) comparing with

PCDA liposomes (Fig. 3a, d). Besides, new peaks appeared

at 2.51 ppm. By interactions with dimeric b-CD, there may

be an increase of membrane dynamics and changes of

liposome conformation [18]. On the other hand, PCDA

liposomes/a-CD and PCDA liposomes/monomeric b-CD

have chemical shift change less than 0.01 ppm. This result

indicates that dimeric b-CD disturbs the organization of the

self-assembled vesicular structure by complexation of both

molecules. In densely packed PCDA liposomes, the inter-

chain distance of the PCDA supramolecules is approxi-

mately 0.5 nm; UV light initiates a radical polymerization

process resulting in deeply colored PDA liposomes [19].

The reacting carbon atoms must be less than 0.5 nm away

from each other or polymerization is not likely to occur.

Accordingly, if dimeric b-CD perturbs the ordered DA

liposome structure by solubilization because of complex-

ation with DA, the polymerization process can be inhibited.

The effect on PDA is also shown in Fig. 4. First, 10 mM

solutions of carbohydrate were added to the polymerized

blue-phase PDA liposomes. After 1 h, the solution con-

taining dimeric b-CD became purple because of decline in

the absorption intensity at 640 nm and increase in the

absorption at 550 nm. Although it appears that dimeric
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Fig. 3 Partial 1H-NMR spectra

of PCDA liposomes/dimeric

b-CD (a), PCDA liposomes/

monomeric b-CD (b), PCDA

liposomes/a-CD (c), and PCDA

liposomes (d) Inset in Fig. 3d

shows the chemical structures of

polymerized blue-phase PCDA

liposomes
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b-CD perturbs the PDA liposomes less effectively than the

DA liposomes because of increased stability of the poly-

meric structure, the effect of dimeric b-CD is clearly dif-

ferent from that of monomeric b-CD (Figs. 2d, 4). The

formation of red-phase PCDA liposomes by binding with

a-CD was observed as previously reported [13]. Basically,

the change of internal hydrogen-bonding is an important

effect on the ability of carbohydrates to promote the col-

orimetric change of PDA [20]. Using this colorimetric

assay, changes in the integrity of the membrane by dimeric

b-CD can be observed indirectly with the naked eye. Pre-

viously, highly positively charged histone or lysine have

been reported to induce blue-to red color changes due to

electrostatic interactions of the molecules with the nega-

tively charged PDA interface [21]. From the present result,

the cooperative binding of dimeric b-CD can offer attrac-

tive alternative for molecular biosensing.

To compare the effects achieved with another lipid

composition, PCDA, TRCDA and TRCDA/DMPC mixed

liposomes were prepared for quantitative assay. (Fig. 5a)

shows the colorimetric response (CR) of polymerized

PCDA liposomes versus the concentration of CD. Both

dimeric b-CD and a-CD show the same CR value of 35 %

at 20 mM concentration, although the increasing patterns

are different from each other. In the TRCDA liposome

system, the CR values of dimeric b-CD and a-CD changed

from 0 to 72 and 48 %, respectively (Fig. 5b). The higher

CR values are reasonable because TRCDA liposomes are

more sensitive system than PCDA liposomes. In principle,

the length of.alkyl chain in TRCDA is slightly shorter than

PCDA, which affects the thickness of vesicle.bilayer, chain

rigidity, and overall interchain interactions. In addition, the

plot of dimeric b-CD shows exponential-type growth, and

the plot of a-CD reaches saturation at about 5 mM

(Fig. 5b). The result indicates that the complexation pattern

of dimeric b-CD/PDA is different from that of b-CD/PDA.

Since the carboxylic acid tail of PCDA is capped by the

cavity of a-CD, the triggered ‘‘ene-yne’’ backbone
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Fig. 5 Plots of CR of 10,12-pentacosadiynoic acid (PCDA) liposomes

(a), 10,12-tricosadiynoic acid (TRCDA) liposomes (b) and TRCDA/

dimyristoylphosphatidylcholine (DMPC) liposomes (c) against CD

concentration in the presence of dimeric b-CD, b-CD, and a-CD (after

1 h)
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produces a red color until the entire liposome surface is

saturated by a-CD [13]. On the other hand, it is postulated

that dimeric b-CD interconnects two PDA liposomes via

cooperative complexation. The PDA/DMPC liposomes are

generally used as a bio-membrane mimic system, where the

DMPC molecules are distributed within the conjugated

PDA matrix, and most likely exist in a domain-like con-

figuration [21]. The CR of the TRCDA/DMPC liposomes is

presented in Fig. 5c. In the presence of dimeric b-CD, the

exponential increase in the CR depending on the CD

concentration was converted into the proportional type, and

the saturation CR of a-CD increased by 30 % after adding

DMPC molecules. Insertion of the DMPC domain produces

an impact on the overall liposome structure and triggered

conformation produced by dimeric b-CD or a-CD.

The size of the PDA liposomes was investigated using

dynamic light scattering (DLS), and the size distribution is

shown in Fig. 6. The diameter of the liposomes ranged

from 20 to 80 nm in every case; however, dimeric b-CD

produces size separation with larger vesicles, as shown in

Fig. 6a. The relative intensity is 85.8 % and 14.2 % for

39 nm and 348 nm, respectively. The polydispersity index

is 0.0103 and 0.0003 for 39 nm and 348 nm, respectively.

The size and intensity of large nanoparticles can be varied

as the interaction with dimeric b-CD proceeds. This result

may occur because of membrane fusion caused by inter-

action with dimeric b-CD. To confirm this postulate, TEM

image analyses were acquired. Fig. 7 shows the morphol-

ogy of the PDA vesicles before and after the addition of

dimeric b-CD. In the TEM image of the PDA (Fig. 7a), the

Fig. 6 DLS profiles of PCDA

liposomes in the presence of

dimeric b-CD (a), b-CD (b),

a-CD (c), and without any

additive (d)
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vesicle size was less than 100 nm, and the vesicles were

uniform, smooth, and spherical. The vesicles were also

well separated from each other because of repulsive

interactions of the carboxylic acid anion on the liposome

surface. After the addition of dimeric b-CD, fused struc-

tures of size more than 200 nm were observed along with

the deformation of the vesicles. The roughness of the sur-

face is probably caused by a disruption of the hydrogen

bonding between the carboxylic head-groups on the vesicle

surface upon insertion of dimeric b-CD. During the fusion

process, a change in the morphology from spherical to

amoeboid is also apparent in the left side of Fig. 7a. In fact,

polylysin induces cell fusion at a low concentration

because of electrostatic binding to anionic cell surfaces

[22]. Similarly, cationic polypeptide is adsorbed on the

membrane of negative vesicles [23], permeation of DNA

through cell membranes [20]. Although dimeric b-CD has

no cationic charge, the dimeric conformation can provide

the appropriate space to bind PDA vesicles. Because of the

simple cavity (inner diameter: 0.78 nm; outer diameter:

1.53 nm) of b-CD, no binding with the liposome was

observed. However, dimeric b-CD have two hydrophobic

cavities, 1–12 units of glyceryl bridges, glycerol tails, and

many hydroxyl groups. As another amphiphiles, dimeric b-

CD may penetrate between membrane structures, then

cause membrane fusion [24, 25]. Depending on the cross-

Fig. 7 TEM images of PCDA

liposomes (a) and PCDA

liposomes with dimeric b-CD

(b)

Fig. 8 Proposed scheme for

complexes of PDA liposomes/

dimeric b-CD
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linker, the pattern of binding and the membrane fusion

ability will also vary.

In conclusion, dimeric b-CD was synthesized using EP

and b-CD, and the effects of CD on the formation and color

changes of PDA liposomes were evaluated. Based on NMR

experiments, quantitative assay, DLS, and TEM, it is

suggested that cooperative complexations between dimeric

b-CD and liposomes induce fusion and solubilization of the

membrane structure (Fig. 8). Thus, dimeric b-CD holds

great promise for use as an effective carbohydrate-based

detergent through complexation with the liposome struc-

ture. Further studies to determine the exact mechanism

driving the liposome solubilization and to elucidate the

mechanistic effects of the cross-linker are in progress.
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