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Abstract A polypseudorotaxane was prepared using

4-(N,N-dimethylamino) benzoyl modified b-cyclodex-

trin (DMAB-b-CD) and biotin-terminated poly(pro-

pylene glycol) (biotin-terminated PPG) in water for

7 days. When the biotin-terminated PPG was added to

a saturated solution of DMAB-b-CD at room tem-

perature, the polypseudorotaxane was not obtained.

However, with increasing temperature to 60 �C, pre-

cipitation was observed. The 1H-NMR spectrum indi-

cated that the obtained precipitate was the

polypseudorotaxane. The final yield was 54%, which

was higher than that previously reported for poly-

pseudorotaxane formation using chemically modified

b-CD. The polypseudorotaxane can be useful to make

a polyrotaxane via avidin–biotin molecular recognition

using the terminal biotin group.
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Introduction

Fluorescent molecule-modified b-cyclodextrins (b-CDs),

such as 4-(N,N-dimethylamino) benzoyl b-CDs

(DMAB-b-CDs) has been studied as a molecular sensor

that changes fluorescent properties via forming a self-

inclusion complex [1]. The DMAB moiety of DMAB-

b-CD is included into the b-CD cavity in water, and

DMAB-b-CD shows twisted intramolecular charge

transfer (TICT) dual fluorescence [2]. When another

guest molecule is included into the cavity and the

DMAB moiety is exposed to outer aqueous medium,

magnitude of TICT dual fluorescence decreases. How-

ever, TICT dual fluorescence of DMAB-b-CD decreases

only when guest molecules can be incorporated into the

cavity of b-CD, and the decrease of fluorescence reflects

stimulus of guest molecules.

In recent years, CD-based polyrotaxanes as new

polymeric materials have attracted much attention [3].

b-CD-based biodegradable polyrotaxanes have been

focused as a new fluorescent system [4]. In this

molecular design, b-CDs are threaded onto a

poly(ethylene glycol)-block-poly(propylene glycol)-

block-poly(ethylene glycol) (PEG-b-PPG-b-PEG)

capped with a-CD via pH-cleavable hydorazone bond.

All the b-CDs are released only when one or two

terminal hydrazone bonds are cleaved, meaning

degradation-responsive exposure of b-CD cavities.

6-(p-toluidinyl) naphthalene-2-sulfonate (TNS) has

been used as a model guest molecule for b-CD.

Inclusion complexation between b-CD and TNS in

aqueous media increases the magnitude of fluorescence

[5]. When TNS exists in aqueous medium, the exposed

b-CD cavities can include TNS, resulting in increased

fluorescent intensity. However, the fluorescent intensity

is quite low because the concentration of the released

b-CDs is low, and therefore, both b-CD and the fluo-

rescent molecule are diluted to reduce the chance to

form an inclusion complex. In order to enhance the
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fluorescent intensity change, TICT change of DMAB-

b-CD is a good candidate for the development of

b-CD-based polyrotaxane fluorescent system. In our

approach, DMAB-b-CD is firstly threaded onto a

biotin-terminated PPG chain and then capped with

avidin–biotin interaction that has been known as non-

covalent bond interactions and used for biochemical

application. This interaction is the strongest [6], and

the avidin–biotin complex is dissociated by the addi-

tion of large free biotin or oxidizing reagents [7].

However, most of the DMAB-b-CD molecules are

expected to exist as the self-inclusion complexes in

aqueous medium, which is unfavorable to the thread-

ing of the PPG chain into the b-CD cavity [8]. From

these points of view, threading of DMAB-b-CD mol-

ecules to the PPG chain is a key process. In this paper,

the formation of polypseudorotaxane consisting of

DMAB-b-CDs and biotin-terminated PPG was exam-

ined to find suitable preparative conditions.

Experimental

Preparation of N-hydroxysuccinimidyl biotin ester 1:

D-biotin (0.4 g) was dissolved in hot DMF (12 mL,

60 �C), and the solution was cooled to room temper-

ature. Subsequently, N-hydroxysuccinimide (0.2 g) and

dicyclohexylcarbodiimide (DCC) (0.34 g) were added

into the solution. After the mixture was stirred for 2 h,

the precipitated dicyclohexylurea was removed by

filtration. The filtered solution was evaporated in

vacuo, and diethyl ether was added into the residual

solution to precipitate the product. The filtered prod-

uct was washed with diethyl ether, and dried in vacuo

at room temperature. Yield 0.31 g (56%); 1H-NMR

(DMSO-d6) d (ppm) 1.43–1.7 (m, 6H), 2.58 (d, 1H),

2.67 (t, 2Ht), 2.83 (m, 1H), 2.81 (s, 4H), 3.08 (m, 1H),

4.15 (m, 1H), 4.31 (m, 1H), 6.37(s, 1H), 6.44 (s, 1H);

MS (ESI): m/z = 341.92 (M+), 363.90 (M+Na+), 379.87

(M+K+).

Synthesis of biotin terminated poly(propylene gly-

col) 2: 2 was synthesized by a modified method of

Grubber et al. [9]. PPG-bisamine (0.62 g) was dis-

solved in DMF (6.0 mL), and then 1 (0.3 g) and Et3N

(81 lL) were added to the solution. Stirring was con-

tinued at room temperature for 24 h. Unreacted 1 was

deactivated by the addition of distilled water (6.0 mL)

and stirring for 2 h. The solution was evaporated in

vacuo, and the residue was dissolved in 200 mmol

Na2CO3 (7.5 mL). Undissolved residue was removed

by filtration. The filtrate was saturated with NaCl,

extracted with CH2Cl2 and dried in vacuo. Yield 20 mg

(2.6%); 1H-NMR (DMSO-d6) d (ppm) 1.01 (d, 3H)

1.30–1.75 (m, 6H), 2.13 (t, 2H), 2.58 (d, 1H), 2.82

(q, 1H), 3.09 (m, 1H), 3.30–3.50 (m, H), 4.15 (m, 1H),

4.31 (m, 1H), 6.37(s, 1H), 6.44 (s, 1H), 7.60 (s, 1H).

Preparation of polypseudorotaxane consisting of

DMAB-b-CDs and biotin terminated PPG 3: DMAB-

b-CD was prepared by the method of Osa et al. [1].

The DMAB-b-CD (45 mg) was dissolved in distilled

water (0.75 mL), and then 2 (5 mg) was added to the

solution. The mixture was stirred for 1, 3, 7 days and

room temperature, 60 �C. The mixture was stirred for

1, 3, 7 days and room temperature, 60 �C. We observed

whether precipitation occurred. If precipitation was

observed, the precipitated product was collected by

centrifuging, and then lyophilized. We obtained the

precipitated product at 60 �C and 7 days. Yield

26.9 mg (54%); 1H-NMR (DMSO-d6) d (ppm) 1.01

(d, 3H) 1.22 (s,), 2.58 (d, 1H), 2.85 (q, 1H), 2.95 (s, 6H),

3.20–3.83 (m, H), 4.45 (s, 1H), 4.82 (d, 1H), 4.92

(d, 2H), 4.93 (d, 2H), 5.50 (d, 1H), 5.71 (s, 1H), 6.68

(d, 2H), 7.65 (d, 1H), 7.80 (d, 2H).

Results and discussion

The synthetic route of 1, 2 and 3 was shown in Scheme

1. Biotin was activated by condensation with

N-hydroxysuccinimide using DCC as a condensation

reagent to obtain N-hydroxysuccinimidyl biotin ester 1
[10]. The final purification of 1 was carried out by

precipitation in excess amount of diethyl ether. The

results of 1H-NMR and ESI-MS indicated that the

obtained 1 was successfully purified. The terminal

amino groups of PPG-bisamine (JEFFAMINE�

D-2000 polyoxypropylenediamine Mn = 2,000) were

allowed to react with 1 to obtain biotin-terminated

PPG 2. The number of biotin in one 2 molecule was ca.

2.3, which was determined by the 4-hydroxyazoben-

zene-2-carboxylic acid (HABA) method [11]. This

result indicates that both terminal of PPG possessed

each one biotin.

Polypseudorotaxane formation between DMAB-

b-CD and 2 was carried out in water. Since the

driving force of polypseudorotaxane formation is

mainly hydrogen bonding between CDs, the forma-

tion is often accompanied with precipitation because

of column-like crystalline structure of the poly-

pseudorotaxane [12]. However, in the case of chem-

ically modified CDs, the precipitation would not be

caused by the polypseudorotaxane formation [8],

which is dependent upon the types of chemical

modification and combination of linear polymer and

CDs. When 2 was mixed with saturated aqueous

solution of DMAB-b-CD at room temperature, the
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precipitation was not observed even after 7 days. The

2D-ROESY NMR spectra of this reaction mixture

showed that no cross-peaks between H(3, 5) protons

of b-CD and methyl groups of PPG were observed,

indicating that the threading of biotin-terminated

PPG into the cavity of DMAB-b-CD did not occur

(data not shown). On the other hand, precipitation

was observed when the temperature of the reaction

mixture was 60 �C after 7 days. This result suggests

that an increase in the solution temperature and long

reaction time contributes to enhancing the inclusion

complexation between DMAB-b-CDs and 2, followed

by crystallization of polypseudorotaxane consisting of

DMAB-b-CDs and biotin terminated PPG 3. Fig-

ure 1 shows 1H-NMR spectrum of 3. All the peaks

attributed to DMAB-b-CDs, PPG, and biotins were

confirmed. The number of DMAB-b-CD units in 3

was calculated from the 1H-NMR spectrum. The

threading number of DMAB-b-CDs was calculated to

be ca. 8 (stoichiometric number for the PPG seg-

ment: 17). The yield of 3 was 54%, which was ex-

tremely higher than the previous report of

polypseudorotaxane formation between chemically

modified b-CD and PPG [12]. Liu et al reported that

the polypseudorotaxane formation between L-trypto-

phan-modified b-CD (Try-b-CD) and amino-termi-

nated PPG chains [13]. However, the yield of the

polypseudorotaxane was very low (6%). It is known

that the Try-b-CD, as well as DMAB-b-CD, forms

self-inclusion complexes in aqueous solution [14]. The

authors indicated that this result might be the con-

formational equilibrium between the free and self-

included conformer of Try-b-CD in the aqueous

solution. With the addition of 2 at 60 �C, the DMAB

moiety was exposed to outer aqueous medium via

forming a complex with 2 to give 3. Due to the self-

inclusion ability of DMAB-b-CD, one can imagine

that most of the DMAB-b-CDs exist as a self-in-

cluded conformer which is unfavorable to the

threading of PPG into the b-CD cavity. The result of

precipitation with a longer reaction time at higher

temperature suggests that the biotin-terminated PPG

can be competitively included in the cavity of

DMAB-b-CD, and increasing the threading number

of DMAB-b-CD leads to crystallization of the poly-

pseudorotaxane.

Fig. 1 1H-NMR spectrum of
polypseudorotaxane
consisting of DMAB-b-CDs
and biotin terminated PPG 3
in DMSO-d6
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Conclusion

A polypseudorotaxane consisting of DMAB-b-CD and

biotin-terminated PPG was prepared in water at vari-

ous conditions. Relatively high temperature and longer

reaction time was needed to obtain the polypseud-

orotaxane with high yield. The preparation of a po-

lyrotaxane using the polypseudorotaxane mixing with

avidin will be reported our force coming paper (A. Ito

et al., in preparation).
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