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Polyrotaxane (pRX) has been known as a supramo-
lecular assembly, in which many cyclic molecules like
�-cyclodextrins (�-CDs) are threaded onto a linear
polymeric chain like poly(ethylene glycol) (PEG) cap-
ped with bulky end-groups. Since �-CDs in the com-
plex can freely slide and rotate along the PEG chain,1

the pRX is expected to act as a nano-scaled molecular
machine. We found that ligand-pRX conjugates rec-
ognize binding proteins in a multivalent manner.2,3

Recently, we measured relative potency of concanava-
lin A (Con A)-induced hemagglutination inhibition to
assess multivalent interaction of maltose-pRX conju-
gates (Mal-pRXs) and Con A, and found that the high-
er mobility of maltose groups as well as �-CDs in the
Mal-pRXs remarkably enhances the multivalent inter-
action of the maltose and the binding proteins.4,5 A
certain Mal-pRX that shows the highest mobility of
maltose showed the largest value of the association
constant and the initial rate of binding, suggesting
the contribution of both the higher mobility and the
multivalent interaction with Con A.5

In the above binding event of Mal-pRXs in aqueous
solutions, water structures surrounding the Mal-pRXs
seem to play an important role. In our previous study,6

the water structure around the Mal-pRXs has been
studied from Raman spectra of the collective stretch-
ing vibration of OH bonds (collective band). The col-
lective band intensity reflects the order of the network
structure of water molecules in the solution.6 It was
found that the order of water structure is higher as
the mobility of maltose groups in the Mal-pRXs is
higher. Nevertheless, the reason for this correlation
was not clarified.

In the present study, the effect of maltose mobility
in the Mal-pRXs on the water structure has been
investigated by using a combination of differential
scanning calorimetry (DSC) and Raman spectroscopy.
From the DSC measurement, we can evaluate the
amount of bound water in some sample solutions.7–9

Taking the results of DSC and Raman measurements
into account, a mechanism of the effect of the motion
of maltose groups on the hydration structure of Mal-
pRXs has been proposed.

EXPERIMENTAL

Materials
Mal-pRXs consisting of PEG, maltose-introduced

�-CDs, and benzyloxycarbonyl-L-tyrosine as shown
in Figures 1a–1c were used as sample materials. The
details of the sample preparation and the chemical
structure of these conjugates were described in our
previous paper.4,5 In order to control the mobility of
the maltose groups in the pRX, three pRX samples
with 22%-, 38%-, 53%-CD threading on a PEG chain
(Mn ¼ 20;000) were prepared, as shown in Table I.
The concentration of pRX in these samples was
3:33� 10�5 M. The total number of maltose groups
per pRX in these samples was set to be similar values
(about 240). Consequently, the maltose concentration
in the three sample solutions was approximately the
same (�8� 10�3M). As a reference sample, a mal-
tose-poly(acrylic acid) conjugate (sample name of
Mal-PAA) was prepared as shown in Table I and
Figure 1d. The mobility of maltose groups in the
Mal-PAA was very low due to the covalent binding
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of maltose groups onto the PAA backbone.5 The
Mal-PAA exhibits the similar number of maltose
and carboxyl groups. As another reference sample
with higher mobility of maltose groups, free maltose
solution (sample name of Mal) was also prepared, as
shown in Table I and Figure 1e. The maltose concen-
tration in these sample solutions was approximately
the same (�8� 10�3 M). Therefore, by comparing
these samples, the influence of the dynamic motion
of maltose groups on the surrounding water molecules
can be assessed under the same condition. All the
samples were dissolved in a 0.1M phosphate-buffered
saline (PBS) (pH 7.4) containing 0.1mM CaCl2 and
0.1mM MnCl2.
The mobility of maltose groups in the solution was

estimated by measuring the relaxation time T2 of
C(1)H of maltose groups in the NMR experiment.4,5

Raman Measurement
Raman spectra of the samples in glass cells were

measured in 90� scattering geometry. The incident
light was the 632.8 nm line of a He–Ne laser, and
the power was 7mW. The measured spectral range
was from 2500 to 4000 cm�1, covering the OH
stretching mode frequencies. The polarization combi-
nations were such that the exciting and the scattered
polarizations were parallel or perpendicular to each
other. All the measurements were performed at room
temperature. The details of the Raman measurement
have been described in our previous paper.6,10

The intensity of the collective band (IC), attributa-
ble to the synchronous stretching vibration of OH
bonds in the network structure of water, can be
obtained from a difference between the integrated
Raman scattering intensities in the parallel and perpen-
dicular polarization configurations (Ik and I?):

6,10,11

ICð!Þ ¼ Ikð!Þ � I?ð!Þ=�OH ; ð1Þ

where �OH is the depolarization ratio of the non-
collective band. Furthermore, it is normalized as

CX ¼
Z

ICð!Þd!
�Z

Ikð!Þd!: ð2Þ

CX can be used as an indicator of the order of the
structure of water molecules. For example, when the
order of bulk water clusters is broken by introducing
solute molecules to an aqueous solution, CX becomes
small.
Since the sample solutions used in this study in-

clude maltose-introduced �-CDs (Mal-�-CDs) having
many OH groups, one may point out that Raman
signal of the OH groups in the Mal-�-CDs disturbed
the precise analysis of the collective band for water.
However, the number of OH groups of the Mal-�-
CDs is estimated to be �0:2% of the total number
of OH groups in the sample solutions. Therefore,
Raman signal of the Mal-�-CDs is negligible for the
present analysis.

Figure 1. Molecular structure of maltose-pRX conjugates

with 22%- (a), 38%- (b), 53%- (c) CD threading on a PEG chain,

maltose-poly(acrylic acid) conjugate (d), and free maltose (e) in

an aqueous solution. Length of arrows represents the image of

maltose mobility.

Table I. Samples for DSC and Raman measurements

Sample name No. of �-CD
�-CD

threading
(%)b

No. of maltose
groups per

�-CD

No. of maltose
groups

Concentration
of �-CD
(�10�3 M)

Concentration of
maltose groups
(�10�3 M)

22%CD-pRXa 50 22 4.6 230 1.66 7.65

38%CD-pRXa 85 38 2.9 244 2.83 8.12

53%CD-pRXa 120 53 2.0 240 3.99 7.98

Mal-PAAa — — — 240 — 7.98

Mal — — — — — 7.98

aConcentration is 3:33� 10�5 M. b�-CD threading (%) = [No. of �-CD]/[Stoichiometric no. of �-CD] � 100 (see

ref 4 and 5).
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DSC Analysis
DSC thermograms of all the samples were meas-

ured by a heat flux DSC (DSC120, Seiko Co., Japan).
A sample aqueous solution was put into an aluminum
pan and was hermetically sealed. The weight of the
sample solution for the DSC measurement was 11–
16mg, and no weight loss was observed during the
measurement. The sample was cooled to �25 �C,
and then it was heated to 25 �C with a heating rate
of 2.5 �C/min.
In general, bound water formed around hydrophilic

groups in an aqueous solution freezes at a temperature
far below 0 �C. On the other hand, free water located
far from hydrophilic groups is not affected by hydro-
philic groups, and it freezes near 0 �C. In the measured
DSC thermograms in the range from �25 to 25 �C,
only one peak of heat of fusion was seen near 0 �C
for all the samples. Thus, in the present study, water
showing a peak of heat of fusion near 0 �C is defined
as the free water, and all the other water, not freezing
in the range from �25 to 0 �C, is defined as the bound
water.
From the DSC thermograms observed near 0 �C, the

enthalpy of fusion of free water (�Hf (J/g)) in the
sample solution was directly obtained. The amount
of free water (Wf (g)) is estimated from the formula9

Wf ¼ �Hf =�HBuffer �WS; ð3Þ

where �HBuffer (J/g) is the enthalpy of fusion of buf-
fer solution, and WS (g) is the amount of the solution.
The amount of bound water (Wb) is given by

Wb ¼ Wt �Wf ; ð4Þ

where Wt is the total amount of water in the solution.
From eqs 3 and 4, the number of bound water mole-
cules per one maltose group in the solution was calcu-
lated, assuming that an increase in the bound water
content is attributed to maltose groups.
Raman and DSC measurements were performed

three to five times for each sample solution in order
to confirm the experimental reproducibility.

RESULTS AND DISCUSSION

Figure 2a shows the number of bound water mole-
cules per one maltose group as a function of the relax-
ation time T2 of C(1)H of the maltose groups. It is
known in the NMR measurement that higher mobility
of molecules causes longer relaxation time T2 due to
the motional narrowing effect.12 Therefore, in Figure
2a, one can see a positive correlation between the
number of bound water molecules and the mobility
of maltose groups.
Figure 2b shows the normalized Raman intensity of

the collective band of the sample solutions as a func-

tion of the relaxation time T2. The collective band
intensity of free maltose is almost equal to that of
the buffer solution (Cx=CBuffer ¼ 1:00). This result
indicates that free maltose preserves the water net-
work structure in the solution. In Figure 2b, a positive
correlation between the collective band intensity and
the relaxation time T2 was clearly observed. There-
fore, this result indicates that the degree of the order
of the water clusters is higher as the mobility of mal-
tose groups is higher in the sample solutions.
In the three Mal-pRX samples, the number of mal-

tose groups per pRX is approximately the same, but
the concentration of �-CD is significantly different.
Thus, the question may arise as to the effect of the
�-CD concentration on the collective band intensity.
In our previous study,6 the collective band intensities
of three maltose-introduced �-CD solutions with the
same �-CD concentration of 22%, 38%, 53%CD-
pRX samples were measured. The result indicated that
the collective band intensity linearly decreased with
increasing the �-CD concentration (data not shown).
This behavior was quite different from the �-CD con-
centration dependence of the collective band intensity
of the three Mal-pRX samples.6 Therefore, �-CDs in
Mal-pRX have no significant influence to the order
of the surrounding water molecules.

Figure 2. (a) Number of bound water molecules per one mal-

tose group in the solutions and (b) normalized Raman intensity

(Cx=CBuffer) of collective band of OH stretching vibration for solu-

tions as a function of T2-relaxation time of C(1)H of maltose

groups.
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From Figures 2a and 2b, a relationship between the
number of bound water molecules and the collective
band intensity of the solutions was obtained as shown
in Figure 3. It was found that the degree of the order
of bulk water clusters in the solutions became higher
with increasing the amount of bound water molecules.
It should be noted that both the amount of bound
water and collective band intensity of 38%CD-pRX
are similar to those of free maltose. This means that
the water structure around maltose groups of 38%CD-
pRX is similar to that of free maltose.
One may find a contradiction in the experimental

results of Figures 2a and 2b. Namely, Figure 2b indi-
cates that the order of the bulk water network structure
is lower as the mobility of maltose groups is lower,
and this result may be interpreted as bound water
with the different structure from bulk water cluster
becomes more stable with decreasing the mobility of
maltose groups. In this case, one can easily imagine
that the amount of bound water increases with de-
creasing the mobility of maltose groups. However,
this prediction is not supported by the result of
Figure 2a. This contradiction results from incorrect
assumption of hydration structure of maltose groups.
Referring to previous studies of the hydration struc-
ture, we suggest reasonable interpretation of our ex-
perimental results. So far, hydration of several saccha-
rides in an aqueous solution has been studied by
several groups.8,13,14 These studies revealed the fol-
lowing results. Hydroxyl groups of saccharides inter-
act strongly with water molecules and exhibit a struc-
ture-making effect on their surrounding water. Bulk
water partially has the tridymite structure as shown
in Figure 4a. Since some saccharides including mal-
tose with equatorial OH groups fit the tridymite struc-
ture of bulk water molecules, the tridymite structure
of water around the saccharides might not be broken.
For example, Figure 4b shows that OH groups of

D-glucopyranose, i.e., constituent unit of maltose, fit
the tridymite structure well. The amount of bound
water (unfrozen water) around a saccharide increases
when the OH groups in the saccharide easily fit into
the surrounding water structure.
Based on the above knowledge about the hydration

of saccharides, we suggest the following interpretation
of the results shown in Figures 2 and 3. Since free
maltose and maltose groups in 38%CD-pRX solutions
show high mobility, it is easy to fit the tridymite struc-
ture of surrounding water well as shown in Figure 4c.
Therefore, their influence on water should extend over
a long distance. Consequently, the maltose groups
have large amount of bound water, and can preserve
the structure of bulk water clusters. On the other hand,
when the mobility of maltose groups becomes low as
in 53%CD-pRX and Mal-PAA solutions, they cannot
fit the surrounding water structure well as shown in
Figure 4d, and their influence on water may be local-
ized. In this case, the amount of bound water around
maltose groups decreases, while network structure of
water molecules in the immediate outer side of the
bound water region is probably disordered due to
the misfit of the structure between bound water and
bulk water cluster. Therefore, the highly mobile mo-
tion of maltose groups accompanied with sliding �-
CDs in 38%CD-pRX maintains similar environment
to free maltose in the buffer, which can provide a suit-
able condition for maltose recognition to the binding
site of concanavalin A, as we reported previously.4,5

Figure 3. The relationship between number of bound water

molecules per one maltose group and normalized Raman intensity

of the collective band.

Figure 4. (a) Tridymite structure of water molecules, (b) D-

glucopyranose unit with equatorial OH groups fitting the tridymite

structure, and the water network structure including maltose

groups (c) well fitting and (d) not fitting the tridymite structure

of surrounding water. Open circles in (a) and (b) represent oxygen

atoms and gray circle in (b) represent C-6 carbon atom.
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CONCLUSIONS

The intensity of the collective band of water mole-
cules and the amount of bound water in aqueous solu-
tions were measured by Raman spectroscopy and DSC
for maltose-polyrotaxane conjugates with different
�-CD threading. It was found that the maltose groups
with higher mobility have larger number of bound
water molecules in the solution and preserves the
network structure of bulk water. It is suggested that
high mobility of maltose groups plays an important
role of the structure-making effect of maltose groups
on their surrounding water.
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