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Cyclodextrins (CDs) are of increasing scientific and commer-
cial interest because they are readily available, harmless and
well-defined, forming sophisticated supramolecular structures
in aqueous media. More than 2,300 publications and more than
1,200 patents appeared in 2015 in which CDs played a signifi-
cant role. As exemplified in the following, CD chemistry has
developed into a very attractive field of research.

The cell-penetrating peptide octa-arginine was conjugated to
methylated B-CD. The resulting biofunctionalized host was able
to transport a porphyrin sulfonate into HeLa cells used in photo-
dynamic therapy [1]. Furthermore, it was found that lactose-
appended B-CD lowers the cholesterol level in HepG2 cells — a
result that is relevant for the treatment of Niemann—Pick-type C
disease [2]. Metal-organic frameworks (MOFs) created from
native CDs can be applied for the separation of isomeric
xylenes or styrene from ethylbenzene [3,4]. Highly porous
networks were synthesized by crosslinking B-CD with tetra-
fluoroterephthalonitrile. These networks were able to almost
completely remove pollutants (e.g., bisphenol A) within a short

time from wastewater [5]. Stimuli-responsive nanoparticles
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were assembled by the group of B. J. Ravoo using host—guest
interactions between polyethyleneimine grafted with B-CD and
a polyamidoamine dendrimer decorated with ferrocene. The for-
mation of the superstructures was reversible by electrochemical
oxidation of the ferrocene moieties [6].

Furthermore, significant progress has been achieved in the syn-
thesis of CD polyrotaxanes. The one-pot and one-step poly-
rotaxane synthesis of B-CDs was performed in aqueous solu-
tion by employing a click reaction [7] as well as by radical co-
polymerization [8]. Slide-ring gels, synthesized by the group of
K. Ito through the crosslinking of the hydroxy groups of CD
polyrotaxanes, showed peculiar material properties [9] such as
extreme stretchability [10]. These mobile networks are poten-

tially useful as self-healing coatings [11].

Finally, recent results have shown that CDs are precious molec-
ular tools that can be used for the design of highly active hetero-
geneous catalysts. Accordingly, the catalytic transformation of
bio-oil has been achieved over CuyMCM-41 and Cu/Kit-6 cata-
lysts obtained by a CD assisted co-impregnation method [12].
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Furthermore, the combination of template-directed colloidal
self-assembly with a CD-assisted impregnation enabled to
prepare highly active and selective Ru/TiO; catalysts for the
hydrogenation of oleic acid methyl ester [13].

The latest results of CD chemistry have been exchanged at two

international conferences in 2015. The Joint Conference of

8™ Asian Cyclodextrin Conference and 32"¢ Cyclodextrin
Symposium with 200 participants, 34 oral presentations and
over 100 poster contributions took place in Kumamoto, Japan
on May 14-16, 2015. The 4" European Conference on Cyclo-
dextrins was held in Lille, France on October 6-9, 2015 and
brought together 170 researchers from 29 countries across the
world. This congress with 130 presentations covered all fields
of cyclodextrin research such as pharmacy, materials, catalysis,

remediation, formulation and chemical analysis.

Some remarkable original papers and reviews are published in
this Thematic Series of the Beilstein Journal of Organic Chem-
istry. In particular, the group of F. Estour has published an
update on the current application of CDs for the detoxification
of organophosphorus compounds [14]. In fact, the bowl-shaped
structure of cyclodextrins is ideally suited for the design of new
chemical scavengers for organophosphorus compounds,
allowing these highly dangerous substances to be trapped and
hydrolyzed before they reach their biological target. G. Cravotto
et al. have reported on the recent advances in enabling technolo-
gies and green processes in CD chemistry [15]. By increasing
heat and mass transfer, the protocols (assisted by microwaves,
ultrasound or ball mills) appeared to be energetically more effi-
cient as compared to classical synthetic tools.

Gerhard Wenz and Eric Monflier
Saarbriicken, Lens, April 2016
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The quantitative analysis of reaction products showed that the reaction of 62,6P-di-O-trityl-a-cyclodextrin (CD), AD-isomer, with

trityl chloride in pyridine at 55 °C gave 62,68,6F-tri-O-trityl-0-CD, the amount of which was only 25% of that of simultaneously
formed 64,6B,6P-tri-O-trityl-a-CD. This indicates that the bulky trityl groups of glucopyranose-A and -D (Glu-A and -D, respect-
ively) in the AD-isomer mainly retard the additional tritylation of the C(6)-OH of the adjacent glucopyranoses in a counter-clock-
wise direction (Glu-F and -C, respectively). 'H NMR spectra of the AD-isomer showed that the O(6)-H and C(6)-H signals of
Glu-C and -F are shifted upfield due to the ring current of the trityl groups. Thus, it is concluded that the bulky trityl groups on

Glu-A and Glu-D are oriented to Glu-F and Glu-C, respectively, and sterically retard additional tritylation on Glu-F and Glu-C.

Similar steric hindrance was also observed in the additional tritylations of mono-6-O-trityl-a-CD, 62,6B-di- and 64,6C-di-O-trityl-

a-CD’s.

Introduction

Regioselective modification and deprotection on the primary
hydroxy side of cyclodextrins (CDs) are of great importance in
supramolecular chemistry, as they allow the preparation of
sophisticated concave molecules such as multi- or hetero-func-
tionalized CD derivatives that are important intermediates for
the preparation of enzyme mimics [1-5]. The tritylation of
cyclodextrin (CD) has attracted much attention, since the trity-

lates are useful intermediates for the preparation of a variety of

functionalized CD derevatives [6-19]. CDs have hydroxy
groups at the 2-, 3- and 6-positions of their glucopyranose (Glu)
residues. However, the reaction of CD with trityl chloride in
pyridine gives exclusively 6-O-substituted CD. CD is composed
of six (a-CD), seven (B-CD), eight (y-CD), or more Glu
residues. Thus, a reaction of a-CD, for example, with trityl
chloride (TrCl) gives mono- [7], di- [13,15,16], tri- [9,11], tetra-
[18], and per-6-O-trityl derivatives [19]. The di-6-O-tritylate of
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0-CD involves three regioisomers, that are, 65,68, 64,6C-, and
6A,6D-di-0-tritylates (AB-, AC-, and AD-isomers,
respectively), as shown in Scheme 1. These regioisomers were
well separated and characterized [13]. The tri-6-O-tritylate of
0-CD involves four regioisomers, that are 64,68,6C-, 64,68 6P-,
62,6B,6E-, and 64,6C,6E-tri-O-tritylates (ABC-, ABD-, ABE-,
and ACE-isomers, respectively, Scheme 1). Among them, only
a symmetrical molecule of the ACE-isomer was separated and
characterized [9]. The tetratritylate of a-CD involves three
regioisomers, among which 6A,6B,6D,6E-tetra-O-tritylate was
separated and characterized [18]. The trityl group is so bulky
that the additional tritylation of C(6)-OH on Glu adjacent to a
previously tritylated Glu is considered to be sterically hindered.
Thus, a reaction of a-CD with 3.3 equivalents TrCl in pyridine
at 55 °C gave selectively the ACE-isomer in good yield (23%)
[9]. However, the regioselectivity in the formation of di- or tri-
6-O-trityl-a-CD has not always been quantitatively evaluated.
The present work deals with the analysis of products in the
reaction of a-CD, as well as mono- and di-6-O-trityl-a-CD’s,
with TrCl in pyridine to evaluate quantitiatively the steric effect
of the bulky trityl group on the regioselectivity of the reaction.
For the sake of clarity, it must be noted here that letters from A
to F that identify individual glucopyranose units are numbered
along with the al—4 linkage direction, and that the term
“clockwise direction” refers to the direction when viewed from

the secondary hydroxy side, as shown in Scheme 1.

Results and Discussion

Identification of di- and tri-6-O-tritylates of
a-CD

Mono-, di-, and tri-6-O-tritylates of a-CD were prepared by a
reaction of a-CD with TrCl in pyridine at 55 °C according to
the direction of literature [9], and separated by means of
reversed-phase column chromatography. Three regioisomers of
di-6-O-trityl-a-CD obtained gave well-separated peaks in
UFLC (ultra-fast liquid chromatography) experiment (Figure 1),
details of which will be described in the Experimental part.
Four regioisomers of tri-6-O-trityl-a-CD also gave well-sep-
arated peaks in the UFLC chromatography (Figure 2), when
acetonitrile/methanol/water (40/45/15, v/v/v) was used as an
eluent. The di-6-O-trityl-a-CD regioisomers which gave the
first, second, and third peaks in the UFLC chromatogram
afforded well-defined 13C NMR spectra (Figure 3a, b, and c,
respectively) in dimethyl sulfoxide-dg (DMSO-dg) at 50 °C.
Tanimoto, et al. [13], have already reported the !3C NMR
spectra of the isomers measured in CsDsN. On the basis of a
comparison of their spectra with ours, we assigned that the
isomers which gave the first, second, and third peaks in the
UFLC chromatogram are the AD-, AC-, and AB-isomers, res-
pectively. This assignment was confirmed by UFLC analysis on

the products of reactions of these three regioisomers with TrCl

Beilstein J. Org. Chem. 2015, 11, 1530-1540.
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Scheme 1: Tritylates of a-CD examined in the present study and the
reaction pathway. Letters A to F represent the glucopyranose units
along with a1-4 linkage direction, numbered when viewed from the
secondary hydroxy group side.
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Figure 1: UFLC chromatogram of three regioismers of di-6-O-trityl-a-
CD with 50% aqueous acetonitrile as an eluent.
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Figure 2: UFLC chromatogram of four regioisomers of tri-6-O-trityl-a-
CD with an eluent of acetonitrile/methanol/water (40:45:15, v/v/v).

to give tri-6-O-trityl-a-CD. As Scheme 1 shows, the reaction of
AD-isomer with TrCl gives only two tri-tritylates of ABD- and
ABE-isomers. On the other hand, the additional tritylation of
AB- and AC-isomers gives three (ABC-, ABD-, and ABE-) and
four (ABC-, ABD-, ABE-, and ACE-) isomers, respectively. In
practice, the additional tritylation of a ditritylate assigned to be

Beilstein J. Org. Chem. 2015, 11, 1530-1540.

AD-isomer by !3C NMR spectroscopy gave only two (the first
and second) peaks in UFLC analysis, whereas those assigned to
be AB- and AC-isomers by '3C NMR gave three (the first,
second, and third) and four (the first, second, third, and fourth)
peaks, respectively, in UFLC analysis. These results are in
accord with the reaction pathway shown in Scheme 1. A similar
method had been used for the identification of di- and tri-6-O-
mesitylenesulfonyl-a-CD [20]. Scheme 1 also shows that the
ACE-isomer is formed only by the reaction of the AC-isomer
with TrCl, and we assigned that the fourth peak in UFLC chro-
matogram is due to the ACE-isomer. On the other hand, the
ABC-isomer is not formed by the reaction of the AD-isomer
with TrCl and is formed by the reactions of AC- and
AB-isomers with TrCl. Thus, we assigned that the third peak is
due to the ABC-isomer [20]. It is difficult to determine by
UFLC analysis which of the ABD- or ABE-isomer gives the
first or the second peak in UFLC. Here, we noted that 65,6B,6P-
and 62,68,6E-tri-6-O-mesitylenesulfonyl-a-CD’s have already
been identified by 'H NMR spectroscopy [21,22]. Then, we
tried to convert a regioisomer of tri-6-O-tritylates, which gave
the first peak in UFLC, to tri-6-O-mesitylenesulfonyl-a-CD.
The conversion pathway is shown in Scheme 2, where all the

' J

a

1
J

100 90

m
Ju“ Ltwb st b, .AJ L
fipminniny . U

M

el

WMJJM JWMWW ’

PPM
‘ T T T [ T T T I

80 70 60

Figure 3: A part of '3C NMR spectra of di-6-O-trityl-a-CD in DMSO-dg at 50 °C a) AD-isomer, b) AC-isomer, and c) AB-isomer.
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Scheme 2: A pathway of the conversion of a regioisomer of tri-6-O-trityl-a-CD (ABE isomer) to the corresponding tri-6-O-mesitylenesulfonyl-a-CD.
Letters A to F represent the glucopyranose units, numbered in a clockwise direction when viewed from the secondary hydroxy group side. Abbrevia-

tions: Tr: trityl, Bn: benzyl, and Mess: mesitylenesulfonyl.

hydroxy groups of the regioisomer were substituted by benzy-
loxy groups, and the resulting per-benzylated compound was
treated with conc. HCI to remove the trityl groups. The three
hydroxy groups formed were mesitylenesulfonylated, and
finally, the benzyl groups were removed by hydrogenation with
Pd/C to form tri-6-O-mesitylenesulfonyl-a-CD. The retention
time in UFLC and the '"H NMR spectrum of the obtained
mesitylenesulfonylate coincided with those of authentic
64,68 6E-tri-6-0O-mesitylenesulfonyl-o-CD, respectively.

Similar conversion of tri-6-O-trityl-a-CD to tri-6-O-mesitylene-
sulfonyl-a-CD was carried out for a regioisomer which gave the
second peak in UFLC, and the ITH NMR spectrum of the
obtained mesitylenesulfonylate coincided with that of authentic
6A,6B,6D-tri-6-0-mesity1enesulfonyl-a-CD. Thus, we
concluded that the regioisomers which gave the first and second
peaks in UFLC are the ABE- and ABD-isomers, respectively.
The '3C NMR spectra for the four regioisomers of tri-6-O-
trityl-a-CD in DMSO-dg at 50 °C are illustrated in Figure 4.
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Figure 4: A part of '3C NMR spectra of tri-6-O-trityl-a-CD in DMSO-dg at 50 °C. a) ABE-isomer, b) ABD-isomer, ¢) ABC-isomer, and d) ACE-isomer.

Regioselectivity in the formation of di- and tri-
6-O-trityl-a-CD

Dried a-CD was allowed to react with TrCl in pyridine at 55 °C,
and aliquots were withdrawn at hourly intervals to determine
the concentrations of products by means of the UFLC analysis.
The concentrations of mono-6-O-trityl-a-CD, a-CD(Tr);, and
three regioisomers of ditritylates formed are plotted against
reaction time in Figure 5. The concentration of a-CD(Tr);
smoothly increased with time. On the other hand, the concentra-
tions of di-6-O-tritylates of a-CD were low at the beginning of
the reaction and gradually increased with time, suggesting that
the ditritylates are formed by additional tritylation of the previ-
ously formed a-CD(Tr);. If the reactivities of the C(6)-OH
groups on the Glu residues of a-CD(Tr); are equal to each
other, AB- and AC-isomers would be produced in equal amount
and in twice that of AD-isomer. In practice, the molar ratio of
the products was about 0.40 + 0.01:1.00:0.52 + 0.01
(AB:AC:AD) in every aliquot. The AB-isomer was produced
considerably less than the AC-isomer.

In order to investigate the formation of the ditritylates in detail,
0o-CD(Tr); was directly tritylated in pyridine at 55 °C. Changes
in concentration of three regioisomers of the ditritylates with

time are illustrated in Figure 6. The average mole ratio of

0.25
<>:01—CD(Tr)l
2.5 W : AD-isomer o
. 0.20
o A : AC-isomer 4 =
= . =
2 @ : AB-isomer <o A S
E 20 < £
E] g
= =
- o A 0.15 3
5 2
s 15 £
£ o 4 £
g 010 £
H A [ ’ S
O 10 ©
< " *
A ] .
| * 0.05
0.5 A ! *
0.0 I 0.00
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

Reaction Time / h

Figure 5: Time-course of the formation of mono- (left ordinate) and
di-6-O-tritylates (right ordinate) of a-CD in a reaction of a-CD with TrClI
in pyridine at 55 °C. Average mole ratio of AB:AC:AD =

0.40 £ 0.01:1.00:0.52 + 0.02.

AB:AC:AD was 0.43 + 0.01:1.00:0.50 £ 0.01, virtually the
same as in the case when a-CD was used as reactant. We also
tried to determine the concentrations of tri-6-O-tritylates of

0-CD. However, the concentrations were so low that further
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Figure 6: Time-course of the formation of the regioisomers of di-6-O-
trityl-a-CD in a reaction of a-CD(Tr)1 with TrCl in pyridine at 55 °C.
Average mole ratios of AB:AC:AD = 0.43 + 0.01:1.00:0.50 + 0.01.

tritylation of the ditritylates to tritritylates did not affect the
mole ratio of the ditritylates. The small mole ratio of AB-isomer
to AC-isomer suggests that the bulky trityl group on a-CD(Tr);
retards the additional tritylation of the C(6)-OH on the adjacent
Glu-B and/or Glu-F. Glu-B is adjacent to Glu-A in a clockwise

direction, and Glu-F, in a counter-clockwise direction.

Then, we carried out experiments using the AD-isomer as the
reactant to elucidate which of the C(6)-OH of Glu-B or Glu-F is
more restricted in the additional tritylation of a-CD(Tr);. If the
trityl groups of Glu-A and -D of the AD-isomer retard the addi-
tional tritylation of the adjacent C(6)-OH in a clockwise direc-
tion (Glu-B and -E, respectively), the ABD-isomer will be the
minor product and the ABE-isomer the major one. To the
contrary, if they retard the additional tritylation of the adjacent
C(6)-OH in a counter-clockwise direction (Glu-F and -C, res-
pectively), the ABE-isomer will be the minor product and the
ABD-isomer the major one. The quantitative analysis of the
product in this reaction revealed that the ABE-isomer is formed
in a smaller amount than the ABD-isomer, with a mole ratio of
0.25 £ 0.02:1.00 (Figure 7). This result indicates that the trityl
groups of Glu-A and Glu-D in the AD-isomer mainly retard the
additional tritylation of the C(6)-OH of the adjacent Glu in a
counter-clockwise direction (Glu-F and Glu-C, respectively).
Thus, the trityl group of Glu-A in a-CD(Tr); will also mainly
retard the additional tritylation of the C(6)-OH of the adjacent
Glu in a counter-clockwise direction (Glu-F).

Figure 8 shows the time-course of the formation of tri-6-O-trity-

lates of 0-CD in the reaction of AC-isomer with TrCl in pyri-
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Figure 7: Time-course of the formation of the regioisomers of tri-6-O-
trityl-a-CD in a reaction of AD-isomer with TrCl in pyridine at 55 °C.
Average mole ratio of ABD:ABE = 1.00:0.25 £ 0.02.
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Figure 8: Time-course of the formation of the regioisomers of tri-6-O-
trityl-a-CD in a reaction of AC-isomer with TrCl in pyridine at 55 °C.
Average mole ratio of ABC:ABD:ABE:ACE =

0.17 £ 0.01:0.15 £ 0.01:0.80 + 0.01:1.00.

dine. In AC-isomer, Glu-B, -D, -E, and -F are chemically
unequivalent to one another, and additional tritylation gives the
four regioisomers of ABC-, ACD-, ACE-, and ACF. In this
context, ACD- and ACF-isomers are identical to ABE- and
ABD-isomers, respectively. If the additional tritylation occurs
without regioselectivity, these regioisomers should be produced
in an equal yield. In practice, the mole ratios of ABC-, ABD-,

ABF-, and ACE-isomers in the reaction mixtures were
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virtually constant during the reaction time and equal to
0.17£0.01:0.15 £ 0.01:0.80 + 0.01:1.00. The additional trityla-
tions of the C(6)-OHs on Glu-B and Glu-F, which are adjacent
to Glu-C and Glu-A in a counter-clockwise direction, respect-
ively, were again strongly retarded. Interestingly, the symmetri-
cally substituted ACE-isomer was the major product, in clear
contrast to the case of mesitylenesulfonylation of 62,6€-di-O-
mesitylenesulfonyl-a-CD, where the ACE-isomer is the minor
product [23].

Figure 9 shows the time-course of the formation of tri-6-O-trity-
lates of a-CD in the reaction of the AB-isomer with TrCl in
pyridine. In the AB-isomer, the additional tritylation of Glu-C
and -F gives the same product, the ABC-isomer. Thus, if the
tritylation occurs without regioselectivity, the mole ratio of
ABC-, ABD-, and ABE-isomers would be 2:1:1. In practice, the
mole ratio was 0.71 £ 0.01:1.00:0.98 + 0.01. Again, the trityla-
tion of Glu-C and/or Glu-F, which are adjacent to Glu-B and
Glu-A, respectively, was strongly retarded.
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Figure 9: Time-course of the formation of the regioisomers of tri-6-O-
trityl-a-CD in a reaction of the AB-isomer with TrCl in pyridine at 55 °C.
Average mole ratios of ABC:ABD:ABE = 0.71 + 0.01:1.00:0.98 + 0.01.

TH NMR spectroscopy of the AD-isomer

All the above results shows that the trityl group introduced to
the C(6)-O of a-CD retards additional tritylation of the C(6)-OH
of Glu adjacent to the previously tritylated Glu in a counter-
clockwise direction. In order to confirm this suggestion, we
estimated the orientation of the trityl groups in the AD-isomer
by means of 'H NMR spectroscopy in DMSO-dg (Figure 10).
The AD-isomer is symmetrical and it is relatively easy to assign
the 'H NMR signals. The spectrum of the AD-isomer was fully
assigned by means of 2D COSY, 2D ROESY, and 2D TOCSY
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Figure 10: "H NMR spectra of a-CD (a) and the A,D-isomer (b) in
DMSO-dg at 50 °C.

spectra (Table 1). A 2D ROESY measurement gave a key spec-
trum (Figure 11) used for the assignment. The signal of the
C(1)-H for Glu-A and -D in the F2 axis gave cross-peaks not
only with the C(2)-H (8 3.36) of the same Glu, but also with the
C(4)-H (8 3.56) of the adjacent Glu-B and -E. In the same
manner, the signal of C(1)-H for Glu-B and -E gave a cross-
peak with the C(4)-H (3 3.47) of the adjacent Glu-C and -F, and
that for Glu-C and -F gave a cross-peak with the C(4)-H
(8 3.37) of the adjacent Glu-D and -A. It is worth noting that the
signal (8 3.72) of the O(6)-H for Glu-C and -F was fairly
up-field shifted (A3 = —0.62 ppm) compared with that (5 4.34)
of a-CD. On the other hand, the signal of the O(6)-H for
Glu-B and -E (& 4.45) was slightly down-field shifted

Table 1: Chemical shift of A,D-a-CD(tr), in DMSO-dg at 50 °C.

Chemical shift / ppm

Glu(A,D) Glu(B,E) Glu(C,F)

C(1)-H 4.92 4.78 4.61
C(2)-H 3.36 3.31 3.23
C(3)-H 3.80 3.82 3.72
C4)-H 3.37 3.56 3.47
C(5)-H 3.89 3.75 3.68
C(6)-H(a) 3.40 3.96 3.30
C(6)-H(b) 3.02 3.62 2.55
O(2)-H 5.33 5.44 5.68
O(3)-H 5.63 5.37 5.37
O(6)-H - 4.45 3.72
Tr(o)-H 7.32 - -

Tr(m)-H 7.21 - -

Tr(p)-H 7.13 - -
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(A3 =0.11 ppm). The signal (5 2.55) of one of the C(6)-H’s of
Glu-C and -F was also significantly shifted up-field
(Ad =—1.11 ppm) compared with that (8 3.66) of a-CD. These
significant up-field shifts of the signals of the O(6)-H and C(6)-
H for Glu-C and -F are attributable to the ring current of the
phenyl moieties of the trityl groups on Glu-A and -D. Glu-C
and -F are located at counter-clockwise directions from Glu-D
and -A, respectively. Thus, it is reasonable to conclude that the
trityl groups on Glu-A and -D are oriented to Glu-F and -C, res-
pectively, and sterically retard additional tritylation of the C(6)-
OHs on Glu-F and -C. Similar steric hindrance will occur in the
tritylation of a-CD(Tr); as well as in the tritylations of AB- and
AC-regioisomers.

CI(AD CI(B,E) CI(C,F)

T [ T T T 1 L
4.9

i)
S C2(A,D)
2

T
AR o

-

i ZC4(B,E)

Figure 11: A part of 2D ROESY spectrum of the A,D-isomer in
DMSO-dg at 50 °C.

In conclusion, the bulky trityl group on a tritylate of a-CD is
oriented to the C(6)-OH on the adjacent glucopyranose in a
counter-clockwise direction and sterically retards the additional
tritylation of the C(6)-OH.

Experimental

Materials

The a-CD was supplied by Ensuiko Sugar Refining Co., Ltd.,
and dried overnight in vacuo at 110 °C before use. TrCI (Tokyo
Chemical Industry Co., Ltd.), benzyl bromide and mesitylene-
sulfonyl chloride (Wako Pure Chemical Industries Ltd.) were
used without further purification. Commercially available NaH
in oil (50-77%) and Pd/C (Pd 10%) were used for the conver-
sion of tri-6-O-trityl-a-CD to tri-6-O-mesitylenesulfonyl-a-CD.
Reagent-grade pyridine was dried over CaH, and distilled in the
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presence of CaH; before use. N,N-Dimethylformamide (DMF)
was also dried over CaH, and distilled before use. Acetonitrile
for high performance liquid chromatography was purchased
from Wako Pure Chemical Industries Ltd. DMSO-dg containing
0.05% v/v tetramethylsilane (Cambridge Isotope Laboratiories,
Inc., 99.9 atom % D) was used for IH NMR measurements.

Apparatus

The tritylates of a-CD in a reaction mixture were quantitatively
determined by means of a Shimadzu prominence UFLC system,
which was composed of a pair of pumps (LC-20 AD), an auto-
sampler (SIL-20 ACyrt), a column oven (CTO-20AC), a photo-
diode array detector (SPD-M20A), and a system controller
(CBM-20A). Shim-pack XR-ODS (100 mm x 3.0 mm i.d. was
used as a column, through which acetonitrile/water or acetoni-
trile/methanol/water was passed as an eluent. The flow rate of
eluent was 0.5 mL/min, and the eluate was detected at 260 nm.
The column temperature was maintained at 40 °C. Linear stan-
dard curves were prepared between the peak area of the trity-
lates and their concentrations. The 'H and '3C NMR spectra of
the tritylates in DMSO-dg were recorded on a JEOL Model
JNM-A400 FT NMR spectrometer (400 MHz for 'H and
100 MHz for 13C) with a sample tube of 5.0 mm diameter at
55 °C. Tetramethylsilane was used as an internal reference.
High resolution ESIMS data were obtained using a Waters

Synapt G2 mass spectrometer.

Synthesis of 6-O-tritylates of a-CD

6-O-Tritylates of a-CD were prepared by a reaction of a-CD
with TrCl in pyridine at 55 °C according to a literature proce-
dure [9], and separated by means of column chromatography
with a Lober column LiChroprep RP-18 (Merck, 25 x 310 mm).
Mono-, di-, and tri-6-O-tritylates were separated by the use of
30%, 40-50%, and 60% aqueous acetonitrile solutions, respect-
ively, as eluents. Thin-layer chromagography (TLC) was
carried out with Merck silica gel 60 Fjsy.

Mono-6-0-trityl-a-CD: 13C NMR (100 MHz, DMSO-dg) &
144.03, 128.30, 127.57, 126.72, 102.28, 101.89, 101.85, 101.75,
85.97, 82.70, 82.03, 81.89, 81.84, 80.94, 73.21-73.12, 72.80,
72.21, 72.09-72.05, 71.89, 70.41, 63.08, 60.13, 59.96, 59.84,
58.96 ppm; HRMS—-ESI m/z: [M + Na]' calcd for
CssH74039Na", 1237.4163; found, 1237.4150.

Conversion of tri-6-O-trityl-a-CD to tri-6-O-
mesitylenesuflonyl-a-CD

A regioisomer of tri-6-O-trityl-a-CD (605 mg, 0.356 mmol)
which gave the first peak in UFLC was dissolved in DMF
(30 mL). NaH in oil (1.00 g) and benzyl bromide (3.10 g,
18.1 mmol) were added to the solution in an ice bath, and the

solution was stirred overnight. TLC on silica gel (hexane/ethyl

1537



acetate, 2:1) showed a product, having an R¢ value of 0.60. The
reaction mixture was diluted with CHCl3 (100 mL) and washed
with water (100 mL, 4 times). The CHCl3 layer was dried over
CaSOy4 and evaporated to dryness. The residue was chro-
matographed over Merck silica gel 60, using hexane/ethyl
acetate (2:1) as an eluent. The crude tri-6-O-trityl-per-O-benzyl-
0-CD (1.32 g) obtained was dissolved in CHCl3 (100 mL), and
the solution was vigorously shaken with concentrated HCI
(30 mL) for 10 min to remove the trityl groups. TLC on silica
gel (hexane/ethyl acetate, 1:1) showed a product, having an R¢
value of 0.55. The CHCI; layer was washed with water (50 mL,
3 times), dried over CaSQy, and evaporated to dryness. The
residue was chromatographed over silica gel, using hexane/
ethyl acetate (1:1) as an eluent to give a fairly pure product of
trihydroxy-per-O-benzyl-a-CD (0.48 g, 0.21 mmol). The prod-
uct was reacted with mesitylenesulfonyl chloride (0.62 g,
2.84 mmol) in pyridine (20 mL). TLC on silica gel (hexane/
ethyl acetate 1:1) showed a product, having an R¢ value of 0.91.
The reaction mixture was evaporated to dryness, and the residue
was dissolved in 50 mL of hexane/ethyl acetate (2:1). The solu-
tion was washed with water (50 mL, 3 times). The organic layer
was dried over CaSQy4 and evaporated to dryness. The residue
was chromatographed over silica gel, using hexane/ethyl acetate
(2:1) as an eluent to give a fairly pure tri-6-O-mesitylenesul-
fonyl-per-O-benzyl-a-CD (0.51 g). The product was dissolved
in 5 mL of acetic acid and hydrogenated in the presence of Pd/C
(0.21 g) to remove the benzyl groups of the product. TLC on
silica gel (butanone/ethanol/H,O, 7:1:1) showed a product,
having an Ry value of 0.47, which was equal to that of authentic
tri-6-O-mesitylenesulfonyl-a-CD. The reaction mixture was
filtered, and the filtrate was evaporated to dryness to give a
fairly pure tri-6-O-mesitylenesulfonyl-a-CD (0.26 g,
0.17 mmol). The retention time of the product in UFLC with
43% aqueous acetonitrile as an eluent coincided with that of
authentic A,B,E-tri-6-O-mesitylenesulfonyl-a-CD [23]. The
'H NMR spectrum of the product in DMSO-dg at 50 °C also
coincided with that of authentic A,B,E-tri-6-O-mesitylenesul-
fonyl-a-CD [23]. Thus, it was concluded that a regioisomer of
tri-6-O-trityl-a-CD which gave the first peak in UFLC is A,B,E-
tri-6-O-trityl-a-CD. Similar conversion of a regioisomer of tri-
6-O-trityl-a-CD, which gave the second peak in UFLC, to tri-6-
O-mesitylenesulfonyl-a-CD was carried out, and the resulting
product was confirmed to be A,B,D-tri-6-O-mesitylenesulfonyl-
a-CD by 'H NMR spectroscopy.

Reaction of a-CD or a-CD(Tr)4 with TrCl and
product analysis

0-CD (202 mg, 0.208 mmol) or a-CD(Tr); (102 mg,
0.084 mmol) was dissolved in pyridine (60 mL). The solution
was boiled to remove trace amounts of water as an azeotropic

mixture, and the resulting solution (50 mL) was stirred in an oil
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bath (55 °C). TrCl (111 mg, 0.399 mmol for a-CD or 41.5 mg,
0.149 mmol for a-CD(Tr);) was added to the stirred solution.
At hourly intervals, 2.0 mL aliquots were withdrawn and added
to 0.5 mL water to stop the reaction. The resulting solution was
evaporated to dryness, and the residue was dissolved in 2.0 mL
methanol. Concentrations of products in the methanol solutions
were determined by UFLC with acetonitrile/water (30:70 and
45:55, v/v, for the separation of mono- and ditritylates, respect-
ively) as mobile phase. Retention times of a-CD(Tr); and the
AD-, AC-, and AB-isomers were ca. 3.8, 2.7, 6.6, and 9.9 min,
respectively.

6*,6B-Di-O-trityl-a- CD (AB-isomer): '3C NMR (DMSO-dq)
5 144.26, 143.80, 128.19, 128.07, 127.66, 127.41, 126.71,
126.58, 102.07, 102.00, 101.97, 101.79, 101.59, 101.37, 86.03,
85.65, 83.27, 81.67, 81.59, 81.38, 81.34, 80.76, 73.32, 73.22,
73.14, 72.83, 72.36, 72.30, 72.24, 72.17, 72.11, 72.02, 71.78,
71.22, 70.37, 63.78, 63.19, 59.84, 59.58, 59.17 ppm;
HRMS-ESI (m/z): [M + Na]* calcd for C74HggO30Na”,
1479.5258; found, 1479.5217.

62,6C-Di-O-trityl-o- CD (AC-isomer): 3C NMR (DMSO-dg)
3 144.06, 143.99, 128.34, 128.27, 127.63, 127.53, 126.76,
126.67, 102.40, 102.10, 101.90, 101.76, 101.59, 86.03, 85.97,
83.12, 82.36, 81.79, 81.70, 81.00, 80.92, 73.25, 73.16, 72.94,
72.74,72.23, 72.07, 70.56, 70.40, 63.28, 63.04, 59.98, 59.83,
59.06, 59.02 ppm;. HRMS-ESI (m/z): [M + Na]" calcd for
C74HggO30Na", 1479.5258; found, 1479.5217.

62,6P-Di-O-trityl-o- CD (AD-isomer): 3C NMR (DMSO-dg)
5 143.89, 128.29, 127.51, 126.69, 102.41, 101.87, 101.45,
86.06, 83.09, 81.52, 80.82, 73.35, 73.02, 72.89, 72.32, 72.12,
72.00, 71.85, 70.36, 63.32, 60.02, 58.77 ppm; HRMS—ESI
(m/z): [M + Na]" caled for C74HggO30Na*, 1479.5258; found,
1479.5217.

Reaction of AD-, AC-, or AB-isomers with

TrCl and product analysis

The AD-isomer (78 mg, 0.053 mmol), AC-isomer (150 mg,
0.103 mmol), or AB-isomer (151 mg, 0.104 mmol) was
dissolved in pyridine (35 mL). The solution was boiled to
remove a trace amount of water as an azeotropic mixture, and
the resulting solution (25 mL) was stirred in an oil bath (55 °C).
TrCl (23 mg, 0.083 mmol for AD-isomer, 53 mg, 0.189 mmol
for AC-isomer, or 58 mg, 0.207 mmol for AB-isomer) was
added to the stirred solution. At hourly intervals, 2.0 mL
aliquots were withdrawn, added to 0.5 mL water to stop the
reaction. The resulting solution was evaporated to dryness, and
the residue was dissolved in 2.0 mL methanol. Concentrations
of products in the methanol solutions were determined by
UFLC with acetonitrile/methanol/water (40:45:15, v/v/v) as
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mobile phase for the separation of tri-tritylates formed. Reten-
sion times of ABE-, ABD-, ABC-, and ACE-isomers were ca.
6.2, 7.5, 9.4 and 11.3 min, respectively.

64,68,6C-Tri-O-trityl-a-CD (ABC-isomer): 13C NMR
(DMSO-dg) & 144.32, 144.20, 143.66, 128.24, 128.13,
127.93, 127.71, 127.39, 126.80, 126.61, 126.40, 102.16,
101.93, 101.73, 101.66, 101.59, 101.25, 85.97, 85.78,
85.73, 83.12, 81.78, 81.40, 80.95, 80.83, 80.69, 73.32,
73.18, 73.07, 73.00, 72.62, 72.57, 72.42, 72.28, 72.20,
72.09, 72.05, 71.96, 71.72, 71.35, 70.87, 70.51, 63.69, 63.52,
59.65, 59.51, 59.08 ppm; HRMS-ESI (m/z):
[M + Na]" caled for Cg3Hg203¢Na™, 1721.6345; found,
1721.6067.

64,6B,6-Tri-O-trityl-a-CD (ABD-isomer): 13C NMR
(DMSO-dg) & 144.11, 143.79, 128.29, 128.15, 128.09, 127.54,
127.45, 127.38, 126.62, 102.25, 101.97, 101.82, 101.68, 101.46,
101.42, 85.92, 85.86, 85.69, 82.53, 82.44, 81.93, 81.38,
80.85, 80.67, 73.39, 73.07, 72.92, 72.83, 72.60, 72.38,
72.09, 72.01, 71.96, 71.89, 70.91, 70.83, 70.58, 69.76, 63.45,
62.97, 62.58, 59.99, 59.02, 58.97 ppm; HRMS—ESI) (m/z):
[M + Na]" caled for Cg3H9030Na™, 1721.6345; found,
1721.6067.

64,68,6E-Tri-O-trityl-a-CD (ABE-isomer): '3C NMR
(DMSO-dg) & 144.25, 143.69, 143.56, 128.28, 128.15,
127.96, 127.63, 127.42, 127.31, 126.68, 126.62, 126.53,
102.27, 102.22, 102.13, 101.89, 101.33, 101.08, 86.02,
85.95, 85.52, 83.51, 82.85, 81.63, 80.86, 80.68, 80.59,
73.42, 73.30, 72.99, 72.94, 72.73, 72.36, 72.29, 72.16,
72.05, 71.97, 71.86, 71.77, 71.27, 70.38, 70.35, 63.91, 63.13,
62.90, 59.73, 59.38, 58.58 ppm; HRMS—ESI (m/z):
[M + Na]" caled for Cg3Hg,030Na™, 1721.6345; found,
1721.6067.

6A,6C,6E-Tri-O-trityl-u-CD (ACE-isomer): 13C NMR
(DMSO-dg) 6 143.98, 128.29, 127.54, 126.68, 102.23,
101.61, 85.97, 82.69, 80.89, 73.21, 72.81, 72.16, 72.06,
71.99, 70.53, 62.85, 59.14 ppm; HRMS—-ESI (m/z):
[M + Na]" caled for Cg3H9,030Na™, 1721.6345; found,
1721.6067.

Supporting Information

Supporting Information File 1

'H NMR spectra of mono-, di-, and tri-O-trityl-a-CD,
together 2D COSY and TOCSY spectra of the AD-isomer.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-168-S1.pdf]
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Abstract

The Niemann—Pick type C disease (NPC) is one of inherited lysosomal storage disorders, emerges the accumulation of unesterified
cholesterol in endolysosomes. Currently, 2-hydroxypropyl-p-cyclodextrin (HP-B-CyD) has been applied for the treatment of NPC.
HP-B-CyD improved hepatosplenomegaly in NPC patients, however, a high dose of HP-B-CyD was necessary. Therefore, the
decrease in dose by actively targeted-f-CyD to hepatocytes is expected. In the present study, to deliver -CyD selectively to hepato-
cytes, we newly fabricated mono-lactose-appended B-CyD (Lac-B-CyD) and evaluated its cholesterol lowering effects in NPC-like
HepG?2 cells, cholesterol accumulated HepG2 cells induced by treatment with U18666A. Lac-B-CyD (degree of substitution of
lactose (DSL) 1) significantly decreased the intracellular cholesterol content in a concentration-dependent manner. TRITC-Lac-f3-
CyD was associated with NPC-like HepG2 cells higher than TRITC-B-CyD. In addition, TRITC-Lac-B-CyD was partially local-
ized with endolysosomes after endocytosis. Thus, Lac-B-CyD entered NPC-like HepG2 cells via asialoglycoprotein receptor
(ASGPR)-mediated endocytosis and decreased the accumulation of intracellular cholesterol in NPC-like HepG2 cells. These results
suggest that Lac-B-CyD may have the potential as a drug for the treatment of hepatosplenomegaly in NPC disease.
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Introduction

The Niemann—Pick type C disease (NPC) is one of inherited
lysosomal storage disorders, emerges the accumulation of unes-
terified cholesterol in endolysosomes. NPC was caused by
mutations in either the NPC1 or the NPC2 gene, and usually
develops severe neurodegeneration, hepatosplenomegaly and
failure to thrive childhood [1-3]. The NPCI1 protein is localized
in endolysosomes and plays an important role in cholesterol
trafficking in cells [3,4]. An excessive amount of unesterified
cholesterol accumulation in endolysosomes and a shortage of
esterified cholesterol in other cellular compartments are
observed. Therefore, the cholesterol sequestration is found to be
a crucial factor in developing NPC disease.

Cyclodextrins (CyDs) are non-reducing cyclic glucose oligo-
saccharides obtained by enzymatic means from starch-
containing raw materials and have been used for the enhance-
ment of drugs solubility, stability and bioavailability, etc.,
through complex formation [5,6]. Recently, 2-hydroxypropyl-p-
cyclodextrin (HP-B-CyD) has attracted considerable attention
for the treatment of NPC disease [4,7-9]. The administration of
HP-B-CyD to NPCI-knock out (NpcI™/~) mice has been
reported to remarkably prolong the life span of the mice through
a reduction in cholesterol levels [7-9]. Most recently, it was
reported that HP-y-CyD, which has great advantages in biocom-
patibility compared to HP-B-CyD, can also reduce the choles-
terol accumulation in NPC-like cells [10]. However, a high dose
of HP-B-CyD or HP-y-CyD was necessary to exert the pharma-
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cological effects in vivo, since neither HP-f-CyD nor HP-y-
CyD enters cells effectively due to their hydrophilicity and high
molecular weight.

Receptor-mediated endocytosis is an attractive approach to
enhance the cellular uptake of drugs in target cells. It enables
not only high drug concentrations within the cells but also
minimum concentration at non-target cells, thereby amalga-
mating high treatment efficacy with low side effects. Of various
receptors, asialoglycoprotein receptors (ASGPR) expressing in
abundance on hepatocytes could provide advantages for hepato-
cyte-selective delivery [11]. Actually, the galactosylation of
polymers or lipids has been utilized to develop drug carriers
with hepatocyte specificity through ASGPR [11]. Therefore,
ASGPR-mediated endocytosis seems to be a promising ap-
proach to deliver CyDs to hepatocytes for the treatment of
hepatosplenomegaly in NPC disease. Therefore, in the present
study, we newly fabricated mono-lactose-appended B-CyD
(Lac-B-CyD) and evaluated its cholesterol lowering effect in
NPC-like HepG2 cells, cholesterol accumulated HepG2 cells
induced by U18666A, as a model of NPC hepatocytes.

Results and Discussion

Preparation of Lac--CyD

In the present study, we attempted to prepare Lac-B-CyD as a
hepatocyte-selective cholesterol decreasing agent. Figure 1
shows the preparation pathway of Lac-B-CyD. Firstly, we

o FH o
" *CT/“ S =\ PZSP;(;&&,"E’\ ”‘\’_/‘}Z,p'\\,\;;
o \b‘\ d ‘}"g%\( O- %@CH3 o"HC/‘ EQ\[:Nj
HO— 0)5 w\cé'> p—le?e?er\sduT‘flgr?yT zﬁlonde o gll ;CPO Sodium azide/H,0 Ho-fé. %}0
o o 5°C,3h - i 80°C, 5h o i)
N T & [ & e
C‘ﬂl:i_ci" CHo T LS bﬁl‘\:ic_ﬂ >/<g/_¢o_1£’b - - ar LS
o TS P - - R
b L <L
p-CyD 6-deoxy-6-(p-toluenesulfonyl)- 6-deoxy-6-azide-p-CyD
p-CyD (Ts-p-CyD) (N3-B-CyD)
£ C
" /&Ep’mﬁ,fé =Y /"szo:o&% HO‘Z\ é
ng/' :3\\\\ [ NF2 Lactose f t\\ O 0\?
Triphenylphosphine 41+ V;\,F’ NaBH,CN § ™ \
26% NH, aq %*) (Reducing agent) vo A\ o
rt,4h o & rt, 24 h \f" 'C’HJ
4 s S [ o
“’b\i':‘;lu* y:"&’ o e _&O—J‘b
N < N <
o < RS
6-deoxy-6-amino-B-CyD Lac-p-CyD

(NH-3-CyD)

Figure 1: Preparation scheme of Lac-3-CyD.

2080



synthesized NH»-B-CyD through tosylation, and azidation of
primary hydroxy groups of B-CyD, as reported previously
[12,13]. Secondly, lactose was modified to NH,-B-CyD using
the reducing agent cyanotrihydroborate in dimethyl sulfoxide
(DMSO) at room temperature for 24 h. No unreacted free
lactose was confirmed by thin-layer chromatography (TLC).
The MALDI-TOF MS spectrum of Lac-B-CyD showed a peak
at m/z 1483 derived from lactose mono-substituted p-CyD
(Figure 2A). There are undesired signals with high molecular
weight. Therefore, further elaborate studies are necessary. From
the integral values of the anomeric protons of lactose and
anomeric protons of glucose in B-CyD obtained by 'H NMR
analysis (Figure 2B), the degree of substitution of lactose (DSL)
was calculated as 1. These results suggest that Lac-B-CyD
(DSL1) was almost successfully fabricated.
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Figure 2: MALDI-TOF MS (A) and "H NMR (B) spectra of Lac-3-CyD.

It is well known that B-CyDs destroy caveolae structures and
concomitantly affected various cellular functions through
cholesterol depletion [14,15]. In NPC treatment, the interaction
of Lac-B-CyD with cholesterol is thought to play a critical role.
However, chemical modification of CyDs may often change the
inclusion ability to guest molecules. Therefore, to examine
whether Lac-B-CyD has inclusion ability or not, we preliminary
determined the dissociation constant of Lac-f-CyD with
adamantane, which is often used as a guest molecule for -CyD,
using the quartz crystal microbalance method (QCM) in phos-
phate-buffered saline (PBS, pH 7.4) at 37 °C. As a result, the
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dissociation constant of Lac-B-CyD with adamantane was
9.8 x 1077 M due to the potent complex formation. Therefore,
this preliminary result suggests that the inclusion ability of Lac-
B-CyD is still maintained.

Cytotoxicity of Lac-p-CyD

To reveal the cytotoxicity of Lac-B-CyD, we examined the
WST-1 method (Figure 3). Here, we used U18666A-treated
HepG?2 cells as NPC-like cells, because U18666A inhibits an
intracellular cholesterol trafficking and has the potential to in-
duce NPC disease phenotype [16]. No significant cytotoxicity
of Lac-B-CyD was observed in U18666A-treated HepG2 cells at
1 mM for 24 h. The following studies were performed under the

experimental conditions.

100

80 r

40

Cell viability (%)

20

Control

pB-CyD Lac-3-CyD

Figure 3: Cytotoxic activity of B-CyDs in U18666A-treated HepG2 cells
after treatment for 24 h. U18666A-treated HepG2 cells were incubated
with 100 pL of medium containing 1 mM B-CyDs for 24 h at 37 °C.
After washing once with PBS, 100 pL of fresh HBSS and 10 pL of
WST-1 reagent were added to plates, and incubated for 30 min at

37 °C. Each value represents the mean + S.E.M. of 6-8 experiments.

Cellular uptake of TRITC-Lac-B-CyD

To reveal whether Lac-B-CyD can associate with ASGPR-
expressing cells, we examined the cellular uptake of tetra-
methylrhodamine isothiocyanate (TRITC)-labeled Lac-B-CyD
after treatment for 24 h in U18666A-treated HepG2 and NPC-
like ASGPR-expressing cells, by a flow cytometric analysis
(Figure 4). As a result, TRITC-Lac-B-CyD was found to be
associated with U18666A-treated HepG2 cells, higher than
TRITC-B-CyD, which is lacking the lactose moiety
(Figure 4A,B).

Next, we examined the intracellular distribution of TRITC-Lac-
B-CyD by confocal laser scanning microscopy (Figure 5). It
should be noted that cellular uptake of TRITC-Lac-B-CyD in
U18666A-treated HepG?2 cells was observed at 24 h after incu-
bation. In addition, TRITC-Lac-B-CyD was co-localized with
endolysosomes stained by LysoTracker®. Taken together, these
results suggest that Lac-B-CyD localized in endolysosomes of
U18666A-treated HepG2 cells.
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Figure 4: Cellular association of TRITC-Lac-B-CyD in U18666A-
treated HepG2 cells after treatment for 24 h. The fluorescence inten-
sity of TRITC in cells was determined 24 h after incubation at 37 °C by
a flow cytometer. (A) The experiments were performed independently
three times, and representative data are shown. (B) The fluorescent
intensity was quantified by CellQuest software. Each value represents
the mean + S.E.M. of 6 experiments. p < 0.05, compared with control.
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Effects of Lac-B-CyD on intracellular choles-

terol levels

We examined the effects of Lac-B-CyD on cholesterol levels in
U18666A-treated HepG2 cells using Filipin III, which can bind
to unesterified cholesterol specifically. After treatment with
0.01 mM, 0.1 mM and 1 mM Lac-B-CyD for 24 h, the fluores-
cence intensity of Filipin III was detected by a fluorescence
microscope (Figure 6). Herein, the experimental conditions of
the treatment with 1 mM B-CyDs for 24 h are reported to
decrease cholesterol in endolysosomes in NPC model cells
[17,18]. As shown in Figure 6, the treatment with Lac-B-CyD
for 24 h decreased the fluorescence intensity derived from
Filipin III in a concentration-dependent manner. Taken
together, these results suggest that Lac-B-CyD reduced the
cholesterol levels in U18666A-treated HepG2 cells through
ASGPR-mediated endocytosis.

The proposed mechanism for the cholesterol lowering effects of
CyDs in NPC cells are as follows; 1) CyDs may extract the free
form of cholesterol from plasma membranes of lipid rafts, and
then cholesterol in endolysosomes are transported to plasma
membrane to supply, 2) the endocytosed CyDs may transport
cholesterol from endolysosomes, and 3) the endocytosed CyDs
may elicit a perturbation in endolysosomes membranes through
the interaction with membrane components, which would result
in the efflux of cholesterol from endolysosomes. In our prelimi-
nary study, 1 mM Lac-B-CyD could not extract cholesterol from
the plasma membrane of U18666A-treated HepG2 cells within
24 h (data not shown). Therefore, the lowering effects of Lac-f-

LysoTracker®

Figure 5: Intracellular distribution of TRITC-Lac-3-CyD in U18666A-treated HepG2 cells. U18666A-treated HepG2 cells were incubated in medium
(FBS (-)) with or without 100 uM TRITC-Lac-B-CyD for 24 h. The experiments were performed independently three times, and representative images

are shown.
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Figure 6: Effect of concentration of Lac-B-CyD on intracellular level of free form of cholesterol in U18666A-treated HepG2 cells. U18666A-treated
HepG2 cells were incubated in medium (FBS (-)) with or without Lac-B-CyD for 24 h. The experiments were performed independently three times,

and representative images are shown.

CyD can be hardly explained by the cholesterol extraction
ability from plasma membranes. Recently, Rosenbaum et al.
revealed that CyD accelerated the cholesterol trafficking
through modulation of the endocytic system, leading to amelio-
ration of cholesterol accumulation in NPC-like cells [19,20].
Although HP-B-CyD and HP-y-CyD are known to insuffi-
ciently enter the cells, Lac-f-CyD endocytosed through ASGPR
may have the lowering effects on cholesterol accumulation in
U18666A-treated HepG2 cells. However, the role of endocy-
tosed Lac-B-CyD for the cholesterol-lowering effect still

remains unclear. To reveal the detailed mechanism of choles-
terol lowering effects of Lac-B-CyD, further elaborate studies
on not only cholesterol trafficking but also interaction with

endolysosomes membranes are necessary.

Autophagy, a bulk digestion system of cytoplasmic aggregated
proteins and organelles, plays an important role in regulating
NPC disease [21-24].

autophagosomes has elicited even in the basal conditions

In NPC disease, accumulation of

[25,26]. Therefore, amelioration of impaired autophagy is
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necessary for the treatment of the NPC disease. Actually, Song
et al. demonstrated that HP-B-CyD activated the transcription
factor EB, a master regulator of lysosomal function and
autophagy, and ameliorated the autophagic function in cells
[27]. In addition, Tamura et al. reported that HP-p-CyD
elevated LC3-II and p62 levels in NPC1 fibroblasts, indicating
the improvement of impaired autophagy by HP-B-CyD [28].
Therefore, it is necessary to investigate whether Lac-f-CyD can

improve an autophagy function in NPC-like cells.

Galactose density is one of the critical parameters of affinity to
ASGPR. The binding affinity of galactose with ASGPR
enhanced 100-1000 fold from mono- to triantennary galactose
structure due to cluster effects [29]. Stokmaier et al. reported
that the dissociation constant of monosaccharide with ASGPR
was 104 M, while those of triantennary and tetraantennary with
ASGPR were 5 x 107 M and 9 x 1072 M, respectively [29].
Therefore, to provide the more potent recognition ability of
Lac-B-CyD to ASGPR, we are preparing the multi-lactose-
appended B-CyDs.

Conclusion

In the present study, we newly fabricated Lac-p-CyD and evalu-
ated its cholesterol lowering effects in NPC-like HepG2 cells.
As a result, Lac-B-CyD was endocytosed via ASGPR and
decreased the accumulation of intracellular cholesterol in NPC-
like HepG2 cells. This result suggests that Lac-f-CyD may have
the potential as drug for the treatment of hepatosplenomegaly in
NPC disease.

Experimental

Materials

B-CyD was kindly gifted by Nihon Shokuhin Kako (Tokyo,
Japan). Lactose monohydrate was purchased from Wako Pure
Chemical Industries (Osaka, Japan). LysoTracker® Yellow
(LysoTracker®) was obtained from Life Technologies Japan
(Tokyo, Japan). Dulbecco's modified Eagle's medium (DMEM)
and fetal bovine serum (FBS) were purchased from Nissui
Pharmaceuticals (Tokyo, Japan) and Nichirei (Tokyo, Japan),
respectively. Tetramethylrhodamine isothiocyanate (TRITC)
was obtained from Funakoshi (Tokyo, Japan). The cell counting
kit was purchased from Wako Pure Chemical Industries (Osaka,
Japan). The cholesterol cell-based detection assay kit was
purchased from Cayman Chemical Company (Ann Arbor MI).
All other chemicals and solvents were of analytical reagent
grade, and deionized double-distilled water was used through-
out the study.

Apparatus
Nuclear magnetic resonance (NMR) spectra were taken on a
JEOL JNM-R 500 instrument (Tokyo, Japan), operating at
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500 MHz for protons at 25 °C. The concentration of the sample
was 1.5 mg/750 pL in deuterated oxide (D,0O), and the
chemical shifts were given as parts per million (ppm) down-
field from that of tetramethylsilane (TMS). MALDI-TOF mass
spectra (MALDI-TOF MS) were measured in a positive mode
at 25 °C by a JEOL JMS-DX 303 mass spectrometer (Tokyo,
Japan).

Synthesis of Lac-B-CyD

We prepared mono-NH;-B-CyD as reported previously [12,13].
Lactose residues were attached to the primary amino group of
mono-NH,-B-CyD, i.e., mono-NH,-B-CyD (1 g) and lactose
monohydrate (15.1 g) and sodium cyanotrihydroborate (27.7 g)
were dissolved in 3.4 L of 0.2 M borate buffer (pH 7.5) and
mixed at room temperature for 24 h. After dialysis using a dial-
ysis membrane, Spectra/pore (MWCO = 1,000), in water at
room temperature for 72 h, the sample was concentrated with a
rotary evaporator (EYELA N-1000S, Tokyo Rikakikai, Tokyo,
Japan), and lyophilized to obtain Lac-B-CyD. The reaction was
monitored by TLC (silica gel F;s4, Merck, Whitehouse Station,
NJ). Eluent: methanol/water 9:1 (v/v), indicator: p-anisalde-
hyde for sugar and ninhydrin for amino groups. The Lac-f-CyD
gave 'H NMR spectra consisting of protons of both p-CyD and
lactose. The ratios of peak areas of the anomeric proton of
B-CyD and protons of the lactose were approximately 1.0, indi-
cating that f-CyD covalently bound to the lactose in a molar
ratio of 1:1, as shown in Figure 2B. 'H NMR (500 MHz, D,0)
d (from TMS), 5.00 (H1, B-CyD), 4.56—4.41 (anomeric proton
of lactose), 3.84-3.62 (H3, HS, H6, B-CyD), 3.54-3.43 (H2,
H4, B-CyD). The yield of Lac-B-CyD was 2.1%.

Synthesis of TRITC-Lac-3-CyD

TRITC was attached to the primary hydroxy group of Lac-f-
CyD, i.e., Lac-B-CyD (10 mg) and TRITC (1 mg) were
dissolved in 400 uL of DMSO and mixed at room temperature
for 24 h under the protection from light. Then, the sample was
gradually dropped into 50 mL of acetone. After centrifugation
(10,000 rpm, 10 min), the precipitant was collected and
dissolved with water. The sample was lyophilized to obtain
TRITC-Lac-B-CyD.

Cell culture

HepG2 cells, a human hepatocellular carcinoma cell line, were
obtained from Riken Bioresource Center (Tsukuba, Japan).
HepG?2 cells were grown in DMEM, containing 1 x 10°> mU/mL
of penicillin, 0.1 mg/mL of streptomycin supplemented with
7.5%, 10% and 10% FBS, respectively, at 37 °C in a humidi-
fied 5% CO; and 95% air atmosphere. NPC-like HepG2 cells,
which accumulate the cholesterol and sphingolipids in cells,
were prepared by the treatment with DMEM containing
1.25 uM U18666A for 48 h.
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Cytotoxicity

In a similar manner as described in [30], cytotoxicity was
assayed by the WST-1 method. Briefly, U18666A-treated
HepG2 cells were seeded at 3 x 10% cells onto 96-well
microplate (Iwaki, Tokyo, Japan), and incubated for 6 h in a
humidified atmosphere of 5% CO; and 95% air at 37 °C. Cells
were washed once with phosphate-buffered saline (PBS, pH
7.4), and then incubated for 24 h with 150 pL of DMEM
containing Lac-B-CyD (0.01, 0.1 or 1 mM) or Tween 20 in a
humidified atmosphere of 5% CO; and 95% air at 37 °C. After
washing twice with PBS to remove Lac--CyD, 100 pL of fresh
Hanks’ balanced salt solution (HBSS, pH 7.4) and 10 uL of
WST-1 reagent were added to the plates and incubated for
30 min at 37 °C. The absorbance at 450 nm against a reference
wavelength of 630 nm was measured with a microplate reader
(Bio-Rad Model 550, Tokyo, Japan).

Cellular association of Lac-3-CyD

Cellular association of Lac-B-CyD was determined by a flow
cytometry. After incubation with TRITC-Lac-B-CyD for 1 h in
U18666A-treated HepG2 cells, the cells were washed with PBS
(pH 7.4) twice and immediately scraped with 1 mL of PBS (pH
7.4). The cells were collected and filtered through nylon mesh.
Data were collected for 1 x 10* cells on a FACSCalibur flow
cytometer using CellQuest software (Becton-Dickinson, Moun-
tain View, CA).

Intracellular distribution of Lac-3-CyD
U18666A-treated HepG2 cells (5 x 10* cells/35 mm glass
bottom dish) were incubated with 150 uL. of DMEM containing
100 uM TRITC-B-CyDs for 24 h. After washing with PBS,
150 pL of LysoTracker® (final concentration: 100 nM) was
added and further incubated for 1 h. After the cells were
washed, the fluorescence derived from TRITC and Lyso-
Tracker® in U18666A-treated HepG2 cells was detected by
confocal laser scanning microscopy. The fluorescence inten-
sities were determined by a BZ-II analyzer (Keyence, Osaka,
Japan).

Intracellular distribution of cholesterol

U18666A-treated HepG2 cells (5 x 10* cells/35 mm glass
bottom dish) were incubated with 150 uL. of DMEM containing
Lac-B-CyD (0.01, 0.1, or 1 mM) for 24 h. After washing with
PBS, intracellular cholesterol was detected by a cholesterol cell-
based detection assay kit (Cayman Chemical Company, Ann
Arbor, MI). Briefly, after fixation of the cell by treatment with
150 pL of cell-based assay fixative solution (4% formaldehyde),
150 pL of cholesterol detection assay buffer containing
50 pg/mL of Filipin III was added and further incubated at
37 °C for 1 h. After the cells were washed, the fluorescence
derived from Filipin III in U18666A-treated HepG2 cells was

Beilstein J. Org. Chem. 2015, 11, 2079-2086.

detected by a KEYENCE Biozero BZ-8000, a fluorescence
microscope. The fluorescence intensities were determined by a
BZ-II analyzer (Keyence, Osaka, Japan).

Data analysis

The experimental results are shown as means + S.E.M. Signifi-
cance levels for comparisons between samples were deter-
mined with Scheffe's test. The level of statistical significance

was set at p < 0.05.

Acknowledgements
This work was funded by the Ministry of Health Labor and
Welfare of Japan.

References

1. Carstea, E. D.; Morris, J. A.; Coleman, K. G.; Loftus, S. K.; Zhang, D.;
Cummings, C.; Gu, J.; Rosenfeld, M. A.; Pavan, W. J.; Krizman, D. B,;
Nagle, J.; Polymeropoulos, M. H.; Sturley, S. L.; loannou, Y. A,;
Higgins, M. E.; Comly, M.; Cooney, A.; Brown, A.; Kaneski, C. R;;
Blanchette-Mackie, E. J.; Dwyer, N. K.; Neufeld, E. B.; Chang, T.-Y.;
Liscum, L.; Strauss, J. F., lll; Ohno, K.; Zeigler, M.; Carmi, R.; Sokol, J.;
Markie, D.; O'Neill, R. R.; van Diggelen, O. P.; Elleder, M.;

Patterson, M. C.; Brady, R. O.; Vanier, M. T.; Pentchev, P. G.;
Tagle, D. A. Science 1997, 277, 228-231.
doi:10.1126/science.277.5323.228

2. Naureckiene, S.; Sleat, D. E.; Lackland, H.; Fensom, A.; Vanier, M. T;
Wattiaux, R.; Jadot, M.; Lobel, P. Science 2000, 290, 2298-2301.
doi:10.1126/science.290.5500.2298

3. Vanier, M. T. Orphanet J. Rare Dis. 2010, 5, No. 16.
doi:10.1186/1750-1172-5-16

4. Matsuo, M.; Togawa, M.; Hirabaru, K.; Mochinaga, S.; Narita, A.;
Adachi, M.; Egashira, M.; Irie, T.; Ohno, K. Mol. Genet. Metab. 2013,
108, 76-81.

5. Szente, L.; Szejtli, J. Adv. Drug Delivery Rev. 1999, 36, 17-28.
doi:10.1016/S0169-409X(98)00092-1

6. Uekama, K.; Otagiri, M. Crit. Rev. Ther. Drug Carrier Syst. 1987, 3,
1-40.

7. Davidson, C. D.; Ali, N. F.; Micsenyi, M. C.; Stephney, G.; Renault, S.;
Dobrenis, K.; Ory, D. S.; Vanier, M. T.; Walkley, S. U. PLoS One 2009,
4, €6951. doi:10.1371/journal.pone.0006951

8. Liu, B.; Turley, S. D.; Burns, D. K.; Miller, A. M.; Repa, J. J.;

Dietschy, J. M. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 2377-2382.
doi:10.1073/pnas.0810895106

9. Porter, F. D.; Scherrer, D. E.; Lanier, M. H.; Langmade, S. J.;

Molugu, V.; Gale, S. E.; Olzeski, D.; Sidhu, R.; Dietzen, D. J.; Fu, R.;
Wassif, C. A.; Yanjanin, N. M.; Marso, S. P.; House, J.; Vite, C;
Schaffer, J. E.; Ory, D. S. Sci. Transl. Med. 2010, 2, 56-81.
doi:10.1126/scitranslmed.3001417

10.Soga, M.; Ishitsuka, Y.; Hamasaki, M.; Yoneda, K.; Furuya, H,;
Matsuo, M.; Ihn, H.; Fusaki, N.; Nakamura, K.; Nakagata, N.; Endo, F.;
Irie, T.; Era, T. Stem Cells 2015, 33, 1075-1088.
doi:10.1002/stem.1917

11.D'Souza, A. A.; Devarajan, P. V. J. Controlled Release 2015, 203,
126-139. doi:10.1016/j.jconrel.2015.02.022

12. Okamatsu, A.; Motoyama, K.; Onodera, R.; Higashi, T.; Koshigoe, T;
Shimada, Y.; Hattori, K.; Takeuchi, T.; Arima, H. Bioconjugate Chem.
2013, 24, 724-733. doi:10.1021/bc400015r

2085


http://dx.doi.org/10.1126%2Fscience.277.5323.228
http://dx.doi.org/10.1126%2Fscience.290.5500.2298
http://dx.doi.org/10.1186%2F1750-1172-5-16
http://dx.doi.org/10.1016%2FS0169-409X%2898%2900092-1
http://dx.doi.org/10.1371%2Fjournal.pone.0006951
http://dx.doi.org/10.1073%2Fpnas.0810895106
http://dx.doi.org/10.1126%2Fscitranslmed.3001417
http://dx.doi.org/10.1002%2Fstem.1917
http://dx.doi.org/10.1016%2Fj.jconrel.2015.02.022
http://dx.doi.org/10.1021%2Fbc400015r

13. Okamatsu, A.; Motoyama, K.; Onodera, R.; Higashi, T.; Koshigoe, T;
Shimada, Y.; Hattori, K.; Takeuchi, T.; Arima, H. Biomacromolecules
2013, 14, 4420-4428. doi:10.1021/bm401340g

14.Darblade, B.; Caillaud, D.; Poirot, M.; Fouque, M.-J.; Thiers, J.-C.;
Rami, J.; Bayard, F.; Arnal, J.-F. Cardiovasc. Res. 2001, 50, 566-576.
doi:10.1016/S0008-6363(01)00251-6

15.Parpal, S.; Karlsson, M.; Thorn, H.; Stralfors, P. J. Biol. Chem. 2001,
276, 9670-9678. doi:10.1074/jbc.M007454200

16. Sugimoto, Y.; Ninomiya, H.; Ohsaki, Y.; Higaki, K.; Davies, J. P.;
loannou, Y. A.; Ohno, K. Proc. Natl. Acad. Sci. U. S. A. 2001, 98,
12391-12396. doi:10.1073/pnas.221181998

17.van Gelder, C. M.; Vollebregt, A. A. M,; Plug, |.; van der Ploeg, A. T,;
Reuser, A. J. J. Expert Opin. Pharmacother. 2012, 13, 2281-2299.
doi:10.1517/14656566.2012.729039

18.Vance, J. E.; Karten, B. J. Lipid Res. 2014, 55, 1609—-1621.
doi:10.1194/jir.R047837

19. Rosenbaum, A. |.; Maxfield, F. R. J. Neurochem. 2011, 116, 789-795.
doi:10.1111/.1471-4159.2010.06976.x

20.Rosenbaum, A. |.; Zhang, G.; Warren, J. D.; Maxfield, F. R.

Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 5477-5482.
doi:10.1073/pnas.0914309107

21.Elrick, M. J.; Yu, T.; Chung, C.; Lieberman, A. P. Hum. Mol. Genet.
2012, 21, 4876-4887. doi:10.1093/hmg/dds324

22.Ishibashi, S.; Yamazaki, T.; Okamoto, K. J. Clin. Neurosci. 2009, 16,
954-959. doi:10.1016/j.jocn.2008.09.020

23.0rdonez, M. P.; Roberts, E. A.; Kidwell, C. U.; Yuan, S. H.;

Plaisted, W. C.; Goldstein, L. S. B. Hum. Mol. Genet. 2012, 21,
2651-2662. doi:10.1093/hmg/dds090

24.Sarkar, S.; Carroll, B.; Buganim, Y.; Maetzel, D.; Ng, A. H. M.;
Cassady, J. P.; Cohen, M. A.; Chakraborty, S.; Wang, H.; Spooner, E.;
Ploegh, H.; Gsponer, J.; Korolchuk, V. I.; Jaenisch, R. Cell Rep. 2013,
5, 1302-1315. doi:10.1016/j.celrep.2013.10.042

25. Lieberman, A. P.; Puertollano, R.; Raben, N.; Slaugenhaupt, S.;
Walkley, S. U.; Ballabio, A. Autophagy 2012, 8, 719-730.
doi:10.4161/auto.19469

26.Nixon, R. A. Nat. Med. 2013, 19, 983-997. doi:10.1038/nm.3232

27.Song, W.; Wang, F.; Lotfi, P.; Sardiello, M.; Segatori, L. J. Biol. Chem.
2014, 289, 10211-10222. doi:10.1074/jbc.M113.506246

28.Tamura, A.; Yui, N. J. Biol. Chem. 2015, 290, 9442-9454.
doi:10.1074/jbc.M115.636803

29. Stokmaier, D.; Khorev, O.; Cutting, B.; Born, R.; Ricklin, D.;

Ernst, T. O. G.; Boni, F.; Schwingruber, K.; Gentner, M.; Wittwer, M.;
Spreafico, M.; Vedani, A.; Rabbani, S.; Schwardt, O.; Ernst, B.
Bioorg. Med. Chem. 2009, 17, 7254-7264.
doi:10.1016/j.bmc.2009.08.049

30.Onodera, R.; Motoyama, K.; Arima, H.

J. Inclusion Phenom. Macrocyclic Chem. 2011, 70, 321-326.
doi:10.1007/s10847-010-9843-z

Beilstein J. Org. Chem. 2015, 11, 2079-2086.

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.11.224

2086


http://dx.doi.org/10.1021%2Fbm401340g
http://dx.doi.org/10.1016%2FS0008-6363%2801%2900251-6
http://dx.doi.org/10.1074%2Fjbc.M007454200
http://dx.doi.org/10.1073%2Fpnas.221181998
http://dx.doi.org/10.1517%2F14656566.2012.729039
http://dx.doi.org/10.1194%2Fjlr.R047837
http://dx.doi.org/10.1111%2Fj.1471-4159.2010.06976.x
http://dx.doi.org/10.1073%2Fpnas.0914309107
http://dx.doi.org/10.1093%2Fhmg%2Fdds324
http://dx.doi.org/10.1016%2Fj.jocn.2008.09.020
http://dx.doi.org/10.1093%2Fhmg%2Fdds090
http://dx.doi.org/10.1016%2Fj.celrep.2013.10.042
http://dx.doi.org/10.4161%2Fauto.19469
http://dx.doi.org/10.1038%2Fnm.3232
http://dx.doi.org/10.1074%2Fjbc.M113.506246
http://dx.doi.org/10.1074%2Fjbc.M115.636803
http://dx.doi.org/10.1016%2Fj.bmc.2009.08.049
http://dx.doi.org/10.1007%2Fs10847-010-9843-z
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.11.224

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Synthesis, structure, and mechanical properties of silica
nanocomposite polyrotaxane gels

Kazuaki Kato', Daisuke Matsui, Koichi Mayumi and Kohzo Ito”

Full Research Paper

Address: Beilstein J. Org. Chem. 2015, 11, 2194-2201.
Department of Advanced Materials Science, Graduate School of doi:10.3762/bjoc.11.238
Frontier Sciences, The University of Tokyo, 5-1-5 Kashiwanoha,
Kashiwa, Chiba 277-8561, Japan Received: 31 July 2015
Accepted: 28 October 2015
Email: Published: 16 November 2015
Kazuaki Kato™ - kato@molle.k.u-tokyo.ac.jp; Kohzo Ito” -
kohzo@molle.k.u-tokyo.ac.jp. This article is part of the Thematic Series "Superstructures with

cyclodextrins: Chemistry and applications 11"
* Corresponding author
Guest Editor: G. Wenz

Keywords:
cyclodextrin; gel; mechanical property; nanocomposite; polyrotaxane © 2015 Kato et al; licensee Beilstein-Institut.
License and terms: see end of document.
Abstract

A significantly soft and tough nanocomposite gel was realized by a novel network formed using cyclodextrin-based polyrotaxanes.
Covalent bond formation between the cyclic components of polyrotaxanes and the surface of silica nanoparticles (15 nm diameter)
resulted in an infinite network structure without direct bonds between the main chain polymer and the silica. Small-angle X-ray
scattering revealed that the homogeneous distribution of silica nanoparticles in solution was maintained in the gel state. Such homo-
geneous nanocomposite gels were obtained with at least 30 wt % silica content, and the Young’s modulus increased with silica
content. Gelation did not occur without silica. This suggests that the silica nanoparticles behave as cross-linkers. Viscoelastic
measurements of the nanocomposite gels showed no stress relaxation regardless of the silica content for <20% compression strain,
indicating an infinite stable network without physical cross-links that have finite lifetime. On the other hand, the infinite network
exhibited an abnormally low Young’s modulus, ~1 kPa, which is not explainable by traditional rubber theory. In addition, the
composite gels were tough enough to completely maintain the network structure under 80% compression strain. These toughness
and softness properties are attributable to both the characteristic sliding of polymer chains through the immobilized cyclodextrins
on the silica nanoparticle and the entropic contribution of the cyclic components to the elasticity of the gels.

Introduction

Nanocomposite materials, in which nanoparticles are distrib- elastomers permitted a wide range of elasticity modulation by
uted via a matrix such as resin or rubber, exhibit various func-  controlling the magnetic field [1], owing to the alignment of
tions that the matrix material cannot achieve by itself. For nanoparticles within the polymer network. In addition to such

instance, polyurethane/magnetic nanoparticle nanocomposite  functionalization, nanocomposition can effectively reinforce
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materials; a typical example is natural rubbers reinforced by
nanoparticles such as carbon black and silica for practical use as
tire materials. Because of adhesion of polymer chains to the
nanoparticle surfaces, the chain mobility at the interface is
considerably suppressed, thereby increasing the elastic modulus
of the nanocomposite [2-6]. Although the nanocomposite
strategy is promising for the design of relatively hard func-
tional materials, it is not easy to realize soft nanocomposite ma-
terials because of the strong interactions at the interface that
reduce the polymer chain mobility. For dielectric elastomers
expected to be used as actuators and electric generating
systems, nanocomposites should satisfy both a high dielectric
constant that is assured by the nanoparticles and a low elastic
modulus [7].

Mechanically interlocked supramolecular polymers, such as
polyrotaxane [8,9], can control the interface between the matrix
polymer and the nanoparticles. Polyrotaxane comprising an
end-capped backbone polymer and threaded cyclic molecules
such as cyclodextrins (CDs) can form a network structure by
intermolecular binding of the cyclic components [10]. Since the
polymer chains are topologically connected to each other
without chemical bonds, the chains can slide through the cross-
links and lead to several unique properties [11-16]. Polyrotax-
anes were also applied for surface modification of substrates by
attaching the cyclic components to the surface [17]. These
results were based on the indirect connection among different
polymers or between polymers and surfaces, so that the
mobility of the polymers can be maintained at the cross-linking
points or the interface.

We demonstrate here that the indirect connection between the
backbone polymers and nanoparticles can be applied also for
soft nanocomposite materials. As illustrated in Figure 1, forma-
tion of chemical bonds between the cyclic components of poly-
rotaxanes to the surface of a nanoparticle may result in a
network structure where the nanoparticle acts as a cross-linker.
As the first model system, we employed a silica nanoparticle
and a CD-based polyrotaxane whose rings were chemically
modified to react with the surface of silica. The inner structure
and the mechanical properties of the silica nanocomposite poly-
rotaxane gels were studied by small-angle X-ray scattering and
viscoelastic measurements, respectively.

Results and Discussion

To achieve a covalent bond between the cyclic components
(CDs, in this study) and the nanoparticle surfaces (SiO5),
hydroxy groups of the cyclic components of a polyrotaxane
comprised of a-CD and PEG (PR) was modified as shown in
Scheme 1. The polyrotaxane with triethoxysilylated CD (TES-
PR) is suitable for the reaction with SiO; in the presence of

Beilstein J. Org. Chem. 2015, 11, 2194-2201.
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between ring/particle

Figure 1: Nanocomposite polyrotaxane network formed by covalent
bonds between cyclic components of polyrotaxane and the nanopar-
ticle surfaces.

base. Although TES-PR can be isolated just by vacuum drying
to evaporate the reactant and solvent, the solid isolated in this
way becomes insoluble in any solvent. This is due to the
crosslinking induced by reactions between CDs. Thus, DMSO
was added to the reaction solution first, followed by drying the
solution under vacuum to eliminate acetone and reactant; as a
result, a pure DMSO solution of TES-PR was obtained. The
solution was used for the following characterization. Figure 2
shows the TH NMR spectra of TES-PR, PR, and an intermedi-
ate polyrotaxane with acryloyl groups at the CDs (Acryl-PR).
All peaks were assigned as shown. From these integral values,
the modification degree of Acryl-PR was calculated to almost
100% (corresponding to 18 acryloyl groups in each CD), with
only 23% of the acryloyl groups reacted with triethoxysilane to
generate TES-PR. GPC traces shown in Figure 3 indicate that
the interlocked structure was retained throughout the modifica-
tion and that the molecular weight of PR was increased with
each modification step. The GPC trace of TES-PR also indi-
cated the existence of high-molecular weight TES-PR. This
probably multimeric TES-PR is the result of intermolecular
reactions between triethoxysilyl groups during hydrosilylation.
Since the pure TES-PR DMSO solution was stable at room
temperature, the solution was used for the following reaction

with silica nanoparticles.
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Scheme 1: Synthesis of polyrotaxane with partially triethoxysilylated
a-CDs (TES-PR) and crosslinking of the polyrotaxane solution via the
reaction between the CDs and the surface of silica nanoparticles.

A TES-PR solution in DMSO was mixed with a dispersed solu-
tion of silica nanoparticles with 15 nm diameter in N,N-
dimethylacetamide (DMAc) (20 wt %), followed by the addi-
tion of diisopropylethylamine to initiate the reaction between
TES-PR and silica. The pre-gel solution was transferred to a
glass mold with 3 mm thickness and cured for 16 h at 373 K. As
shown in Figure 4, the obtained gel was transparent, indicating
no significant aggregation. Five gels were synthesized in the

same way with different initial concentrations of silica nanopar-
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Figure 2: "H NMR spectra (400 MHz, DMSO-dg, 343 K) of poly-
rotaxane and its derivatives with modified cyclic components.

PR

acryl-PR
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Figure 3: GPR traces of polyrotaxane and its derivatives; eluent:
DMSO/LiBr (10 mM LiBr), detection: RI.

ticles. Notably, in the absence of silica nanoparticles, gelation
did not occur; only a slight increase of viscosity was observed.
This result clearly shows that the gelation was achieved mainly
by the reaction between silica and TES-PR, with a parallel
minor reaction occurring between the triethoxysilyl groups of
different TES-PRs.

To elucidate the dispersity of silica nanoparticles in the gels,
small-angle X-ray scattering (SAXS) was carried out. Figure 5a
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Figure 4: Photograph of silica nanocomposite polyrotaxane gel.

shows the SAXS profiles of silica nanocomposite gels with
different silica concentrations. A Bragg’s peak around
g =0.01-0.05 A~ was observed, with the peak shifting toward
higher ¢ with increasing silica concentration. It is noteworthy
that no increase of scattering intensity toward the low ¢ limit,
indicating that no aggregation is seen even in that g range.
Similar SAXS profiles were observed in silica solutions
(Figure 5b). Since the correlation distance becomes shorter with
the increase of concentration, the distance is thought to be the
separation between silica nanoparticles. When we assume
homogeneous distribution of particles, the following relation
exists in the distance between particles d and the concentration

C:

cd® = const. (D

Figure 5c¢ shows the double log arithmic plots of correlation
length, which is obtained from the g of the peak top (d = 27n/q),
against silica concentration for the nanocomposite gels and
silica solutions. In both cases, a similar power dependence,

d occ 03

, as in Equation 1, was obtained. Therefore, similarly
to the silica solution, the homogeneous dispersion of silica
nanoparticles was retained in the nanocomposite gels until at

least 30 wt % silica content.

Viscoelastic measurements were carried out for the obtained
gels. Figure 6a shows the results of stress relaxation tests. At
high silica concentration (more than 15%), the Young’s
modulus is about 1 kPa, whereas a lower silica concentration
yielded a lower modulus of about 0.5 kPa. In addition, as
mentioned above, no gelation occurred without silica. Thus, the
modulus tends to increase with the concentration of silica,
though the incremental increase of modulus is not proportional
to silica concentration but stepwise. This suggests that the
cross-linking density becomes higher with increasing silica

Beilstein J. Org. Chem. 2015, 11, 2194-2201.
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Figure 5: SAXS profiles of (a) silica nanocomposite polyrotaxane gels
and (b) silica solutions with different concentration of silica; (c) double
logarithmic plots of the correlation length against silica concentrations.

concentration because the silica acts as the polyrotaxanes cross-
linker. The results of dynamic viscoelastic measurements shown
in Figure 6b also suggest the network formation via silica
nanoparticles. Dynamic storage Young’s modulus E' was
increased with silica content and the modulus was consistent
with E(¢). On the other hand, the loss modulus E” hardly
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changed with increasing of silica concentration. Thus, the ratio
of the loss modulus to storage modulus, the so-called loss
tangent, decreased with silica concentration. This typical ten-
dency generally observed in chemical gels that is attributed to
the decrease of dangling chains, resulting in the formation of a
denser network. In addition, there was no stress relaxation with
finite equilibrium modulus regardless of the silica content.
Figure 6¢ shows the strain-dependence of the relaxation
Young’s modulus for the gel with 15% silica. The modulus was
almost independent of the strain. These results clearly indicate
that the silica nanocomposite polyrotaxane gels form an infinite
network structure with negligible physical cross-links that have
finite lifetime to exhibit stress relaxation, similar to ideal chem-
ical gels. At the same time, the negligible relaxation indicates
that almost all silica nanoparticles were bound to the polymer
network.

However, the Young’s modulus of the nanocomposite gels is
abnormally low. From the Young’s modulus, £, with an
assumption of ideal polymer network, the averaged molecular
weight between cross-links, My, can be estimated by the
following equation:

_ 3pRT

M
x E

2

where p is the density of polymer, R the gas constant, and 7 the
absolute temperature. My of the representative nanocomposite
polyrotaxane gels with £ = 1 kPa was calculated to be
7 x 10° g/mol. This My is considerably larger than the molec-
ular weight of the precursor polyrotaxane, TES-PR
(~2 x 10° g/mol). Thus, this result gives us an unlikely picture
for the network where several polyrotaxanes are bound to form
a single partial chain. This discrepancy probably arises from the
assumption of the validity of rubber elastic theory for these
gels. Surely, for most of composite gels or rubbers, the theory is
already invalid due to the presence of strong interactions
between polymers and embedded particles in addition to the
covalent crosslinking points. However, such interactions
increase not, decrease, modulus. Thus, the interactions between
the polyrotaxane and silica cannot explain the significantly low
modulus.

Recent research in polyrotaxane gels, which were obtained by
the simple cross-linking of polyrotaxanes via intermolecular
covalent bonds between CDs, indicated a new origin of the elas-
ticity experimentally and theoretically [12,14,16,18]. Since the
polymer chains can slide through the cross-links, the anisotropic
orientation of chain segments, which causes the entropic elas-
ticity of rubbers and gels, can be relaxed. Simultaneously, the

relaxation of chains results in inhomogeneous distribution of the
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Figure 6: (a) Relaxation Young’s modulus with 5% strain and

(b) frequency-dependence of dynamic storage and loss moduli for
silica nanocomposite polyrotaxane gels with different silica concentra-
tions; (c) strain-dependence of relaxation Young’s modulus for the gel
with 15% silica.

threaded CDs. As the CDs continuously slide along the back-
bone polymer, their inhomogeneous distribution can generate
entropic stress. Thus, the origin of elasticity is not the entropy
of polymer chains but that of the CDs, and the abnormally small
modulus of polyrotaxane gels can be explained by the charac-
teristic elasticity. Similarly, the extremely low modulus of the

nanocomposite polyrotaxane gels is attributable to the charac-
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teristic elasticity originated from the entropy of CDs. Since the
infinite network was formed mainly by the covalent bonds
between CDs and silica surface, the polymer chains are bound
to neither CDs nor silica. If the polymer chains are directly at-
tached to the silica surface, the chain mobility were drastically
decreased, yielding an increased modulus as observed in
conventional composite gels and rubbers. Therefore, the
polymer chains slide through the immobilized CDs on the
surface of silica, and thus the unique properties observed in
polyrotaxane gels may also appear in these nanocomposite
polyrotaxane gels.

In addition to the characteristic softness, the nanocomposite
gels exhibited significant toughness. Figure 7 shows the
stress—strain curves of one of the nanocomposite gels under
compression. Since the fracture point is not always clear in the
stress—compression behavior, the same measurement was
repeated using the same gel. The two curves are in complete
agreement, indicating that no fracture occurred during the first
compression. This data proved that the gel is compressive to at
least one-fifth of the original thickness without fracture or
network structure recombination. The toughening mechanism
may be essentially the same as that in polyrotaxane gels: the
stress applied to chains can be distributed by chain sliding
through the immobilized CDs on the silica surface, the so-called
pulley effect [11]. In this way, the silica nanocomposite poly-
rotaxane gels exhibited two unique properties: soft and tough,
through the novel method for nanocomposites without chem-
ical bonds or significant interactions between polymers and

nanoparticles.
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Figure 7: Repeated stress-strain curves for a silica nanocomposite
polyrotaxane gel with 20% silica content.

Conclusion
Here we demonstrate the synthesis of a novel nanocomposite
gel where the polymer chains were not directly bonded but

rather mechanically interlocked to the silica surfaces. The silica
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nanoparticles were homogeneously distributed in the gel and
worked as cross-linkers to immobilize the cyclic components of
the polyrotaxanes on the silica surfaces. As the backbone
polymer chains were not only free from adhesion to the silica
surface but can also slide through the immobilized cyclic
components, the nanocomposite gel achieved low Young’s
modulus and high toughness without any detectable fracture or
recombination of network structure under 80% compression.
These results suggest that the concept of topological cross-
linking previously studied with polyrotaxane gels is applicable
to other nanocomposite materials, though our model system
utilized silica nanocomposites. Functionalization and applica-
tions of the nanocomposite polyrotaxane gels with other

nanoparticles are now in progress.

Experimental

Materials

Crude polyrotaxane consisting of polyethylene glycol (PEG,
M, = 32,000) and a-cyclodextrin (CD) were purchased from
Advanced Softmaterials, Inc. The crude polyrotaxane was puri-
fied by repeated reprecipitation from its DMSO solution into
deionized water. The obtained precipitate was freeze-dried and
the refined polyrotaxane (PR) obtained as a white powder. The
coverage, which is a measure how densely the backbone PEG is
covered with CDs, was calculated to be 25% based on the
'H NMR spectrum. Standard polymers for the calibration of the
molecular weights by size-exclusion chromatography (SEC)
were purchased from Polymer Source, Inc. Solutions of silica
nanoparticle with 15 nm of diameter in N,N-dimethylacetamide
was kindly supplied by Nissan Chemical Industries, Ltd.
2-Isocyanatoethyl acrylate was purchased from Showa Denko
K.K. Xylene solutions of platinum(0)-1,3-divinyl-1,1,3,3-
tetramethyldisiloxane (~2%) was purchased from Sigma-
Aldrich Corporation. All other chemicals were purchased from
Tokyo Chemical Industry Co., Ltd., or Wako Pure Chemical
Industries, Ltd., and all reagents were used as received without
further purification except for PR.

Characterization measurements

TH NMR spectra (400 MHz) were recorded on a JEOL JNM-
AL400 spectrometer at 343 K. The chemical shift was cali-
brated using DMSO (2.50 ppm) as an internal standard. SEC
was performed on TOSOH HLC-8220 with two Shodex OH
Pack SB-806MHQ columns, with DMSO at 50 °C in the pres-
ence of 0.01 M lithium bromide as the eluent using RI detec-
tion and PEG standards. The flow rate was 0.4 mL/min.

Synthesis of acryloyl modified polyrotaxane
(Acryl-PR)

Three grams of PR previously dried under vacuum was
dissolved in anhydrous DMSO (60 mL). 2-Isocyanatoethyl
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acrylate (9 mL) and dibutyltin dilaurate (90 pL) were added
and stirred at room temperature for 5 days. The product was
precipitated by pouring the reaction solution into methanol.
The precipitate was repeatedly washed with methanol
and then dried. The dried product was again dissolved in
acetone and then a large amount of methanol was added to
precipitate the product. This process was repeated again fol-
lowed by drying to yield acryloyl modified polyrotaxane
(Acryl-PR, 5.41 g) as a white solid: '"H NMR (400 MHz,
DMSO-dg, 343 K): 7.0 (NH of urethane), 6.3, 5.9 (CH, of
vinyl), 6.1 (CH of vinyl), 4.9 (C(j)H of CD), 4.1 (C(=0)O-
CHy), 3.5 (PEG), 3.2 (-CH,-NH).

Synthesis of triethoxysilyl modified poly-
rotaxane (TES-PR)

Two grams of Acryl-PR previously dried under vacuum was
dissolved in anhydrous acetone (40 mL). Triethoxysilane
(600 pL) and a xylene solution of platinum(0)-1,3-divinyl-
1,1,3,3-tetramethyldisiloxane dibutyltin dilaurate (200 puL) were
added followed by refluxing at 65 °C overnight. The reaction
solution was then centrifuged to precipitate a minor insoluble
component, and the supernatant collected. Because the product
became insoluble in any solvent once it was completely dried,
the crude acetone solution was stored at room temperature until
just before use. For further characterization, DMSO or DMSO-
dg was added to the acetone solution, and then the solution was
dried under vacuum to evaporate unreacted reactants and non-
DMSO solvent. As a result, pure solutions in DMSO or DMSO-
dg were obtained because DMSO has a sufficiently high boiling
point to resist evaporation. '"H NMR (400 MHz, DMSO-dj,
343 K): 7.0 (NH of urethane), 6.3, 5.9 (CH; of vinyl), 6.1 (CH
of vinyl), 4.9 (C(1)H of CD), 4.1 (C(=0)O-CH,), 3.8 (SiO-
CH,), 3.5 (PEG), 3.2 (-CH,-NH), 2.3 (OC(=0)-CH,), 1.1
(SiOCH,-CH3), 1.0 (Si-CH,).

Synthesis of silica nanocomposite poly-
rotaxane gels

1.5 mL of DMSO was added to 3 mL of the crude acetone solu-
tion of TES-PR, whose silica content was known to be
5 wt %/vol. The solution was dried under vacuum to eliminate
impurities, yielding 1.5 mL of 0.1 g/mL TES-PR solution in
DMSO. A DMAc solution of silica nanoparticles was added to
the TES-PR solution, and then the mixed solution was dried
under vacuum to evaporate DMAc, resulting in 1.5 mL of TES-
PR and silica pre-gel solution in DMSO. By changing the added
volume of silica solution, five pre-gel solutions with different
silica contents were obtained. Diisopropylethylamine (15 pL)
was added to the pre-gel solution, and then the solution was
transferred into a Teflon/glass mold with a 25 mm x 25 mm x
3 mm void. The reaction was carried out at 100 °C for 16 h to

yield a transparent nanocomposite gel. In the same way, thinner
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gels were also prepared in a mold with a 20 mm X 20 mm %

1 mm void for the following structural analysis.

Small-angle X-ray scattering measurement
Synchrotron small-angle X-ray scattering (SAXS) experiments
were carried out at the beamline 6A of Photon Factory, HighEn-
ergy Accelerator Research Organization, KEK (Tsukuba,
Japan). The wavelength A of the incident X-ray beam was
1.50 A and the beam size was 0.5 mm (vertical) x 0.5 mm (hori-
zontal). PILATUS 300k (Dectris) was used to record SAXS
patterns. The sample-to-detector distance was 2.6 m and the
sample thickness was 1 mm. The exposure time for each sample
was kept constant at 5 s. The scattering angle 6 was calibrated
by the diffraction pattern of chicken tendon collagen. The
obtained SAXS patterns were converted into 1D profiles, scat-
tering intensity / vs scattering vector ¢, by circular averaging.
The scattering vector is defined as:

= 4—T[sin (Qj @3
1= > )

Mechanical measurements

Obtained silica nanocomposite polyrotaxane gels were cut into
cylindrical shapes of 10 mm diameter and 3 mm thickness. All
measurements were conducted with a strain-controlled oscilla-
tory rheometer (RSAIIL, TA Instruments) using a parallel plate
geometry at room temperature. Frequency sweeps were
conducted from 0.01 to 80 Hz, applying 1% of the oscillatory
compressive strain amplitude, which was still within the range
of linear viscoelasticity. Stress relaxation tests were also
performed by the compression mode. Stress—compression
curves were obtained at a sufficiently slow and constant rate of
strain: 0.2%/s.
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Abstract

Pentablock copolymers PMA-PPO-PEO-PPO-PMA synthesized via atom transfer radical polymerization (ATRP) were self-assem-
bled with varying amounts of y-CDs to prepare poly(pseudorotaxanes) (PPRs). When the concentration of y-CDs was lower, the
central PEO segment served as a shell of the micelles and was preferentially bent to pass through the y-CD cavity to construct
double-chain-stranded tight-fit PPRs characterized by a channel-like crystal structure. With an increase in the amount of y-CDs
added, they began to accommodate the poly(methyl acrylate) (PMA) segments dissociated from the core of the micelles. When
more y-CDs were threaded and slipped over the segments, the y-CDs were randomly distributed along the pentablock copolymer
chain to generate single-chain-stranded loose-fit PPRs and showed no characteristic channel-like crystal structure. All the self-
assembly processes of the pentablock copolymers resulted in the formation of hydrogels. After endcapping via in situ ATRP of
2-methacryloyloxyethyl phosphorylcholine (MPC), these single-chain-stranded loose-fit PPRs were transformed into con-
formational identical polyrotaxanes (PRs). The structures of the PPRs and PRs were characterized by means of '"H NMR, GPC,
13C CP/MAS NMR, 2D 'H NOESY NMR, FTIR, WXRD, TGA and DSC analyses.

Introduction

Cyclodextrins (CDs) are a series of macrocyclic molecules
composed of 6, 7, or 8 (a-, B-, and y-CD, respectively) gluco-
pyranose units. Their hydrophilic surface and hydrophobic inner
cavity character and deformable cavity size allow for the self-

assembly or inclusion of various polymer chains to generate

poly(pseudorotaxanes) (PPRs) or polyrotaxanes (PRs) after
endcapping with bulky stoppers. Since Harada et al. first
reported the a-CD-based single-chain-stranded PPRs
constructed from the inclusion complexation of a-CDs with

poly(ethylene glycol) (PEG) [1], a great variety of polymers
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with different cross-sectional areas have been shown to thread
CDs to create PPRs. For example, B-CDs are single-chain-
stranded with poly(propylene glycol) (PPG) but not with PEG
[2,3], and y-CDs are not only single-chain-stranded with
poly(methyl vinyl ether) (PMVE) [4] or poly(dimethylsiloxane)
(PDMS) [5], but also double-chain-stranded with PEG and
poly(e-caprolactone) (PCL) [6]. Recently, Akashi et al. reported
the single-chain-stranded inclusion complexation of y-CDs with
poly(methyl methacrylate) (PMMA) [7] and poly(methacrylic
acid) (PMAA) [8]. It is worth noting that there is a significant
correlation between the size of the CD cavity and the cross-
sectional area of the fitting polymers. Accordingly, all the
aforementioned PPRs and PRs were created from a matched
recognition between the CD cavities and incoming polymer
chains, showing the typical channel-like tight-fit crystal struc-
ture [1-8]. Due to the fantastic, mechanically interlocked archi-
tecture, these PPRs and PRs can be employed as candidates or
precursors for complex supramolecular assemblies to realize
novel functions [9].

In comparison to a- and B-CDs, y-CDs possess a larger inner
cavity diameter and a higher structurally deformable and adapt-
able capacity [10]. Recently, studies towards the synthesis and
characterization of novel y-CD-based unmatched PPRs and PRs
have attracted attention for their unusual loose-fit and/or over-
fit inclusion complexation structure other than the channel-like
tight-fit structure [10-12]. It was shown that when self-assem-
bling with PHEMA-PPO-PEO-PPO-PHEMA, y-CDs could be
threaded onto and moved over the 2-hydroxyethyl methacrylate
(PHEMA) segments to form a mixed single-chain-stranded

Beilstein J. Org. Chem. 2015, 11, 2267-2277.

loose-fit (PEO) and over-fit (PHEMA) architecture [13].
Using in situ ATRP, those PPRs were successfully transformed
into the same conformational PRs [14]. Owing to a more
flexible or retardant movement of the entrapped y-CDs
along the thinner PEO and thicker PHEMA segments (as
compared with PPO or PMAA), respectively, these unmatched
PRs possess the potential to be applied as dynamic-responsive
materials, carriers for controlled drug release, biosensors and

catalysts.

Poly(methyl acrylate) (PMA) prepared via ATRP of methyl
acrylate (MA) is a typical hydrophobic polymer with a more
flexible main chain and smaller cross-sectional area as
compared with PHEMA. Attaching PMA to two ends of PPO-
PEO-PPO imparts the resulting amphiphilic copolymers with a
unique core—shell micellar structure, showing different self-
assembly behavior as compared with that of PHEMA-PPO-
PEO-PPO-PHEMA. Therefore, a series of PMA-PPO-PEO-
PPO-PMA pentablock copolymers were first prepared in this
study via ATRP of MA using 2-bromoisobutyryl endcapped
PPO-PEO-PPO as a macroinitiator, and then allowed to self-
assemble with a varying amount of y-CDs in aqueous solution.
To further highlight the supramolecular architecture of the
resulting PPRs, the second in situ ATRP of 2-methacryloyloxy-
ethyl phosphorylcholine (MPC) was conducted to endcap them
into the same conformational PR-based multiblock copolymers.
A schematic description on the self-assembly evolution of
varying amounts of y-CDs with PMA-PPO-PEO-PPO-PMA and
the one-pot endcapping via in situ ATRP of MPC is shown in

Scheme 1.
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Scheme 1: Schematic description of self-assembly of y-CDs with PMA-PPO-PEO-PPO-PMA and one-pot endcapping via in situ ATRP of MPC.
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Results and Discussion

Preparation of PPRs and PRs

The synthesis of PMA-PPO-PEO-PPO-PMA via ATRP of MA
is described in Scheme 2. With the goal of achieving a desired
My, a narrow PDI and a high preservation of the active
Br-terminals for the second in situ ATRP of MPC, the first
ATRP of MA was carried out at room temperature using DMF
as a solvent and Cu(I)CI/N,N,N’,N” N”-pentamethyldiethylene-
triamine (PMDETA) as the catalyst.
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Scheme 2: Synthetic pathway of PMA-PPO-PEO-PPO-PMA.

The macroinitiator and resulting pentablock copolymers are
designated as BrPEPBr and PEPxM, respectively, where x is
the feed molar ratio of MA to PPO-PEO-PPO. The products
were characterized by means of "H NMR and GPC analyses
(Figure S1 and Figure S2, Supporting Information File 1). The
degree of esterification of BrPEPBr determined by 'H NMR
was >99%. Additionally, the GPC curves of PEPxM presented a

nearly symmetrical monomodal distribution with a narrow poly-

Table 1: Compositions, GPC data and yields of PMA-PPO-PEO-PPO-PMA.

Entry Molar ratio of BrPEPBr:-MA M2
Feed ratio Found ratio?

BrPEPBr 1:0 1:0 4880

PEP40M 1:40 1:22 6770

PEPG0OM 1:60 1:35 7888

PEP100M 1:100 1:54 9522

Beilstein J. Org. Chem. 2015, 11, 2267-2277.

dispersity index (PDI). These results suggested that the target
PMA-PPO-PEO-PPO-PMA pentablock copolymers were
obtained. The compositions, GPC data and yields are summa-
rized in Table 1.

Pentablock copolymers were selected to self-assemble with
v-CDs to prepare PPRs in aqueous solution. The resulting PPRs
are designated as PEPxMyCD, where x again is the feed molar
ratio of MA to PPO-PEO-PPO and y is the feed molar ratio of
y-CD to PMA-PPO-PEO-PPO-PMA. The macroinitiator was
also employed to fabricate the PPR with y-CDs. Its self-assem-
bled product is designated as PEP15CD, meaning the feed
molar ratio is 1:15 for BrPEPBr:y-CD. The compositions and
yields are summarized in Table 2. As can be seen, in addition to
good yields in the range of 62.5-73.2%, the resulting molar
ratios of PEPxM to y-CD in the PPRs (including PEP15CD)
perfectly matched the feed values, demonstrating the good
inclusion complexation ability between y-CD and pentablock
polymers.

As a typical example, the self-assembly evolution of
PEP100M15CD is shown in Figure 1. When an aqueous solu-
tion of saturated y-CD was mixed with a preset amount of
PMA-PPO-PEO-PPO-PMA, the mixture immediately turned
turbid, suggesting that the self-assembly of y-CDs with the
incoming polymer chain proceeded similar to the case of inclu-
sion complexation of y-CDs with the macroinitiator BrPEPBr
[13]. Thereafter, the turbidity of the solution quickly increased
as more y-CDs were entrapped on different polymer segments.
Surprisingly, a white gel was formed after the turbid mixture
was stored at 6-8 °C for at least 24 h. The turbidity evolution
and hydrogel formation were observed in other PPR samples,
except that PEP15CD was rapidly precipitated from the mix-
ture.

To endcap PPRs into PRs, the PEP40M30CD constructed from
the self-assembly of PEP40M with y-CD at a feed molar ratio of
1:30 was used as a supramolecular initiator. The one-pot ATRP

of MPC was conducted in water at room temperature for 60 h

M,P My/IM,P Yield/%®
4750 1.15 81.5
6880 1.27 65.9
8085 1.47 67.5
10453 1.31 62.3

aDetermined by H NMR analysis in CDCl3/DMSO-dg (1:1, v/v). PDetermined by GPC in DMF using PS standards. °Calculated based on the product

weight divided by the raw material weight.

2269



Table 2: Compositions and yields of PPRs.

Beilstein J. Org. Chem. 2015, 11, 2267-2277.

Entry Guest molecule Molar ratio of guest molecule:y-CD Yield/%®
Feed ratio Found ratio®
PEP40M10CD PEP40M 1:10 1:11 68.5
PEP40M15CD 1:15 1:15 65.7
PEP40M30CD 1:30 1:23 66.4
PEP60M10CD PEP60M 1:10 1:11 68.5
PEP60M15CD 1:15 1:16 69.5
PEP60M30CD 1:30 1:23 70.0
PEP100M10CD PEP100M 1:10 1:12 62.5
PEP100M15CD 1:15 1:15 68.4
PEP100M30CD 1:30 1:24 66.7
PEP15CD BrPEPBr 1:15 1:17 73.2

aDetermined by H NMR analysis in CDCl3/DMSO-dg (1:1, v/v). PCalculated based on the product weight divided by the raw material weight.

Figure 1: Photographs of the formation of a PEP100M15CD hydrogel.

using Cu(I)Br/tris(2-(dimethylamino)ethyl)amine (MegTREN)
as a catalyst. The resulting PR-based multiblock copolymers are
ascribed as PRmCDnP, where m and n stand for the feed molar
ratio of y-CD and MPC to PEP40M, respectively. The compos-
itions, GPC data and yields are summarized in Table 3. As can
be seen, the experimental molar ratio of y-CD to PEP40M
varied in the range of 5-8 and a feed molar ratio of 30 was
maintained after the second in situ ATRP. However, the degree
of polymerization (DP) of PMPC for all the copolymers was
increased with the feed molar ratio of MPC to PEP40M, clearly
suggesting that PEP40M30CD as an initiator in the form of PPR

Cold storage

r

indeed held a very high degree of chain-end functionality and
initiating efficiency for the second ATRP. Relatively lower
yields in the range from 27.5-30.5% were evidently caused by
the massive slipping of the y-CDs during the process. Even so,
these yields were higher than those any reported loose-fit and/or
over-fit y-CD-based PRs [7,8,10,12].

Characterization of PPRs and PRs

WXRD measurements

In two recent articles [13,14], we reported that attaching
PHEMA to two ends of PPO-PEO-PPO via ATRP of HEMA

Table 3: Compositions, GPC data and yields of PR-based multiblock copolymers.

Entry Molar ratio of PEP40M:y-CD:MPC M, x 10742 M, x1074b My /MpP Yield/%®
Feed ratio Found ratio?®

PROCD30P 1:0:30 1:0:19 1.23 1.00 1.57 58.9

PR30CD30P 1:30:30 1:5:20 1.91 1.21 1.66 27.5

PR30CD50P 1:30:50 1:6:41 2.66 1.64 1.69 29.4

PR30CD80P 1:30:80 1:8:68 3.72 2.33 1.59 30.5

aDetermined by TH NMR in DMF-d7/D,0 (1:1, v/v) and DMSO-dg/D20 (2:1, v/v). "Determined by GPC in DMF/H,0 (1:1, v/v) using PEG standards.

CCalculated based on the product weight divided by the raw material weight.
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could change its self-assembly process with y-CDs. Wherein,
the y-CDs were threaded onto and moved over the PHEMA
segments to give access to unmatched y-CD/PHEMA-PPO-
PEO-PPO-PHEMA PPRs showing a mixed loose-fit (with
PEO) and over-fit (with PHEMA) architecture, instead of the
PEO-bent double-chain-stranded tight-fit ones like those of
v-CD/BrPEPBr PPRs [15,16]. However, attaching hydrophobic
PMA to PPO-PEO-PPO renders the resulting amphiphilic
copolymers able to form unique polymeric micelles in aqueous
solution before the self-assembly with y-CDs, as compared to
PHEMA-PPO-PEO-PPO-PHEMA. The morphology of self-
assembled aggregates of PMA-PPO-PEO-PPO-PMA in
aqueous solution was observed by TEM. As shown in Figure
S3, Supporting Information File 1, the aggregates were formed
as spherical or “core—shell” micelles or aggregates of
500-800 nm diameter, where the shell-forming PEO bent
segments would effectively bury the PMA core and shield it
from water. In general, surface hydrophilic y-CDs cannot pass
through the hydrophilic shell into the core of micelles to include
the PMA segments. A schematic description of the self-
assembly process of y-CDs with PMA-PPO-PEO-PPO-PMA is
illustrated in Scheme 1.

WXRD measurements provide a powerful tool to analyze the
supramolecular structure of the self-assemblies, consisting of
varying amounts of y-CDs with PMA-PPO-PEO-PPO-PMA. As
shown in Figure 2, different from the cage-type crystal struc-
ture of y-CD [6], a new diffraction peak at 20 = 7.5° was clearly
observed in the diffraction pattern of PEP15CD self-assembled
from the macroinitiator BrPEPBr with y-CDs. This is character-
istic of the PEO-bent double-chain-stranded tight-fit PPRs [17].
In the WXRD patterns of all the PPRs, the disappearance of two
prominent peaks at 19.2° and 23.3° of the central PEO segment
in the pentablock copolymer PEP100M verified their self-
assembly with y-CDs. Surprisingly, these PPRs presented
varying diffraction patterns as a function of y-CD content. For
example, at a feed molar ratio 10:1 of y-CD to guest pentablock
copolymer, PEP100M10CD displayed a pattern similar to
PEP15CD as well as to those previously reported [13,15]. This
indicates that the central PEO segments were favorably bent to
pass through the cavity of y-CDs to give rise to the double-
chain-stranded tight-fit PPR. For example, at a feed molar ratio
of y-CD to PEP100M equal to 30:1, PEP100M30CD depicted
three broad peaks at 20 = 12.4°, 17.2° and 21.5°, instead of a
peak at 7.5° for the typical PEO-bent double-chain-stranded
tight-fit PPR. This particular pattern was similar to previously
reported, single-chain-stranded loose-fit PPRs [10-12]. It
suggested that with the further increase in the number of added
v-CDs, the resulting PEO-bent double-chain-stranded tight-fit
PPRs tended to aggregate and settle out through the hydrogen
bonding interaction. This leads to the breakdown of the
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core—shell micellar structure and the exposure of uncoated PMA
chains to water. Under this circumstance, the entrapped y-CDs
began to slip off and return to accommodate the PMA
segments, moving over them in a randomly distributed manner
along the pentablock copolymer chain. This generated the
single-chain-stranded loose-fit PPRs showing no characteristic
channel-like tight-fit structure. In comparison to
PEP100M10CD and PEP100M30CD, a weak peak at 6.8° and
other three main peaks at 20 = 12.4°, 17.2° and 21.5° also
appeared in the diffraction pattern of PEP100M15CD. It was
shown that at a feed molar ratio 15:1 of y-CD to PEP100M, the
supramolecular structure of PEP100M15CD changed from the
PEO-bent double-chain-stranded tight-fit PPR into the single-

chain-stranded loose-fit one.

25 30 35 40

Figure 2: WXRD patterns of y-CD (A), PEP15CD (B), PEP100M (C),
PEP100M10CD (D), PEP100M15CD (E), PEP100M30CD (F),
PR30CD50P (G) and PR30CD80P (H).

The WXRD patterns of the resulting PR-based multiblock
copolymers are also shown in Figure 2. As can be seen, both
PR30CDS0P and PR30CD8OP exhibited only a single broad
diffraction peak, most likely due to those remainimg y-CDs
randomly distributed along the pentablock copolymer chain to
form an irregular noncrystalline state. This pattern was also
observed in our recent reports [13-15].

TH NMR and GPC analyses

As the PMPC segments in the PRs were insoluble not only in
DMF and DMSO but also in water, the 'H NMR spectra were
measured in a mixed solution of DMF-d7/D,0 (1/1, v/v) and
DMSO/D,0 (2/1, v/v), respectively, and the results are shown
in Figure 3. The 'H NMR spectrum of the heptablock
copolymer PROCD30P is displayed in Figure S4, Supporting
Information File 1. As can be seen, the proton resonance peak
of y-CD (CDy) is not easy to assign in DMF-d7/D;0 as in
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DMSO/D;0. This suggests that the central PPR segment is
soluble and the PMA segments are insoluble in this solvent.
Accordingly, the DP of PMPC was determined from the inte-
gration area ratio of the proton resonance peaks of methyl
groups (a) of MPC repeating units to that of the methylene
protons in MPC and MA (b; + by) repeating units, according to

Mixed Zone for
f+g+h+i+j+CD2s

CD; K

r+p+q

Mixed Zone for

Beilstein J. Org. Chem. 2015, 11, 2267-2277.

Figure 3A. The CD coverage ratios were obtained from the inte-
gration area ratio of the proton resonance peaks of y-CD (CDy)
to that of methyl groups (a) of MPC repeating units from
Figure 3B. It was found that only about one-fifth of the added
v-CDs were left on the PMA-PPO-PEO-PPO-PMA main chains
after the second ATRP of MPC in this study. This was most

d+k+m

f+g+h+i++CDas DMSO
d+k+m
i L A
I 1 T 1 T 1
6 5 4 2 1 o]

Chemical shift / ppm

Figure 3: "H NMR spectra of PR30CD80P in DMF-d7/D,0 (A) and DMSO-dg/D,0 (B).
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likely due to a relatively smaller cross-sectional area of PMA
compared with PHEMA, leading to a lower inclusion com-
plexation stability of PMA-PPO-PEO-PPO-PMA with y-CDs
during the one-pot in situ ATRP of MPC [14].

GPC analysis further confirmed the unique structure of the
resultant y-CD-based PRs. As depicted in Figure 4, the molec-
ular weights were increased with the feed molar ratio of MPC to
PEP40M, and all samples exhibited a symmetrical and
unimodal GPC curve showing no free y-CD peak. Although
PMA was used as the outer hydrophobic segment to induce the
self-aggregation of the pentablock copolymers in aqueous solu-
tion, a multimodal molecular weight distribution (which usually
results from the addition of methacrylates to the polymers of
acrylates) was not shown in the GPC curves of the PR-based
multiblock copolymers [18,19]. Given that nearly the same
quantity of 5-8 y-CDs were left after the second ATRP (as
determined by '"H NMR), it is suggested that the one-pot
endcapping via the in situ ATRP of MPC using Cu(I)Br/
MegTREN as a catalyst successfully converted the y-CD/PMA-
PPO-PEO-PPO-PMA PPRs into the same conformational,
mechanically interlocked, PR-based multiblock copolymers.

T v T T T v T
16 18 20 22

Elution time / min

Figure 4: GPC curves of y-CD (A), PROCD30P (B), PR30CD30P (C),
PR30CD50P (D) and PR30CD8OP (E).

13C CP/MAS NMR and 2D NOESY NMR testing

Figure 5 shows the solid-state 13C CP/MAS NMR spectra of the
PEP100M15CD PPR sample and y-CDs. In line with previous
research [20], the less symmetric, cyclic conformations of
v-CDs in the uncomplexed crystalline state bring about its spec-
trum with multiple, clear C1, C4 and C6 resonance peaks. In the
test sample, PEP100M15CD, the corresponding carbon reveals
a single resonance peak together with the typical resonance
peaks from PMA. This clearly suggested that the y-CDs were
threaded in a head-to-head and tail-to-tail fashion onto the

Beilstein J. Org. Chem. 2015, 11, 2267-2277.

PMA-PPO-PEO-PPO-PMA chain. This offered direct evidence,
confirming the self-assembly of y-CDs with PMA-PPO-PEO-
PPO-PMA to give rise to PPRs.

C2,C3,C5

T T T T T T
180 160 140 120 100 80 60 40 20 o
ppm

Figure 5: 13C CP/MAS NMR spectra of PEP100M15CD (A) and
y-CD (B).

To further confirm the inclusion complexation structure of
v-CDs with the pentablock copolymers and the preferential
location of y-CDs on the different segments after the second in
situ ATRP, 2D 'H NOESY NMR measurements were carried
out on the PR sample PR30CD80P (Figure 6). Consistent with
TH NMR and GPC analyses, the correlation of peaks between
the interior protons of y-CDs (CD3 and CDs) and those of MA
(by), PPO (m, p, q) and PEO (r) clearly indicated that host
y-CDs remained for inclusion of the guest pentablock
copolymer chain after the one-pot ATRP of MPC. Because this
spectrum was taken in DMSO-d¢/D,0, the entrapped y-CDs
showed no bias to be located along a particular segment of the
PMA-PPO-PEO-PPO-PMA chain.

FTIR measurements

The FTIR spectra of the PPR and PR samples and their precur-
sors are depicted in Figure 7. The peaks at 1235, 1088 and
788 cm™ ! are attributed to the stretching vibrations of O—P—O,
C-N-C and P-O-C in MPC repeat units, respectively [21]. The
wider absorption peak at 584 cm™! (as compared with the
uncomplexed y-CD) and the characteristic peak at 1028 cm™!
were visible in the spectra of both PEP100M15CD and
PR30CD80P, while the -CH,— vibration absorption peak of
PEO at 1350 cm™ ! disappears in the spectrum of
PEP100M15CD. This is due to the restricting and shielding
effects from the inner cavity of y-CDs against the vibration of
the corresponding chemical bond [22]. This confirmed that the
PMPC segments were successfully attached to two ends of the
pentablock polymer to convert y-CD/PMA-PPO-PEO-PPO-
PMA PPRs into the PR-based multiblock copolymers [14,23].
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Chemical shift / ppn

Figure 6: 2D NOESY NMR spectrum of PR30CD80P in DMSO-dg/D,0.
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1800 1600 1400 1200 1000 800 600
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Figure 7: FTIR spectra of PEP100M (A), PEP100M15CD (B),
PROCD30P (C), PR30CD80P (D) and y-CD (E).

Thermal analysis

TGA analysis was carried out to further confirm the structure of
the PPRs. As shown in Figure 8, the free y-CD began to decom-
pose at about 300 °C and the PEP100M at around 325 °C.

T T T T T 5.3
3.0 2.6 2.0 1.6 1.0 0.5 0.0

Chemical shift / ppm

Unlike either the pure y-CD or PEP100M, the PEP100M10CD
and PEP100M30CD samples underwent a two-step, thermal de-
gradation process. The thermal weight loss at about 275 °C and
350 °C is attributed to the decomposition of y-CD and the
pentablock polymer chain, respectively. The pentablock copoly-
mers were substantially stabilized by the formation of PPRs.
Meanwhile, PEP15CD presented an additional thermal weight
loss component starting at about 200 °C, possibly due to the
decomposition of 2-bromoisobutyryl ends of the BrPEPBr in a
U-shape [13]. Compared with the thermal decomposition of
y-CD, the PPR samples (including PEP15CD) displayed shifted,
v-CD-related thermal decomposition towards lower tempera-
ture. This was likely due to the differing architecture of the
PPRs self-assembled from PMA-PPO-PEO-PPO-PMA with the
varying amount of y-CDs [10-12].

The DSC measurements of PPRs and PRs were also conducted
in this study. As shown in Figure 9, BrPEPBr reveals an
endothermic peak at 51.8 °C, corresponding to the melting point
of the PEO crystalline phase. As for PEP100M, a lower melting
point appeared at 41.8 °C, due to the interference of the PMA
blocks attaching to the two ends of PPO-PEO-PPO. However,
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Figure 8: TGA curves of PEP100M (A), y-CD (B), PEP15CD (C),
PEP100M10CD (D), PEP100M15CD (E) and PEP100M30CD (F).

compared with the macroinitiator, the penta-block copolymer
and pure y-CD, the PEP100M15CD and other PPR samples
exhibited no endothermic peak in the range from 20 to 100 °C.
This clearly indicated that the entrapped y-CDs restrict the
central PEO segment from aggregating to form the crystalline
phase [24]. The neat pentablock copolymer PROCD30P gave
rise to an endothermic peak for PEO at 44.2 °C. At the same
time, weak endothermic peaks at 38.6°C and 37.9°C were
observed in two PR samples, PR30CD50P and PR30CDS80P,
respectively. Given that nearly the same amount of y-CDs were
left on the polymer chain after the second in situ ATRP, the DP
of PMPC segments seemed to exert little effect on the crys-
talline behavior of the central PEO segment in the PR-based
multiblock copolymers. The occurrence of broad, weak
endothermic peaks in PR30CDS50P and PR30CD80P suggested
that the remaining y-CDs were randomly distributed along the
pentablock copolymer chain after endcapping via the one-pot
ATRP of MPC.

Conclusion

Novel PPRs were synthesized in high yield from the self-
assembly of y-CDs with PMA-PPO-PEO-PPO-PMAs. It was
found that at a lower y-CD feed ratio, the central PEO segment
was preferentially bent to pass through the cavity of y-CDs to
construct double-chain-stranded tight-fit PPRs. By further
increasing the feed ratio, the added y-CDs began to include the
PMA segments and move over them in a randomly distributed
manner along the pentablock copolymer chain to give rise to
single-chain-stranded loose-fit PPRs. Moreover, these single-
chain-stranded loose-fit PPRs were endcapped via the second in
situ ATRP of MPC into the same conformational PR-based
multiblock copolymers. The PPR and PR supramolecular poly-
mers show potential as dynamic-responsive materials, carriers

for controlled drug release, biosensors and catalysts.
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Figure 9: BrPEPBr (A), PEP15CD (B), PEP100M (C), PEP100M15CD
(D), PROCD30P (E), PR30CD50P (F), PR30CD8OP (G) and y-CD (H).

Experimental

Materials

PPO-PEO-PPO with a central block of 90 PEO units and two
flank blocks of 5 PPO units was supplied by Zhejiang Huangma
Chemical Industry Group Co., Ltd., China. The average molec-
ular weight (M) is 4580 g/mol. Methyl acrylate (MA) was
purchased from J&K Company, China, and was used after
removal of inhibitors. Both 2-bromoisobutyryl bromide (BIBB)
and N,N,N’,N”,N’-pentamethyldiethylenetriamine (PMDETA)
were available from Sigma-Aldrich, USA. y-Cyclodextrin
(y-CD) and 4-dimethylaminopyridine (DMAP) were supplied
by TCI, Japan. Triethylamine (TEA) was purchased from VAS
Chemical Reagents Company, China and refluxed with p-tolu-
enesulfonyl chloride and distilled. 2-Methacryloyloxyethyl
phosphorylcholine (MPC) was supplied by Joy Nature, China
and used as received. Tris(2-(dimethylamino)ethyl)amine
(MesTREN) was obtained from Alfa Aesar, USA. Copper(I)
chloride (Cu(I)Cl) and copper(I) bromide (Cu(I)Br) were puri-
fied by stirring in hydrochloric acid and acetic acid, respective-
ly, and washed with deionized water, methanol, and ether, then
finally dried and then stored under a nitrogen atmosphere.
CH,Cl, was stirred with CaH, and distilled before use. All
other solvents and reagents were of analytical grade.

Synthesis of macroinitiator (BrPEPBr)

The macroinitiator was prepared as follows. PPO-PEO-PPO
(2 mmol, 9.16 g) was dissolved in 20 mL CH,Cl, in a 100 mL
round-bottom three-necked flask. Thereafter, DMAP (4 mmol,
488 mg) and TEA (4 mmol, 404 mg) dissolved in 10 mL
CH;Cl, was added. 15 mL of CH,Cl, containing 1.84 g
2-bromoisobutyryl bromide (8 mmol) was then slowly added to
the mixture over 2 h at 0 °C under nitrogen atmosphere. There-
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after, the reaction continued for another 24 h at room tempera-
ture. The mixture was dissolved in THF and filtered three times
to remove the ammonium salt. Finally, the crude product was
precipitated in 500 mL anhydrous ether at 5 °C and then dried
under vacuum to give a yield of 81.5%.

Synthesis of PMA-PPO-PEO-PPO-PMA via

ATRP

A strategy for the preparation of pentablock copolymer PMA-
PPO-PEO-PPO-PMA with a feed molar ratio of BrPEPBr/MA
equal to 1:100 was as follows. BrPEPBr (0.2 mmol, 0.976 g)
was dissolved in 8 mL of DMF in a sealable Pyrex reactor.
Subsequently, 1.72 g MA (20 mmol) and 0.138 g PMDETA
(0.8 mmol) were added to the mixture and then quenched in
liquid nitrogen. Before 79.2 mg CuCl (0.8 mmol) was added,
the system was degassed with three freeze—vacuum-—thaw cycles
and purged with nitrogen. Then the reactor was sealed under
vacuum and the polymerization started under stirring for 48 h at
room temperature. Afterwards, the whole content was dissolved
in THF and passed over a basic alumina column to remove the
Cu salts. Finally, the crude product was precipitated in anhy-
drous ether and dried under vacuum.

Preparation of BrPEPBr-y-CD PPR
The saturated aqueous solution of y-CD (486 mg, 0.375 mmol)

was added to 2 mL of an aqueous solution of BrPEPBr
(0.025 mmol, 122 mg,) under vigorous stirring, followed by
stirring at 25 °C for 1 h at room temperature. A white PPR
slurry was formed as a result of the self-assembly of y-CDs with
the macroinitiator. After washing with a small amount of water,
white powder products were obtained by freeze-drying after

centrifugation.

Preparation of PMA-PPO-PEO-PPO-PMA-y-

CD PPRs

A protocol for the synthesis of PPRs via the self-assembly of
PMA-PPO-PEO-PPO-PMA with y-CDs (maintaining a feed
molar ratio of PEP100M/y-CD at 1:10) was as follows. The
saturated aqueous solution of 0.26 g y-CDs (0.2 mmol) was
added to a 1 mL aqueous solution of 0.19 g PEP100M
(0.02 mmol). The mixture was stirred for 1 h at room tempera-
ture, followed by storage at 6-8 °C in a refrigerator for 24 h. A
white gel was formed as a result of the self-assembly of y-CDs
and pentablock copolymer. The gel was washed three times
with distilled water and freeze dried to get the PPRs powder
products.

One-pot preparation of PRs

A protocol for the one-pot synthesis of PRs by endcapping
PPRs via the second in situ ATRP of MPC was as follows. In a
sealable Pyrex reactor, the mixture of 0.135 g of PEP40M

Beilstein J. Org. Chem. 2015, 11, 2267-2277.

(0.02 mmol) and 0.778 g of y-CDs (0.6 mmol) in 3 mL water
was stirred for 24 h at room temperature. The predetermined
amount of MPC and 0.0184 g of MegTREN (0.08 mmol) were
added to the resulting suspension of PPRs and then quenched in
liquid nitrogen. After the system was degassed with seven
freeze—vacuum-thaw cycles and purged with nitrogen, 11.5 mg
of CuBr (0.8 mmol) was quickly added. The reactor was sealed
under vacuum and the reaction was maintained for 60 h at room
temperature. After breaking the reactor, the product was
dissolved in DMSO/H,0 (1:1 v/v) and dialyzed against distilled
water using a cellulose membrane (MWCO 3500) for 10 days,
changing the water every 6 h, and then freeze dried.

Measurements

TH NMR spectra were obtained from a Bruker ARX 400 MHz
spectrometer at room temperature with tetramethylsilane (TMS)
as the internal standard. The GPC analysis was conducted with
a HLC-8320GPC (TOSOH, Japan) instrument at 30 °C at a
flow rate of 0.3 mL/min. The solid-state '3C CP/MAS NMR
measurements were carried out at 75 MHz with a spinning rate
of 5 kHz at room temperature using a Bruker AV-300 NMR
spectrometer. The chemical shifts were referred to an external
adamantane standard. Wide angle X-ray diffraction (WXRD)
patterns were recorded on a Shimadzu XD-D1 X-ray diffrac-
tometer with Ni-filtered Cu Ka (1.54 A) radiation (20 kV,
40 mA). Powder samples were scanned from 20 = 4.5-60° at a
speed of 5°/min. FTIR spectra were measured using a Shimadzu
IR Prestige-21 FTIR spectrometer at room temperature using
the KBr pellet method. TGA analysis was performed with using
a TA SDT 2960 instrument at a heating rate of 10 °C/min from
room temperature to 500 °C in a nitrogen atmosphere. DSC
measurements were measured on a SHIMADZU DSC-60
differential scanning calorimeter with a scanning temperature
range from 20-80 °C at a scanning rate of 10 °C/min. The trans-
mission electron microscopy image was observed using a JEM
1200EX (JEOL) transmission electron microscope operating at
120 KV.

Supporting Information

The Supporting Information File 1 contains 'H NMR
spectra of BrPEPBr and PEP100M, GPC curves of
BrPEPBr, PEP40M, PEP60M and PEP100M, TEM image
of PMA-PPO-PEO-PPO-PMA in water and 'H NMR
spectra of PROCD30P.

Supporting Information File 1

Additional experimental data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-247-S1.pdf]
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Abstract

Cyclodextrins (CDs) have been extensively utilized as host molecules to enhance the solubility, stability and bioavailability of
hydrophobic drug molecules through the formation of inclusion complexes. It was previously reported that the use of co-solvents in
such studies may result in ternary (host:guest:co-solvent) complex formation. The objective of this work was to investigate the
effect of ethanol as a co-solvent on the inclusion complex formation between a-mangostin (a-MGS) and B-CD, using both experi-
mental and theoretical studies. Experimental phase-solubility studies were carried out in order to assess complex formation, with
the mechanism of association being probed using a mathematical model. It was found that a-MGS was poorly soluble at low
ethanol concentrations (0—10% v/v), but higher concentrations (10—40% v/v) resulted in better a-MGS solubility at all B-CD
concentrations studied (0—10 mM). From the equilibrium constant calculation, the inclusion complex is still a binary complex (1:1),
even in the presence of ethanol. The results from our theoretical study confirm that the binding mode is binary complex and the
presence of ethanol as co-solvent enhances the solubility of a-MGS with some effects on the binding affinity with $-CD, depending

on the concentration employed.
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Introduction

Solubilization of otherwise poorly soluble drugs under physio-
logical conditions to improve their bioavailability is chal-
lenging, and a requirement for the design and development of
effective formulations. There are several ways to favorably
enhance the solubility of poorly soluble drugs which include
micronization, chemical modification, pH adjustment,
complexation [1], co-solvent addition [2-8] and surfactant
addition [9]. Complexation is one of the most utilized
methods for enhancing the solubility of poorly soluble drugs.
Cyclodextrins (CDs) are well-known macrocyclic oligo-
saccharides that are produced by enzymatic degradation of
starch. CDs consist of 6, 7 and 8 a-D-glucopyranose units and
are depicted as a-CD, B-CD and y-CD, respectively. CDs are
able to bind non-polar molecules, including poorly soluble
drugs, in their hydrophobic cavities to form binary inclusion
complexes [10-12]. Inclusion of the drug can result in its
enhanced solubility, dissolution rate, bioavailability, and
stability (in comparison to the free drug), with controlled
release also being possible [13-16]. In addition, co-solvent addi-
tion is a well-established method for increasing the equilibrium
solubility of non-polar drugs. Recent studies combining
co-solvent addition with complexation [2,3,6] have demon-
strated that the thermodynamics underlying the interactions
between host—guest molecules can be significantly changed in
these instances. In these cases, the co-solvent can also occupy
the CD cavity in conjunction with the guest (drug) molecules to
form CD/guest/co-solvent ternary complexes. In other studies,
the co-solvent has been shown to compete with the drug mole-
cules for the entry into the CD cavity, with the result of lower
drug loadings (inclusion of drug molecules) in the system.
Besides, the co-solvent effect was found as a factor that control
anion affinity and selectivity of a neutral anion receptor,
bis(cyclopeptide) [17].

Molecular dynamics (MD) simulations can give important
insights into the energetics of structural interactions. The
hydrated structure of B-CD in aqueous solution [18] and those
showing host—guest interactions between the $-CD structure
and guest molecules in its inclusion compounds have been
reported [19-21]. Moreover, MD simulations of 3-CD in water
and ethanol mixtures have been performed to investigate the
orientation of the co-solvent in the hydrophobic cavity of the
B-CD [22]. Recently, Biedermann et al. [23] reviewed the
hydrophobic effect of supramolecular complexes from MD
simulation studies and emphasized that the non-covalent
driving force of high-energy water in the cavity of cyclodex-
trins, cyclophanes and cucurbiturils was an essential factor for
complexation with the guest molecule. MD simulations are
therefore a useful technique providing details of the molecular

interactions of structural components in different environments
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(e.g., water or water/co-solvent mixtures) which are often en-

countered in formulations.

In our previous work [24], the preliminary results of phase
solidities of the inclusion complex in ethanol and methanol
were reported but the co-solvation effects was not clearly stated.
Hence, to fulfill the understanding of such effects, further
details of the solvation effects are presented in this work. We
experimentally and theoretically study the influence of ethanol
as a co-solvent on the complex formation between a-mangostin
(a-MGS) and B-CD. Phase solubility studies were carried out in
order to assess the formation of those complexes at various
B-CD concentrations, with ethanol as a co-solvent. A simple
mathematical model was then applied to explain the solubility
of a-MGS influenced by the presence of B-CD and ethanol. MD
simulations were performed to quantify the strength of inclu-
sion complex formation in terms of binding energy, hydrogen
bonding interactions, and displacement analysis.

Materials and methods

Experimental study

Chemicals and reagents

a-Mangostin (purity >90%), isolated from mangosteen pericarp,
was obtained from Honsea Sunshine Biotech Co., Ltd.
(Guangzhou, China). The a-mangostin reference standard
(>98% purity) was obtained from Sigma-Aldrich (USA). f-CD
(Cavamax® W7, pharmaceutical grade, purity >98%) was
obtained from Wacker Chemie AG (Bangkok, Thailand). Acetic
acid, ethanol, methanol, and acetonitrile were of analytical
grade and supplied by Carlo Erba (Rome, Italy). Deionized (DI)
water was produced using a Milli-Q Plus system (Millipore,

Schwalbach, Germany).

Phase solubility

The phase solubility study was conducted using the Higuchi and
Connors method (Higuchi and Connors, 1965). Briefly,
a-mangostin (2 g, excess) was added into gas-tight vials
containing both B-CD and ethanol. The concentration of 3-CD
(0 to 10 mM), and ethanol (0 to 40% v/v) was varied in each
vial such that a series was produced. The gas-tight vials were
shaken using a shaking incubator (Vision Scientific Co., Ltd.,
Korean) at 25 °C for 48 h to ensure equilibrium was reached.
The samples were then passed through a 0.45 pm Nylon filter,
and the concentration of dissolved a-mangostin was deter-
mined by high-performance liquid chromatography, HPLC,
(Waters, model €2695, USA) using the following method. The
photodiode array (PDA) detector was set to monitor at a Apay of
320 nm. The chromatographic separation was performed at
25 °C using a Cyg column (Waters, 250 mm x 4.6 mm, 5 pm).
The eluents were composed of 1% acetic acid in DI water as a
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mobile phase A, and methanol as mobile phase B. The isocratic
steps of A and B were set at 10% and 90%, respectively, for
15 min with a total flow rate of 1 mL/min. Sample injection
volume was 10 pL. The calibration curve was made at concen-
trations ranging from 0.001 to 0.1 mg/mL. All samples were
prepared in triplicate.

The total drug solubility in the presence of both co-solvent and
CD was determined according to Equation 1:

[Dyo ] = [D] + [DL] + [DLC] 0

where [Dy] is the total solubility of the drug, [D] is the concen-
tration of the free drug, [DL] is the concentration of the binary
complex, and [DLC] is the concentration of the ternary com-
plex.

According to Equation 2, the concentration of the free drug,
[D], can be calculated based on the assumption that
complexation has a negligible effect on the amount of free drug.
The logarithm of the drug solubility increases linearly with the
concentration of co-solvent as described in Equation 3 and
co-solvent solubilizing power (o), the slope of this linear func-
tion, depends upon the polarity of both the solute and the
solvent.

[D]=[D,] x 10°L @

log[D] = log [Du] + G[C] 3)

D, represents the intrinsic drug solubility, o is the co-solvent
solubilizing power and [C] is the co-solvent concentration.

The concentration of the a-MGS/B-CD binary complex [DL] is
directly related to the concentration of free a-MGS [D], the
concentration of B-CD, and the apparent binary complexation
constant, K,?PP, which can be determined according to Equa-
tion 4.

[DL] =& [D][L] @

Furthermore, the apparent binary complexation constant, K,?PP,
has an association with the co-solvent concentration [C], the
intrinsic complexation constant, K™, and co-solvent destabi-
lizing power for the binary complex, py, and can be determined
according to Equation 5.

Beilstein J. Org. Chem. 2015, 11, 2306-2317.

KPP = kit 1070LC] )

The concentration of the a-MGS/B-CD/ethanol ternary com-
plex [DLC] is related to the concentration of free a-MGS [D],
the concentration of B-CD [L], the co-solvent concentration [C]
and the apparent ternary complexation constant, K?PP, as shown

in Equation 6.
[pLe] =& [D][L][C] ©

K{®PP has a correlation with co-solvent destabilizing power for
the ternary complex (p;), the intrinsic ternary complexation
constant (Kti“t) and the concentration of co-solvent [C], as
defined in Equation 7.

kP —gint  197[C] ()

From Equation 1, the expression for total solubility of drug
[Dyot] in the presence of both co-solvent and complexation can
be rearranged and expressed as in Equation 8.

[Diot] :{[Du]x 10"[C]}
+ {[Du]{[L]K{;m «10(7Pb )[C]}} o
+{[Du]{[L][C]K§m «10(5Pt )[c]}}

Theoretical study

Structural preparation for MD simulation

The initial geometry of -CD was obtained from the PDB data-
bank (3C6G), while the a-MGS structure was extracted from
the International Union of Crystallography (KP2293) database,
see Figure 1. According to the ChemAxon method [25-27], the
calculated pK, of three hydroxy groups are 7.4 (06), 7.8 (03),
and 8.2 (O5). For that reason, the a-mangostin was considered
as neutral molecule in the MD simulation (pH 7). Parameters
for the B-CD were applied using the Glycam-06 force field
while the atomic charges and parameters for a-MGS were
derived using a restrained electrostatic potential (RESP) charge-
fitting procedure as described in the previous studies [28-31].
Details of atom types and partial atomic charges of a-mangostin
are enclosed in Supporting Information File 1 (Table S1). The
RESP was calculated at the HF/6-31G(d) level of theory using
Gaussian 09 [32]. The hydrogen atoms added by the Leap
module were minimized by 1000 steps of steepest descent, and

followed by 2000 steps of conjugated gradients to remove bad
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Figure 1: Schematic views of a) B-CD and b) a-mangostin (a-MGS) geometries.

contacts. Then, the relaxed inclusion complexes were solvated
by the TIP3P water molecules with a set distance of 15 A from
the system surface. In aqueous solvation, the system consists of
3,100 water molecules within a 45.0 x 45.0 x 45.0 A3 truncated
periodic box. The periodic box size was kept constant for the
inclusion complex at all ethanol (EtOH) concentrations (% v/v).
Following this, the solvation molecules were added to the solva-
tion box using the PACKMOL package [33]. The number of

water and ethanol molecules is given in Table 1.

Table 1: Number of co-solvent molecules in the six simulation
systems.

System No. of water No. of EtOH
Water 3,100 -

5% viv EtOH 2,945 48

15% viv EtOH 2,635 144

30% v/v EtOH 2,170 287

60% v/v EtOH 1,240 574

EtOH - 957

Details of molecular dynamics simulations

In the present study, all MD simulations were performed using
the SANDER module of the Amberl0 software package in
accordance with the recently reported MD simulations of
flavonoid/B-CD inclusion complexes in water [34,35]. The
particle-mesh Ewald method with a cut-off distance of 12 A
was employed. The integration time step was 2 fs and the
SHAKE algorithm was applied to constrain all bonds attached
to hydrogen atoms. Prior to heating, the solvent molecules were
only minimized using 3,500 steps of conjugated gradients. The
whole system was then heated to 300 K within the 500 steps of
relaxation time using the Canonical Ensemble (NVT) algorithm
at constant volume up to 1 g/mL of water density. Finally, the
MD simulations were performed at 1 atm and 300 K for 20 ns.

The structural dynamics over simulation time were monitored
by root mean square displacement (RMSD). The orientation and

solvation of a-MGS occupying the B-CD cavity were investi-

gated in terms of structural properties, and the radial distribu-
tion function (RDF). The hydrogen bond interactions between
a-MGS and B-CD molecules were analyzed using the criteria of
(1) distance between the hydrogen donor and acceptor atoms
being <3.5 A; and (ii) the angle of the donor-hydrogen-acceptor
being >120° [36].

Binding free energy calculations
Herein, the binding free energies of a-MGS/B-CD complex
were calculated as follows. The AG is defined by

AGyyg = G¥MOS/B-CD _ Ga-MGS _GB-CD (g

where each free energy is estimated from

solv

~TAS (10)

The gas phase energy, AEyN, 1S @ summation of bonded and
non-bonded (electrostatic and van der Waals (vdW)) energies
obtained from molecular mechanics calculation. The AGy)y is
solvation free energy. In general, there are several methods for
AGgo1y prediction. Some methods calculate the AGgqpy using
implicit solvent models such as Generalized Born (GB) [37,38],
Poisson—-Boltzmann (PB) [39,40] and Reference Interaction Site
Model (RISM) [41]. Meanwhile, the other methods such as
linear interaction energy (LIE) [42-44] and linear response
approximation (LRA) [45-47] calculate the AGgo}y based on a
modified linear response to treat electrostatic interactions with
an empirical term treating the dispersion interactions. In this
work, the AG,}, was considered as polar and non-polar solva-
tion terms. The polar solvation term is evaluated from the
Poisson—Boltzmann (PB) solvation method which is success-
fully applied in other biological systems [29,34,35,48]. The
non-polar contribution is calculated by the solvent-assessable
surface area (SASA) as

AG( ) =v- SASA

(11

non—polar
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Where y was set as 0.0072 kcal/(mol/A?) [49]. The 7S term is a
solute entropy contribution arising from changes in degrees of
freedom (translation, rotation and vibration) of the molecule
which can be estimated using the NMODE module in Amber10.

Results and Discussion

Experimental results

Phase solubility results

In this study, the phase solubility method was chosen to investi-
gate the complexation of a-MGS and B-CD in the presence of
ethanol [50]. The stoichiometry and formation constant (the
equilibrium constant, K,?PP) can be obtained from phase solu-
bility diagrams constructed by assessing the effect of the CD
concentration on the apparent solubility of a-MGS. Figure 2
shows the a-MGS solubility increasing exponentially with
ethanol concentration, as described in Equation 2. The
co-solvent solubilizing power (o, 0.36 M) was determined by
plotting the logarithm of the a-MGS solubility against
co-solvent concentration. The intrinsic solubility (D,) of
0-MGS was determined to be 0.74 mM.

In the absence of ethanol, the solubility of a-MGS increases
linearly with increasing $-CD concentration, up to 10 mM. The
phase solubility profile can be considered to be of the Ay type
[50] with a 1:1 B-CD and a-MGS stoichiometry as evident from
the phase solubility diagram. In the absence of co-solvent, K,?PP
was equal to Kbim (910.91 M 1) and was calculated from the
slope and y-intercept of the phase solubility profile.

According to Figure 3, the a-MGS solubility shows a linear
correlation with the B-CD concentration. From considering the

0.60
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slope of the curve at various ethanol concentrations, it can be
concluded that the solubility of a-MGS in the media containing
0.5% ethanol (% v/v) is higher than the solubility of a-MGS in
pure water. This may be due to the ethanol concentration of
0.5% being not sufficient to promote ternary inclusion complex
(a-MGS/B-CD/ethanol) formation. Moreover, the solubility of
a-MGS decreases with increasing ethanol concentration (0.5 to
10% v/v) as a consequence of the competitive binding of
ethanol to the B-CD cavity as suggested from MD simulations
[22] and X-ray diffraction [51]. However, greater solubility of
a-MGS was observed over a concentration range of 20—40%
ethanol. The intrinsic ternary complexation constant, K™,
could be determined according to Equation 8, and subsequently
pp and p; were calculated using nonlinear regression and found
to be 0.27 and 0.22 M, respectively. The equilibrium constant
for binary complex formation (a-MGS/B-CD) was higher than
that for ternary complex formation (a-MGS/B-CD/ethanol)
(Table 2). Note that no ternary complex was formed for this
system. The apparent binary complexation constant, K,?PP, as a
function of ethanol concentration was calculated and high-
lighted in Table 3. A slight decrease in complexation constant
was found from 910 to 886 M™! as the ethanol concentration
increased. This suggests that the addition of ethanol results in
increased local polarity around the a-MGS molecule, resulting
in the preference for a-MGS to be located partially outside the
B-CD cavity.

Theoretical results

MD simulations were performed to investigate the effect of
solvent towards the orientation and stability of the binary
a-MGS/B-CD inclusion complex at the atomic level. Two

—— 10 mM

0.50

0.40

0.30

—e— 9 mM
——8 mM
——7mM
——6 mM
——5mM
——4 mM
——3 mM
—o—2mM

0.20

0.10

Solubility of a-mangostin (mM)

0.00

——1mM
——0.5mM
—=— 0.0 mM

Ethanol (% v/v)

Figure 2: Solubility of a-mangostin as a function of ethanol concentration for different 3-CD concentrations.
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0.5 % EtOH
0.0 % EtOH

mEOXR @O0 » D>

Concentration of B—cyclodextrin (mM)

Figure 3: Solubility of a-mangostin as a function of 3-CD for different ethanol concentrations.

Table 2: Estimation of solubilization parameters.

Parameters Values
Dy (mM) 0.74
oM™ 0.36
pp (M1 0.27
ot (M~ 0.22
Kpint (M=) 910.91
Kint (M~2) 1.61

Table 3: The apparent binary complexation constant, K,2PP, as a func-
tion of ethanol concentration.

Ethanol concentration (% v/v) Kp2PP (M~1)
0.0 911
0.5 911
5.0 908
10.0 905
20.0 898
30.0 892
40.0 886

conformations of inclusion complexes in water (complexes |
and II in Figure S1, Supporting Information File 1) were gener-
ated, and subjected to MD simulation for 20 ns. The results
implied that the displacement and mobility of the a-MGS
trapped within the hydrophobic cavity of f-CD was dependent
on interactions between the methoxy group presented on the

narrow rim of $-CD, and the 3-methylbut-2-enyl group on the

C-ring of a-MGS. Having a-MGS with its C ring located almost
outside the cavity (complex II) was a preferable arrangement.
On the other hand, in complex I, the secondary rim is wide
enough to support two functional groups of the C-ring. Even
though a-MGS has three hydroxy groups, no hydrogen bonding
between guest and host molecules was detected. Thus, electro-
static interactions may not be the key factor controlling the for-
mation of inclusion complexes; van der Waals interactions
could be more important. The MM-PBSA result in Table S2,
Supporting Information File 1, confirmed this assumption; the
main contribution for a-MGS inclusion arises from van der
Waals interactions (AE,qw) 7-8 fold higher than for electro-
static interactions (AEe). Through summation of the solvation
free energy (AGsoly) and the entropy term (7AS), the predicted
binding free energies (AGpinq) of the inclusion complexes I and
II are similar with values of —8.86 + 3.25 and —9.06 + 2.87 kcal/
mol, respectively. Thus, the steric effect of the a-MGS func-
tional groups influences only the inclusion geometry, but not
the binding energy. Further details for MD simulations of the
a-MGS/BCD inclusion complex in water solvation system
appear in Supporting Information File 1.

Solvation effect on the a-MGS/B-CD inclusion
complex

According to the above results, the complex II arrangement of
the inclusion complex in water showed slightly higher stability.
Hence, this complex was selected as the representative model,
and its last snapshot was used as the initial structure for further
investigations on the solvation effect by co-solvent on inclu-
sion complex formation. Five MD simulations of the inclusion

complex in aqueous solutions with different percentages of
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ethanol (5, 15, 30, 60 and 100% v/v) were studied for compari-

son with the experimental results.

System stability

Figure 4 highlights the RMSDs of a-MGS and B-CD for five
systems with increasing ethanol concentration, plotted versus
simulation time. Notably, the a-MGS inside the B-CD cavity
and the B-CD itself, showed more fluctuation when the ethanol
percentage was raised. Adding ethanol to the aqueous solution
induces greater mobility of both guest and host molecules in the
inclusion complex. For a relative comparison of these situa-
tions with the inclusion complex in pure water, trajectories
within the same range of the last 5 ns for the five systems

focused in Figure 4 were further considered.

Displacement of a-mangostin

The 0-MGS displacement analysis together with the last snap-
shot in Figure 5 evidently shows that at low ethanol concentra-
tions (5 and 15% v/v) a-MGS is preferentially positioned inside

Beilstein J. Org. Chem. 2015, 11, 2306-2317.

the hydrophobic cavity of B-CD, similar to that in water (Figure
S1, Supporting Information File 1). However, the xanthone core
structure of a-MGS is significantly shifted, relative to the com-
plex formed in pure water, through the center of the B-CD
cavity and thus only the A ring is partially located at the narrow
rim and the 3-methylbutenyl group occupies the cavity at
>30% v/v ethanol (Figure 5c—e). This situation consequently
leads to a weak hydrogen bond (H-bond) formation between the
hydroxy group (O°) on the A ring of 0-MGS and the primary
hydroxy group (O°) on the narrow edge of the B-CD (Table 4).
The H-bond strength showed an enhancement as a function of
alcohol concentration (% H-bond of 32, 60 and 77 for 30, 60
and 100% v/v ethanol, respectively), which likely promoted
electrostatic interactions between the a-MGS and f-CD mole-
cules (AE|e in Table 5). The data obtained also suggested that,
at high alcohol content >30% v/v, ethanol greatly stabilized the
hydrophobicity of aromatic ring outside the B-CD cavity as it
can be seen by the co-solvent accessibility towards the trapped
a-MGS (discussed below).

BCD —— aMGS
2.5 2.5 2.5 2.5 2.5
0, 0, 0, 0, 0,
20 a) 5 % EtOH 20 b) 15 % EtOH 20 c) 30 % EtOH B d) 60 % EtOH 0 e) 100 % EtOH
< 1.5 1.5 1.5 1.5 1.5
8" . . . . .
s 10 1.0 1.0 1.0 1.0
© o5 0.5 0.5 0.5 0.5
0.0 0.0 0.0 0.0! 0.0
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time (ns)

Figure 4: RMSD plots of B-CD (grey) and a-MGS (black) for the five systems with different ethanol percentages.
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Figure 5: Displacement of the A—C rings of a-MGS with respect to the B-CD center of gravity for five systems having different ethanol percentages
a) 5%, b) 15%, c) 30%, d) 60% and e) 100%. The last snapshot of each system is displayed above each graph.
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Table 4: Percentage of hydrogen bond (% H-bond) formed between
the hydroxy groups of a-MGS and the 3-CD molecules,
0P-H8(a-MGS)--08(B-CD), in six inclusion complexes.

System

water

5% viv EtOH
15% viv EtOH
30% v/v EtOH
60% v/v EtOH
EtOH

a(r)

a(r)

a(r)

a(r)

% H-bond

32
60
77

Ethanol molecules

Beilstein J. Org. Chem. 2015, 11, 2306-2317.

Radial distribution function analysis

To probe the influence of ethanol co-solvent towards a-MGS
occupation within the $-CD cavity, the radial distribution func-
tion (RDF or g;(r)) was used to monitor the solvation of water
and/or ethanol around the a-MGS in the formed inclusion
complexes. The g;;(r) was calculated as a function of the
ethanol or water oxygen atom j within a spherical radius of
from the a-MGS heteroatom (oxygen atom 7). The RDF results
of ethanol and water co-solvation are shown in the left and right
columns of Figure 6, respectively. The integration number, n(r),
of solvent molecules are presented in Table S3 of Supporting
Information File 1. RDFs of systems with pure water, and pure

Water molecules

a)

ARSYRes

Distance (A)

Figure 6: Radial distribution functions (RDF) of (a—d) ethanol, and (e—h) water molecules around the oxygen atoms of a-MGS on complexation with
B-CD at different ethanol percentages.
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ethanol solvation, are presented in Figure S2 of Supporting
Information File 1.

For the systems in water, and with low ethanol concentrations
(5 and 15% v/v EtOH), the xanthone ring of the a-MGS is
mostly localized within the B-CD cavity, with its functional
groups located close to the B-CD rims, as already discussed.
Thus, the sharp peaks of water molecules noticeably appear
around 2.2 A and 3.1 A of the 0%, O3, 0% and O atoms of the
a-MGS (see Figure 6), which represent the first and second
solvation shells with the numbers of solvated water molecules
ranked in order of O3 > 0% > 0* > O2. In contrast, no sharp
peak for ethanol solvation appeared within =3 A of all six
oxygen atoms of a-MGS, suggesting that only a very small
amount of ethanol was able to access the mostly entrapped
a-MGS at low alcohol concentrations.

At higher alcohol content (>30% v/v ethanol), the number of
water molecules in the first solvation shell around the
heteroatoms of a-MGS dramatically decreased, especially for
the O° and O? atoms. This is a result of partial displacement of
a-MGS from the B-CD cavity. When the percentage of ethanol
solvation increases, only the 3-methylbut-2-enyl group and a
portion of the A-ring are located inside the B-CD cavity, whilst
the B- and C-rings are almost completely displaced. For this
reason, O is shielded by the narrow rim of p-CD while O!, O3
and O* are exposed to solvent molecules (Figure 7). The first
solvation shell of ethanol at 60% v/v concentration appears
around 2 A from O3 of a-MGS, but the n(r) of ethanol mole-
cules (0.2) is lower than the n(r) of water molecules (0.4) for
the same shell as shown in Table S3 of Supporting Information
File 1. The number of solvated ethanol molecules increases in
the secondary solvation shell (=3 A) from O3, O! and O* atoms

a)

5% EtOH system

Beilstein J. Org. Chem. 2015, 11, 2306-2317.

with n(r) values of 2.2, 1.5 and 1.0, respectively. Compared to
the n(r) of water molecules in the secondary solvation shell of
03 (2.5), it is conceivable that, in instances of co-solvation, a
lower degree of water solvation is well compensated by the
higher accessibility of ethanol molecules to the a-MGS
heteroatoms in the secondary solvation shell. It is worth noting
that the O3 atom is the most attractive site for solvation mole-
cules because water and ethanol molecules always solvate
around 2 A from O3, compared to other oxygen atoms in
a-MGS.

Binding energy analysis

Based on the MM-PBSA approach, the binding free energies of
the a-MGS/B-CD complexes at various EtOH concentrations
were predicted. The decomposition of free energy into additive
contributions has potential to provide relationship between
structure and binding affinity as well as the solvation effects.
Theoretical basis of solvation free energy decomposition and
the Free Energy Perturbation (FEP) formalism allowing addi-
tive for free-energy contributions arising from different types of
interaction were well defined by Bren et al. [52,53]. To eval-
uate the solvation effect in this work, the binding free energies
were decomposed in Table 5.

In line with the hydrogen bond analysis, the binding energy in
terms of electronic interactions (AE,,) significantly increased
from > —5 kcal/mol in pure water and low ethanol concentra-
tions to —8.69, —10.17 and —10.20 kcal/mol in 30, 60 and 100%
v/v ethanol. By contrast, the van der Waals energy contribution
(AE,4w) was reduced by =10-15 kcal/mol due to almost total
displacement of the a-MGS xanthone ring from the B-CD cavity
via the primary rim. However, the magnitude of AE.. was

lower than AE, 4w, which is known to be the main factor

b)

03
S
W ®

60% EtOH system

Figure 7: Snapshots of solvation around heteroatoms of a-MGS/B-CD for systems containing 5% and 60% v/v ethanol.
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Table 5: MM-PBSA binding free energies (kcal/mol) and their energy components for a-MGS/B-CD complexes at different EtOH concentrations.

EtOH concentration (% v/v)

0% 5%
AEg)e -461+267 -4.30+235
AE gw -37.04+1.93 -37.46 +2.55
AEmy (1) -4165+322 -41.76+3.59
AGpsoly -453+017 -4.49+0.21
AGpsoly 23.83+3.80 23.03+3.75
AGsop ) 19.30+3.72  18.54 + 3.64
AGpsoy * Eele 19.22+3.00 18.73+3.13
AGqsolv + Evaw -4157+210 -41.95+276
-TAS (3) 1329+272 13.00+2.73
AGping (1)+(2)+(3) -9.06+2.87 -10.21+2.84

governing the stability of CD inclusion complexes [35]. By
considering the solvation effect, we found that the presence of
ethanol molecules can enhance the solvation energy (AGy,p,) of
the inclusion complex, as seen by a reduction in AGgq)y at high
ethanol percentages. In contrast, the entropies of all systems
were likely similar (—7AS of =13 kcal/mol). After combining
the interaction energy (1), solvation (2) and entropy (3) terms,
the binding affinity of the a-MGS/B-CD complexation at
0-60% v/v ethanol almost steady at the range of —9.06 to
—8.90 kcal/mol. This is because increases in AEy are compro-
mised by a lowering of AG,y. Moreover, the inclusion com-
plex in pure ethanol is less stable than that in pure water, by
ca. 2 kcal/mol. By taken altogether, the addition of ethanol
mainly affects the displacement and solvation accessibility of
0-MGS in the inclusion complex, rather than its binding affinity
in term of the total binding free energy. These results are in line
with our experimental study where increasing the ethanol
percentage does not dramatically reduce the Ki,?PP of the binary
inclusion complex.

Conclusion

In this study the effect of water/ethanol co-solvation systems on
the formation of a-MGS/B-CD complexes has been investi-
gated. From experimental work, a mathematical model was
used to explain complex formation in relation to phase solu-
bility. From the equilibrium constant calculation it was found
that the inclusion complex is still a binary complex, even in the
presence of ethanol. When the ethanol concentration was higher
than 10% v/v, the solubility of a-MGS was enhanced. Besides,
increasing the ethanol concentration resulted in slight decreases
in the a-MGS/B-CD complexation constant. The MD simula-
tion results indicated that the dynamics property of a-MGS in
respect to the B-CD cavity axis, the solvent accessibility

towards the encapsulated a-MGS and the binding affinity of the

15% 30% 60% 100%
-499+3.07 -869+450 -10.17+435 -10.203.84
-36.14+253 -2836+443 -2698:4.10 -2239:%3.72
-4113+4.02 -37.05%5.77 -37.15:580 -32.58+5.41
-448+020 401031 -391:030 -3.540.32
22214410 1851357 1886+353  16.70+2.95
17.73£399 1450+3.42 1494339 1316275
17.22£3.17 9.83£33  868:3.19  6503.18
~40.62+2.73 -3237+474 -3089+4.40 -2593+4.04
12.88+292  13.04+244 1331310  12.46 + 251
-10.51+2.93 951319 -890+356 -6.96:3.14

inclusion complex depend on the ethanol concentrations. At
high ethanol concentrations (>30% v/v), the stability of the
hydrophobic aromatic ring of the a-MGS outside the inclusion
cavity was promoted resulting in a reduced binding interaction
but enhanced solubility of the a-MGS/B-CD inclusion complex.
As a compromise between those two factors, interaction energy
and solvation free energy, the total binding free energy of the
a-MGS/B-CD was slightly reduced when the ethanol percentage
was increased. In conclusion, the presence of ethanol enhances
the solubility of a-MGS and its inclusion complex, a-MGS/j-
CD, with effects on the binding affinity with B-CD being depen-
dent on the co-solvent concentration.

Supporting Information

Supporting Information File 1

Additional data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-251-S1.pdf]
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Abstract

Background: Emulsions stabilized by colloidal particles are known as Pickering emulsions. To date, soft microgel particles as well
as inorganic and organic particles have been utilized as Pickering emulsifiers. Although cyclodextrin (CD) works as an attractive
emulsion stabilizer through the formation of a CD—oil complex at the oil-water interface, a high concentration of CD is normally
required. Our research focuses on an effective Pickering emulsifier based on a soft colloidal CD polymer (CD nanogel) with a

unique surface-active property.

Results: CD nanogels were prepared by crosslinking heptakis(2,6-di-O-methyl)-B-cyclodextrin with phenyl diisocyanate and subse-
quent immersion of the resulting polymer in water. A dynamic light scattering study shows that primary CD nanogels with
30-50 nm diameter assemble into larger CD nanogels with 120 nm diameter by an increase in the concentration of CD nanogel
from 0.01 to 0.1 wt %. The CD nanogel has a surface-active property at the air—water interface, which reduces the surface tension
of water. The CD nanogel works as an effective Pickering emulsion stabilizer even at a low concentration (0.1 wt %), forming
stable oil-in-water emulsions through interfacial adsorption by the CD nanogels.

Conclusion: Soft CD nanogel particles adsorb at the oil-water interface with an effective coverage by forming a strong intercon-
nected network and form a stable Pickering emulsion. The adsorption property of CD nanogels on the droplet surface has great
potential to become new microcapsule building blocks with porous surfaces. These microcapsules may act as stimuli-responsive

nanocarriers and nanocontainers.
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Introduction

Pickering emulsions, which are emulsions stabilized by
colloidal particles instead of conventional low-molecular-
weight surfactants [1], are formed through the adsorption of
colloidal particles at an oil-water interface to give stable emul-
sion droplets. Particle adsorption, which depends on the wetta-
bility of the particles against the two fluids, is related to the

contact angle at the oil-water interface [2].

Although many reports have used inorganic [3,4] or organic
particles [5,6] as Pickering emulsifiers, soft microgels, which
are colloidal particles composed of swollen crosslinked poly-
mers, have recently been demonstrated as Pickering emulsifiers
with pH or thermo-responsive properties [7-9]. Such emulsions
have potential in pharmaceutical, food, and cosmetic products.
Moreover, emulsions stabilized by stimuli-responsive soft
microgels should be applicable as templates to fabricate func-
tional materials such as hollow permeable microcapsules. With
regard to biomedical and pharmaceutical fields, emulsifiers
derived from natural polymers such as saccharides are attrac-
tive compared to Pickering emulsifiers derived from synthetic
polymers.

Cyclodextrins (CDs) are cyclic oligosaccharides, which have
subnanometer-sized cavities where guest molecules with an
appropriate size and shape are incorporated [10]. CDs have
been reported to work as emulsion stabilizers [11-14]. Previous
studies have shown that CDs can form surface-active inclusion
complexes with oil molecules at the oil-water interfaces that
can stabilize emulsions, although they do not alter the surface
tension of water alone [15].

Only a few papers have reported Pickering emulsions stabilized
by CD inclusion complexes. For example, Inoue et al. prepared
oil-in-water (O/W) emulsions with a-, B- and y-CDs using an
n-alkane/water system [12]. They reported that the most stable
emulsion is formed by B-CD-oil complexes when the contact
angles are close to 90° at the oil-water interface. Davarpanah et
al. examined the relationship between the stability of O/W Pick-
ering emulsions formed through complexation of B-CD with
select oil solvents and the interfacial tension at the oil-water
interface [13]. Mathapa et al. described the effect of the particle
size formed with the CD—oil complex on the stability of the
Pickering emulsion [14]. They also reported that “CD colloido-
somes” composed of the CD—oil complexes microparticles can
be formed by an emulsion template and subsequent core oil
removal. These previous works have been limited to preparing
Pickering emulsions via the formation of CD—oil complexes at
the oil-water interface. Thus, emulsion formation requires a
high concentration of CDs and depends on the type of oil

solvent.
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Our research focuses on a new class of Pickering emulsifiers
based on nanometer-sized hydrogel nanoparticles composed of
crosslinked CD polymers (hereafter CD nanogels), which have
a surface-active property and form stable emulsions at the oil-
water interface. Reports on CD nanogels have been increasing
in terms of drug delivery systems using the nanoporous cavities
of the CDs and hydrogel networks, which can effectively store
and release molecules [16,17]. However, to the best of our
knowledge, the use of CD nanogels as Pickering emulsifiers has
yet to be reported.

We have previously reported urethane-crosslinked CD poly-
mers, which were prepared by reacting heptakis(2,6-di-O-
methyl)-B-cyclodextrins (DM-B-CDs) with aromatic diiso-
cyanates such as 4,4’-methylenebis(phenyl isocyanate) (MDI)
and 1,4-phenylene diisocyanate (PDI) [18]. Although MDI- or
PDI-crosslinked DM-B-CD polymers bearing a [MDI or
PDI]/[DM-B-CD] feed ratio of more than three has a lipophilic
nature, they show a poor hydrophilicity. Controlling the degree
of crosslinking should provide an appropriate balance between
the hydrophilicity and hydrophobicity, generating an
amphiphilic crosslinked CD polymer, which can be dispersed in
water as well as in nonpolar solvents. This amphiphilic polymer
should realize water-swellable hydrogel nanoparticles
containing CDs (CD nanogels). In this paper, we describe the
preparation of Pickering emulsions using CD nanogels
composed of crosslinked DM-B-CD polymers in water.

Results and Discussion
Preparation and characterization of the CD
nanogels

Nanometer-sized CD nanogels were prepared by crosslinking
DM-B-CD with PDI and subsequent immersion of the resulting
polymers in water (Figure 1). The crosslinking reaction was
performed at 70 °C for 24 h (the crosslinker/DM-B-CD feed
ratio = 3/1). The resulting crosslinked DM-B-CD/PDI polymer
is water soluble. The polymer product was purified by dialysis

(molecular weight cut off = 10,000) against water.

A powder of the DM-B-CD/PDI polymer obtained by freeze-
drying was easily redispersed in water with the aid of ultrasoni-
cation. Previously, we prepared a urethane-crosslinked DM-f3-
CD/PDI polymer at a higher crosslinker/DM-B-CD feed ratio
(>5.0). The resulting polymer forms a submicrometer-sized
particle and does not disperse in water [18]. These results reveal
that controlling the crosslinking degree gives a polymer with a
good colloidal stability in water.

Figure 2 shows the 'H NMR spectra of the DM-B-CD/PDI
polymer and DM-B-CD. The peaks of the DM-B-CD and 1,4-
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Figure 1: (A) Chemical structure and (B) schematic illustration of DM-B-CD/PDI polymer.
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Figure 2: "H NMR spectra of (A) DM-B-CD/PDI polymer and (B) DM-B-CD in (CD3)»SO.

phenylene dicarbamyl (PDC) segments are broadened due to the
restricted movement of the network linkage of the polymer. The
integral ratio of the peaks for the phenyl groups in PDC to the
peaks of Hy protons of DM-B-CD indicates that the PDC/DM-f-
CD ratio is two. The appearance of C=0 stretching bands from
urethane (1714 cm™!) in the FTIR spectrum (Supporting Infor-
mation File 1, Figure S1) confirms that a urethane-crosslinked
polymer is formed. In addition, a O—H stretching band at
3309 cm™! shows that free OH groups remain in the polymer.

The surface charge of the DM-B-CD/PDI polymer nanogels was
characterized by measuring the zeta potential of the aqueous

solution through electrophoretic analysis at various pH levels.
The zeta potential is approximately +2.0 to +4.0 mV for pH 5.0
to 9.0, suggesting that the nanogels have almost neutral surface
charges (Figure S2, Supporting Information File 1). Thus, the
following study was carried out using CD nanogel solutions
without pH control.

The hydrodynamic diameter and size distribution of the CD
nanogels were studied using dynamic light scattering (DLS).
Figure 3A shows the DLS data of CD nanogel obtained after
redispersion of the freeze-dried DM-B-CD/PDI polymer powder
in water. The concentration of the CD nanogel was adjusted to
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Figure 3: (A) Number-averaged particle size distributions of DM-B-CD/PDI nanogels measured by DLS at concentrations of 0.01 and 0.1 wt % in
water. (B) SEM image of DM-B-CD/PDI nanogels. Inset shows the magnified image.

0.01 and 0.1 wt %. At a 0.01 wt % concentration, a unimodal
size distribution occurs with a peak at 30 nm diameter. When
the concentration of the CD nanogel is increased to 0.1 wt %, a
bimodal size distribution is observed and the major peak shifts
from a 30 nm (at 0.01 wt %) to 50 nm (at 0.1 wt %) diameter,
and a new peak appears at 120 nm diameter. An increase in the
particle size of the primary CD nanogel and the appearance of a
new peak at a larger diameter (120 nm) may be due to the self-
assembly of the primary CD nanogels at 0.1 wt % concentra-

tion in water.

The scanning electron microscopy (SEM) measurement was
carried out in order to observe the self-assembled nanogel struc-
tures. Prior to the observation, the CD nanogel was immedi-
ately frozen, using liquid nitrogen, and freeze-dried. The diame-
ters of the spherical particles range from 50 to 100 nm
(Figure 3B), confirming the formation of self-assembled CD
nanogels in water. The transmission electron microscopy
(TEM) images demonstrate that the self-assembled CD
nanogels consist of primary CD nanogel cores (Figure S3,
Supporting Information File 1).

To investigate the surface activity of CD nanogels, the surface
tension of the aqueous solution was measured by the pendant
drop method. The surface tensions of the aqueous solutions of
DM-B-CD and the DM-B-CD/PDI nanogels at different concen-
trations are shown in Table 1 and Figure S4 (Supporting Infor-
mation File 1). The surface tension of the DM-B-CD/PDI
nanogel solution remarkably decreases when the concentration
increases in the range from 1.0 x 1073 to 4.0 x 1072 wt %, indi-
cating that the DM-B-CD/PDI nanogels have the ability to lower
surface tension through the adsorption at the air—water inter-
face. Then, the surface tension reaches a plateau, showing that
the nanogels self-aggregate in water. A critical aggregation
concentration (CAC) was estimated to be 4.0 x 1072 wt % from
the breakpoint of the surface tension vs concentration (on log-
scale) curve (Figure S4, Supporting Information File 1). Com-
parison of the surface tension between the DM--CD/PDI
nanogel solution and the DM-B-CD solution reveals that
DM-B-CD/PDI nanogels show a greater ability to lower
surface tension as compared to that of DM-B-CD in the concen-
tration range examined. Moreover, an aqueous solution
containing CD nanogels gradually becomes opaque as the CD

Table 1: Surface tensions of aqueous solutions of DM-3-CD/PDI nanogels and DM-B-CD at different concentrations.

DM-B-CD/PDI polymer

Concentration [wt %] Surface tension? [mN/m]

1.0x 1073 62.9
1.0 x 1072 56.8
5.0 x 1072 54.5
1.0 x 1071 54 .4
5.0 x 1071 54.2

DM-B-CD
sSDP Surface tension@ [mN/m] S.Db
2.3 64.4 0.90
0.5 62.4 1.6
0.8 58.5 0.9
1.2 57.5 0.8
1.1 56.1 0.6

aMeasured after allowing to stand for 1 h. PStandard deviation (S.D.) was calculated from the average of the runs.
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nanogel concentration increases (>0.1 wt %) possibly due to
self-aggregation.

Formation of Pickering emulsions

The DM-B-CD/PDI nanogel functions as a good Pickering
emulsifier when a mixture of the aqueous solution (0.1 wt %)
with either n-dodecane (Figure 4A) or toluene (Figure 4B) is
homogenized at 8000 rpm for 1 min. A milky emulsion phase is
produced after standing for 24 h when a 50:50 oil/aqueous
volume ratio (denote ®@,; = 0.5) is employed.

In each case, stable creaming is visually observed without
further phase separation where the lower phase is composed of
the CD nanogel aqueous solution. The drop test confirmed the
presence of an oil-in-water (denote O/W) emulsion. Upon
adding a drop of the emulsion to water, the emulsion disperses
well in water. The volume fraction of the emulsion phase was
investigated by monitoring the height of the upper oil, emul-
sion, and lower aqueous phases. When n-dodecane was used as
an oil phase, the volume fractions for the lower aqueous, emul-
sion, and the upper oil phases are 0.25, 0.69, and 0.06, respect-
ively (Figure 4A-2). In the case of toluene, the volume frac-
tions for the lower aqueous, emulsion, and the upper oil phases

oil phase

emulsion phase

aqueous phase

Beilstein J. Org. Chem. 2015, 11, 2355-2364.

are 0.29, 0.62, and 0.09, respectively (Figure 4B-2). These
results show a slight phase separation of the oil from the emul-
sion phase. It should be noted that reducing a volume ratio of
oil (D, = 0.3) does not result in a phase separation for either
oil (data not shown).

Optical microscopy observation confirmed the presence of
dispersed oil droplets for both O/W emulsions as shown in
Figure 4C (for n-dodecane) and 4D (for toluene). The emulsion
droplets are slightly larger for the n-dodecane (35 £ 10 pm)
compared to those of toluene (24 + 5.1 um). The mean droplet
sizes and the corresponding emulsion volume fraction should be
related to the Hansen solubility parameter of the oil [19].
Organic solvents possess a solubility parameter, which is mani-
fested from dispersion forces (34), polarity (3p), and hydrogen
bonding forces (8y,). Toluene has a relatively higher contribu-
tion in terms of 8, and &, compared to n-dodecane; these para-
meters may result in a higher affinity for the interface of toluene
and water compared to that of n-dodecane and water. Thus, the
droplet sizes are slightly smallerer for toluene than that of
n-dodecane [13], while the emulsion volume fraction, which is
correlated to the emulsion stability, is higher for n-dodecane
than that of toluene. Previous results on the effect of the oil type

Figure 4: (A,B) Digital photograhs of (1) the initial DM-B-CD/PDI nanogel (0.1 wt %) with (A) n-dodecane or (B) toluene added directly to the vial and
(2) the n-dodecane- or toluene-in-water emulsion stabilized by the DM-B-CD/PDI nanogel after standing for 24 h. Red dotted lines show oil phase
boundaries. (C,D) The corresponding optical microscope image for the (C) n-dodecane- or (D) toluene-in-water droplets stabilized with the DM-B-CD/

PDI nanogel.
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when preparing a Pickering emulsion have shown that a rela-
tively nonpolar oil favors the formation of an O/W type emul-
sion, while a polar oil favors the formation of a W/O type emul-
sion [20].

The stabilities of the n-dodecane- and toluene-in-water emul-
sions formed by the DM-B-CD/PDI nanogel were studied by
varying the CD nanogel concentration (Figure 5A,B). The rela-
tionship between the oil droplet diameter and the corres-
ponding CD nanogel concentrations (Figure 5C,D) was also
examined. In both oils, when the CD nanogel concentration
increases from 0.01 to 0.1 wt %, the emulsion phase volume
fractions increase, indicating that the Pickering emulsion
becomes more stable. In a concentration range from 0.05 to
0.1 wt %, the change in the emulsion volume fractions is negli-
gible for both oils, suggesting that 0.05 wt % concentration of
the CD nanogel is sufficient to inhibit coalescence of the emul-
sions. Therefore, the mean droplet diameters remain constant in
the concentration range from 0.05 to 0.1 wt %. In the case of the
0.01 wt % concentration, the initial emulsion volume fractions
are lower and their droplet diameters are higher, indicating a
remarkable decrease in the emulsion stabilities for both oils.
However, the creamed emulsion phases never become clear,
even at a CD nanogel concentration as low as 0.01 wt %.
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It should be noted that the DM-B-CD/PDI nanogel realizes the
formation of a Pickering emulsion at ten times lower concentra-
tions compared to previous emulsifiers using CDs [12-14].
Moreover, conventional methods depend on the formation of
inclusion complexes between the CDs and oil molecules at an
interface. The findings herein demonstrate that CD nanogels
have efficient adsorption properties at oil-water interfaces to
stabilize emulsions. The adsorption properties of CD nanogels,
which consist of hydrophilic DM-B-CD and lipophilic benzene
parts, may be affected by their hydrophilic and lipophilic
balance of the nanogels.

Identification of the CD nanogel assembly at

the interface

Adsorption of a CD nanogel at the oil-water interface in the
emulsion phase was identified using a fluorescent dye-labeling
method. The CD nanogel was labeled with fluorescein isothio-
cyanate (FITC) in the aqueous phase before emulsification. A
Pickering emulsion was prepared by mixing the aqueous disper-
sion containing FITC labeled-CD nanogels (0.1 wt %) with
n-dodecane (®,;; = 0.1) and subsequent shaking for 1 min. After
dilution with water, the emulsion was observed using fluores-
cence microscopy. Similar oil droplets were observed by optical
(Figure 6A) and fluorescence (Figure 6B) microscopy without
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Figure 5: (A,B) Phase volume fractions and (C,D) droplet diameters of n-dodecane-(A) or toluene- (B) in-water emulsion stabilized by the DM-3-CD/

PDI nanogel at various nanogel concentrations.
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Figure 6: (A) Optical and (B) fluorescence micrographs of the n-dodecane-in-water emulsion stabilized by the FITC-labeled DM-B-CD/PDI nanogel
before (A) and after (B) observations with the filter sets (excitation wavelength: 470 nm and emission wavelength: >510 nm).

and with a filter set, respectively. The CD nanogels (green) are
concentrated at the surface of the oil droplet, confirming that
the adsorption of the CD nanogels at the oil-water interface
stabilizes the emulsion.

Organization of CD nanogels at the interface

To characterize the interfacial structure and to examine the
stability of interfacial assembly of the CD nanogels, laser or
scanning microscopy observation was performed after evapor-
ation of the oil droplets. Figure 7A,B show the optical and
profile images of the toluene-in-water droplets stabilized by
DM-B-CD/PDI nanogel after evaporation of the toluene core.

The assembled layer of CD nanogel particles maintains the
circular shape of the oil droplet, although the three-dimensional
spherical structure collapses and flattens during the drying
process. The image appears to have a “deflated balloon” struc-
ture, indicating that CD nanogel particles can be fused together
via interconnections after adsorption at the oil-water interface.

The “deflated balloon” structures, which consist of a CD
nanogel assembly, were also observed after the removal of
toluene (Figure S5, Supporting Information File 1). The layer
thickness of the CD nanogel assembly was assessed by a cross-
sectional histogram using a laser microscope (Figure 7C). The
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Figure 7: Laser microscope images of the toluene-in-water droplets stabilized by the DM-B-CD/PDI nanogel after evaporation of the toluene cores.
(A) Optical image, (B) profile image, and (C) the cross-sectional histogram. Inset arrows and numbers correspond to the orientation for both images

(B and C).
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estimated layer thickness between the top layer (Figure 7C-1)
and the bottom substrate (Figure 7C-2) is about 46 nm,
suggesting that the original nanogel particles (30 to 50 nm in
diameter) self-assemble at the oil-water interface to form inter-
connected monolayers. Hence, the Pickering emulsion should
be fabricated from the monolayer shell (whose thickness corre-
sponds to the particle diameter) of self-assembled CD nanogels
and not a multilayer structure.

The outermost layer of the CD nanogel assembly was observed
using SEM. A number of “deflated balloon” structures appear
under low magnification (Figure 8A), while a flattened layer is
observed in the magnified image due to the fusion of CD
nanogel particles (Figure 8B). The spherical CD nanogel parti-
cles are easily inter-penetrable [21] and may form a dense inter-
connected network (Figure 8B). The strong connectivity results
in an interfacial layer, which effectively protects the oil droplets
from coalescence.

Conclusion

Amphiphilic CD nanogels, which are a new class of soft
hydrogel nanoparticles, were prepared by crosslinking DM-f3-
CDs with PDI followed by the immersion in water. The DLS
study shows that the primary CD nanogels (30-50 nm in diam-
eter) assemble into larger ones (120 nm in diameter). These CD
nanogels show surface-active properties at the air—water inter-
face and function as an effective Pickering emulsion stabilizer
at relatively low concentrations (0.05-0.1 wt %). Due to the
adsorption property of CD nanogels on droplets, CD nanogels
have potential as new building blocks for microcapsules with
porous surfaces and stimuli-responsive nanocarriers in storage
and/or release systems.

Experimental

Materials
Heptakis(2,6-di-O-methyl)-B-cyclodextrin (DM-B-CD) was
purchased from Nacalai Tesque, Inc. (Japan). DM-B-CD was
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