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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

References

1. Kitagishi, H.; Chai, F.; Negi, S.; Sugiura, Y.; Kano, K. Chem. Commun.
2015, 51, 2421-2424. doi:10.1039/C4CC09042J

2. Motoyama, K.; Hirai, Y.; Nishiyama, R.; Maeda, Y.; Higashi, T;
Ishitsuka, Y.; Kondo, Y; Irie, T.; Era, T.; Arima, H.
Beilstein J. Org. Chem. 2015, 11, 2079-2086. doi:10.3762/bjoc.11.224

3. Holcroft, J. M.; Hartlieb, K. J.; Moghadam, P. Z.; Bell, J. G.; Barin, G;
Ferris, D. P.; Bloch, E. D.; Algaradah, M. M.; Nassar, M. S;
Botros, Y. Y.; Thomas, K. M.; Long, J. R.; Snurr, R. Q.; Stoddart, J. F.
J. Am. Chem. Soc. 2015, 137, 5706-5719. doi:10.1021/ja511878b

4. Hartlieb, K. J.; Holcroft, J. M.; Moghadam, P. Z.; Vermeulen, N. A_;
Algaradah, M. M.; Nassar, M. S.; Botros, Y. Y.; Snurr, R. Q.;
Stoddart, J. F. J. Am. Chem. Soc. 2016, 138, 2292-2301.
doi:10.1021/jacs.5b12860

5. Alsbaiee, A.; Smith, B. J.; Xiao, L.; Ling, Y.; Helbling, D. E.;
Dichtel, W. R. Nature 2016, 529, 190-194. doi:10.1038/nature16185

Beilstein J. Org. Chem. 2016, 12, 937-938.

6. Mejia-Ariza, R.; Kronig, G. A.; Huskens, J. Beilstein J. Org. Chem.
2015, 11, 2388-2399. doi:10.3762/bjoc.11.260

7. Yu, S Yuan, J.; Shi, J.; Ruan, X.; Wang, Y.; Gao, S.; Du, Y.
J. Mater. Chem. B 2015, 3, 5277-5283. doi:10.1039/C5TB00627A

8. Kali, G.; Eisenbarth, H.; Wenz, G. Macromol. Rapid Commun. 2016,
37, 67—72. doi:10.1002/marc.201500548

9. Kato, K.; Mizusawa, T.; Yokoyama, H.; Ito, K. J. Phys. Chem. Lett.
2015, 6, 4043-4048. doi:10.1021/acs.jpclett.5b01782

10.Bin Imran, A.; Esaki, K.; Gotoh, H.; Seki, T.; Ito, K.; Sakai, Y.;
Takeoka, Y. Nat. Commun. 2014, 5, No. 5124.
doi:10.1038/ncomms6124

11.Noda, Y.; Hayashi, Y.; Ito, K. J. Appl. Polym. Sci. 2014, 131,
No. 40509. doi:10.1002/app.40509

12.Karnjanakom, S.; Guan, G.; Asep, B.; Hao, X.; Kongparakul, S;
Samart, C.; Abudula, A. J. Phys. Chem. C 2016, 120, 3396-3407.
doi:10.1021/acs.jpcc.5b11840

13.Bleta, R.; Noél, S.; Addad, A.; Ponchel, A.; Monflier, E. RSC Adv. 2016,
6, 14570-14579. doi:10.1039/C5RA27161D

14.Letort, S.; Balieu, S.; Erb, W.; Gouhier, G.; Estour, F.
Beilstein J. Org. Chem. 2016, 12, 204—228. doi:10.3762/bjoc.12.23

15. Cravotto, G.; Caporaso, M.; Jicsinszky, L.; Martina, K.
Beilstein J. Org. Chem. 2016, 12, 278-294. doi:10.3762/bjoc.12.30

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:
d0i:10.3762/bjoc.12.91

938


http://dx.doi.org/10.1039%2FC4CC09042J
http://dx.doi.org/10.3762%2Fbjoc.11.224
http://dx.doi.org/10.1021%2Fja511878b
http://dx.doi.org/10.1021%2Fjacs.5b12860
http://dx.doi.org/10.1038%2Fnature16185
http://dx.doi.org/10.3762%2Fbjoc.11.260
http://dx.doi.org/10.1039%2FC5TB00627A
http://dx.doi.org/10.1002%2Fmarc.201500548
http://dx.doi.org/10.1021%2Facs.jpclett.5b01782
http://dx.doi.org/10.1038%2Fncomms6124
http://dx.doi.org/10.1002%2Fapp.40509
http://dx.doi.org/10.1021%2Facs.jpcc.5b11840
http://dx.doi.org/10.1039%2FC5RA27161D
http://dx.doi.org/10.3762%2Fbjoc.12.23
http://dx.doi.org/10.3762%2Fbjoc.12.30
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.12.91

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Qualitative evaluation of regioselectivity in the formation of
di- and tri-6-O-tritylates of a-cyclodextrin

Keisuke Yoshikiyo', Yoshihisa Matsui and Tatsuyuki Yamamoto

Full Research Paper
Address:
Faculty of Life and Environmental Science, Shimane University, 1060

Nishikawatsu, Matsue, Shimane, 690-8504, Japan

Email:
Keisuke Yoshikiyo™ - yoshikiyo@life.shimane-u.ac.jp

* Corresponding author
Keywords:

H and 3C NMR spectroscopy; quantitative analysis; regioselectivity;
tritylation; ultra-fast liquid chromatography (UFLC)

Abstract

Beilstein J. Org. Chem. 2015, 11, 1530-1540.
doi:10.3762/bjoc.11.168

Received: 20 May 2015
Accepted: 11 August 2015
Published: 02 September 2015

This article is part of the Thematic Series "Superstructures with
cyclodextrins: Chemistry and applications 11"

Guest Editor: G. Wenz

© 2015 Yoshikiyo et al; licensee Beilstein-Institut.
License and terms: see end of document.

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
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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
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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.
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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.
0
= -1
A E
2 -2
£ 3
? O lst
'3'5 O 2nd
43
R LR R LR LR LR LR AR AL b
-80 -60 -40 -20 0

strain [%]

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.
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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
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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
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(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.
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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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20 % EtOH
10 % EtOH
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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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b) 156% EtOH
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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

p W \4’ N ;.% l [ﬂ,’
b et Ww) & e fw.wwwm‘w Y‘."”M"Mw“«‘~“,"]’“\ﬂ~",‘q‘!. \
V I |
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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

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

vacuum dried at 80 °C overnight prior to use. Anhydrous N, N-
dimethylformamide (DMF) and 1,4-phenylene diisocyanate
(PDI) were purchased from Wako Pure Chemical Industries,
Ltd. (Japan). Toluene and n-dodecane were purchased from
Kanto Chemical Co., Ltd. (Japan). Fluorescein-4-isothio-
cyanate was purchased from Dojin Chemical Co. Ltd. (Japan).
The dialysis membrane with a cellulose tube (molecular weight
cut-off of 10 kDa) was purchased from the Japan Medical
Science Co. Ltd. (Japan) and stored in a moist environment
prior to use. Distilled water was used for the purification
process. Ultra pure water (Milli-Q) was used for the redis-
persed solution and emulsion preparation.

Preparation of CD nanogels

A crosslinked CD polymer was synthesized by reacting DM-f3-
CD with 1,4-phenylene diisocyanate (PDI) as a crosslinker at a
molar feed ratio of diisocyanate to DM-B-CD = 3.0. Dried
DM-B-CD (1 g, 0.752 mmol) was reacted with PDI in anhy-
drous DMF (10 mL) for 12 h at 70 °C under an argon atmos-
phere. The reaction mixture was dropped into water under ice
bath cooling to terminate the reaction. The resulting polymer
solution was purified by dialysis for three days using a dialysis
membrane to remove unreacted DM-f-CD and PDI. The dial-
ysis water was changed twice daily. Then the aqueous disper-
sion was lyophilized for three days to yield a white powder as a
urethane-crosslinked DM-B-CD polymer. The CD nanogel was
prepared by the redispersion of the powder in distilled water
with the aid of ultrasonication and stored in a refrigerator until
use.

Characterization of CD nanogels

TH NMR spectroscopy

'H NMR spectra were recorded in (CD3),SO using a 600 MHz
JEOL RESONANCE; INM-ECA600, Delta V5 (Japan) and
averaged 16 scans at 25 °C. The chemical shifts of protons asso-
ciated with different carbon atoms were presented in Table S1,

Supporting Information File 1.

Figure 8: SEM images of the toluene-in-water droplets stabilized by the DM-3-CD/PDI nanogel after evaporation of the toluene core. (B) Magnified

image of the square box on (A).
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Dynamic light scattering (DLS)

The particle size distribution was measured at 25 °C using
DLS6000HL (Otsuka Electronic Co.) equipped with a He-Ne
laser (wavelength 632.8 nm). The mean particle diameter was
calculated from the diffusion coefficients using the
Stokes—Einstein equation. The particle size distribution was
estimated from the scattering intensity function using the
histogram analysis method, which was performed with the soft-
ware supplied by the manufacturer. The weight-average distrib-
ution corresponding to each particle size was corrected from the
scattering intensity, and the number-average distribution was
calculated from the values where the weight-average distribu-
tion values were divided by the cube of the particle diameter.
All measurements were repeated thrice using an appropriate
concentration of the CD nanogel aqueous solution. Milli-Q
water was used to dilute the solutions, which were ultrafiltered
through a 0.8 pm membrane to remove dust.

Electron microscopy

Scanning electron microscopy (SEM) studies were performed
using a field emission gun scanning electron microscope (JSM-
6700F, JEOL Ltd., Japan) with a beam current of 10 pA at a
typical operating voltage of 15 kV. Each Pickering emulsion
sample was dried directly onto carbon tape and allowed to dry
overnight before being sputter-coated with a thin layer of tung-
sten. Transmittance electron microscopy (TEM) studies were
performed using a JEOL JEM-2100 operating at a voltage of 50
kV in order to clarify the particle morphology. Dilute solutions
were prepared and deposited onto a copper grid covered by a
carbon membrane at ambient temperature. The electronic
contrast of the specimen was enhanced by labeling with ammo-

nium molybdate.

Surface tension

The surface tension of the aqueous solution was measured using
a CAX-150 (Kyowa Interface Science Co., Ltd) operating in the
pendant drop method. The solution was added to a glass syringe
after standing for 1 h at 25 °C. The droplet was prepared just
before it fell to the ground. The surface (interfacial) tension (y)
was calculated by ds/de method proposed by Andreas [22],
which is expressed as y = g(D.)*Ap/H where g is the gravita-
tional constant, Ap is the difference between the densities, D, is
the equatorial diameter of the drop, H is a correction factor
related to the shape factor of the pendant drop (S). S is defined
as S = Dy/D, where Dy is the drop diameter measured horizon-
tally at a distance D, away from the apex of the drop. The
density between air and water was assumed to be 0.997 g/cm?.
All measurements were repeated thrice using an appropriate
concentration of the CD nanogel in the aqueous solution. The
standard deviation (S.D.) was calculated from the average of the

five runs.
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Preparation of a Pickering emulsion

The CD nanogel concentration was adjusted to 0.1 wt % using
Milli-Q water. The CD nanogel solution (5.0 mL) was then
added to a 13 mL vial, together with the same volume of oil
(toluene or n-dodecane). The oil/water mixture was homoge-
nized for 1 min using a homogenizer (DIAX 900; Heidolph) at
8000 rpm (25 °C). The resulting emulsion was allowed to stand
at 25 °C for 24 h. To confirm the adsorption of the CD nanogels
at the oil-water interface in the emulsion, the CD nanogel
(0.1 wt %) was labeled with fluorescein-4-isothiocyanate. The
aqueous solution of labeled CD nanogel was mixed with
n-dodecane (®,;; = 0.1) by hand for 1 min. Then it was allowed
to stand for 1 h.

Characterization of the Pickering emulsion
Emulsion stability

The Pickering emulsion stability was evaluated by measuring
the volume fraction of the aqueous, emulsion, and oil phases
after standing for 24 h. Photographs of the emulsions were
taken with a digital camera (FinePix J250, Fujifilm Co., Japan).

Drop test

The emulsion type (o/w or w/o) was confirmed by a drop test.
An emulsion droplet was placed into water or oil. If the droplet
easily spreads and disperses in water, the emulsion’s contin-
uous phase is an aqueous phase. On the other hand, if the
droplet remains intact, the continuous phase differs from that of
the droplet.

Microscope observations

A drop of the diluted emulsion was placed on a glass slide and
viewed using an optical microscope (BX50-DIC, OLYMPUS
Co., Japan) equipped with a digital camera (D90, Nikon Co.,
Japan), which was connected to a laptop PC to record the
images. The size distribution of the emulsion droplet was deter-
mined by measuring the dimensions of 50 droplets from the
images recorded.

Fluorescent microscopy was used to observe the emulsion
droplet, which was stabilized by the CD nanogel labeled with
fluorescein-4-isothiocyanate (FITC). The FITC-labeled CD
nanogel was prepared as follow: FITC aqueous solution
(1.0 x 1073 M) was added to the CD nanogel aqueous solution
(5 mg/mL), and the mixture was stirred at ambient temperature
for 24 h. The resulting solution was purified by dialysis for
three days using a dialysis membrane (molecular weight cut-off
of 10 kDa) to remove free FITC. The aqueous dispersion was
lyophilized for three days to yield a powder. Finally, the FITC-
labeled CD/PDI polymer was dissolved in water. The fluores-
cence intensity of the FITC-labeled CD nanogels was detected
by fluorescent microscopy (Aex = 495 nm, Aep, = 520 nm). The
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observations were carried out with filter sets (ex filter
470-490 nm and abs filter 510-550 nm).

The structure of the Pickering emulsion was observed using a
laser microscope (OLS4100; OLYMPUS Co., Japan) under
atmospheric conditions. The emulsion solution was directly
dropped onto the glass slide and dried at ambient temperature.

The observation was conducted with a diode laser at 405 nm.
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Abstract

Control over the assembly and disassembly of nanoparticles is pivotal for their use as drug delivery vehicles. Here, we aim to form
supramolecular nanoparticles (SNPs) by combining advantages of the reversible assembly properties of SNPs using host—guest
interactions and of a stimulus-responsive moiety. The SNPs are composed of a core of positively charged poly(ethylene imine)
grafted with B-cyclodextrin (CD) and a positively charged ferrocene (Fc)-terminated poly(amidoamine) dendrimer, with a monova-
lent stabilizer at the surface. Fc was chosen for its loss of CD-binding properties when oxidizing it to the ferrocenium cation. The
ionic strength was shown to play an important role in controlling the aggregate growth. The attractive supramolecular and repulsive
electrostatic interactions constitute a balance of forces in this system at low ionic strengths. At higher ionic strengths, the increased
charge screening led to a loss of electrostatic repulsion and therefore to faster aggregate growth. A Job plot showed that a 1:1 stoi-
chiometry of host and guest moieties gave the most efficient aggregate growth. Different stabilizers were used to find the optimal
stopper to limit the growth. A weaker guest moiety was shown to be less efficient in stabilizing the SNPs. Also steric repulsion is
important for achieving SNP stability. SNPs of controlled particle size and good stability (up to seven days) were prepared by fine-
tuning the ratio of multivalent and monovalent interactions. Finally, reversibility of the SNPs was confirmed by oxidizing the Fc

guest moieties in the core of the SNPs.

Introduction
Self-assembly and molecular recognition are two core concepts molecular building blocks [1]. This fabrication strategy has
underlying supramolecular chemistry. These offer convenient been used to form supramolecular nanoparticles (SNPs) in

and versatile pathways to nanostructured materials composed of =~ which multiple copies of different building blocks interact via
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specific, non-covalent interactions [2]. They have the potential
to be used in biomedical applications owing to control over
their size, their assembly/disassembly, and the modular char-
acter for the versatile incorporation of agents aiming for
imaging [3], photothermal therapy [4], drug delivery [5-7] and
gene delivery [8-10] applications.

Different approaches have been used to form SNPs. Davis et al.
showed the formation of SNPs using attractive electrostatic
interactions between positively charged B-cyclodextrin (CD)-
containing polymers and negatively charged siRNA at the core
[8]. Neutral adamantyl-grafted poly(ethylene glycol) (Ad-PEG)
was incorporated at the surface to stabilize these SNPs using
host—guest interactions between CD and Ad. Tseng et al.
studied the formation of SNPs that are assembled solely by
host—guest interactions [11,12]. Here, the core is composed of
multivalent interactions between positively charged CD-grafted
polymers and positively charged poly(amidoamine) (PAMAM)
dendrimers, and a monovalent neutral Ad-PEG stopper is intro-
duced at the surface for stabilization. The SNP size was
increased by increasing the amount of multivalent guest mole-
cules in the core, while keeping the host and stopper concentra-
tion constant and having an excess of stopper to avoid precipita-
tion. Wintgens et al. showed the formation of SNPs by control-
ling the host—guest ratio and the total concentration of compo-
nents with a neutral polymer backbone [13]. Recently, our
group [2,14,15] formed SNPs by varying the ratio of neutral
monovalent stoppers and multivalent, positively charged guest
dendrimer. Here, the overall concentration of the building
blocks was kept constant while maintaining an equimolar stoi-
chiometry of host and guest moieties. Moreover, our group [16]
showed that SNP formation is controlled by a balance of forces
between attractive supramolecular and repulsive electrostatic
interactions using a multicomponent system based on a linear,
negatively charged polymer. The force balance used in the latter
approach was only observed with negatively charged polymers
at low ionic strengths, and it is not known whether this balance

occurs also for positively charged polymers and dendrimers.

In order to use these SNPs for biomedical applications, in par-
ticular for drug delivery, a stimulus-responsive self-assembled
system is desired for controlled cargo release. Ferrocene (Fc) is
a ubiquitous redox-responsive molecule that is associated with a
reversible one-electron oxidation to the ferrocenium cation. At
the same time, in its reduced state, Fc is a good guest for CD,
but the affinity for CD is practically completely lost upon oxi-
dation [17]. Thus, the formed CD-Fc inclusion complex disas-
sembles when the Fc moiety is converted to the ferrocenium
cation by electrochemistry [18] or by adding an oxidizing agent
[19]. Different studies have employed this concept to form
redox-responsive systems applied, for example, in self-healing

Beilstein J. Org. Chem. 2015, 11, 2388-2399.

materials [19], polymeric hydrogels [20,21], voltage-respon-
sive vesicles [22], ultrasentive enzyme sensors [23], and as a
plasma membrane protein isolation method [24]. So far, this
concept has not been applied to SNPs.

Here, we aim to make SNPs with a redox-switchable assembly/
disassembly mechanism. As a proof of concept, we used posi-
tively charged CD-grafted poly(ethylene imine) (CD-PEI) as a
host, positively charged ferrocene-terminated PAMAM
(Fcg-PAMAM) dendrimer as the multivalent guest and a mono-
valent stabilizer. Different stabilizers were used such as:
Ad-PEG, Fc-terminated poly(ethylene glycol) (Fc-PEQG),
methoxypoly(ethylene glycol) (mPEG), and Ad-tetraethylene
glycol (Ad-TEG). The effect of the following parameters on the
formation of these SNPs is investigated: the role of ionic
strength on SNP formation, the role of host—guest stoichiom-
etry on the growth rate of the SNPs, and the influence of the
affinity of the guest moiety and that of the PEG length of the
stabilizer on the SNP stability. The size of the SNPs is
controlled by the stoichiometry of the multivalent guest and the
monovalent stabilizer. Finally, the reversibility of the SNPs is
assessed by studying the influence of oxidation of the Fc

moieties.

Results and Discussion

Characterization of building blocks

The positively charged host CD-PEI was synthesized according
to earlier reports with slight modifications [25,26]. A reaction
between 6-monotosyl-f-cyclodextrin (TsCD) and PEI in DMSO
was performed using an excess of triethylamine as a base, fol-
lowed by purification by dialysis. In order to control the stoi-
chiometry of the host and guest moieties, the number of CDs
per PEI was determined using microcalorimetry and NMR.
According to the "H NMR spectrum, the PEI backbone in the
polymer building block CD-PEI is functionalized with, on
average, 8 CD units. To assess the CD concentration in a
CD-PEI stock solution, a calorimetric titration was performed
using CD-PEI as the host and Ad-TEG as a guest, as shown in
Figure 1a. Fitting the results by optimizing AH®, K and the CD
host concentration gave a concentration of 0.39 mg/mL of
CD-PEI, which is equivalent to a concentration of 0.088 mM of
CD moieties participating in host—guest interactions. The results
gave a binding constant (K,) of 3 x 10* L mol™!. This is slightly
lower than the interaction between native CD and Ad-TEG, for
which a K, value of 5 x 10* L mol™! has been determined (see
Figure 1b). It can therefore be concluded that the grafting of CD
to PEI has a minor effect on the host—guest binding affinity.

The positively charged Fcg-PAMAM multivalent guest was

prepared according to a procedure developed in our group [27].
The positively charged Ad-terminated PAMAM (Adg-
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Figure 1: Microcalorimetric titrations of a) CD-PEI (CD concentration of 0.088 mM, cell) with Ad-TEG (1.1 mM, burette) and b) Ad-TEG (1.1 mM, cell)
with CD (10 mM; burette). H = host (CD from CD-PEI or native CD) and G = guest (Ad from Ad-TEG). Experimental binding curve (markers) and best

fit to a 1:1 model (line).

PAMAM), used as a control, was prepared according to a litera-
ture procedure [11]. The neutral Fc-PEG stabilizer was synthe-
sized by a reaction of 1-(chlorocarbonyl)ferrocene with the
terminal amino group of methoxypoly(ethylene glycol)amine
(M, = 5000 g/mol) in dichloromethane, using an excess of tri-
ethylamine as a base, followed by precipitation from diethyl
ether. To evaluate the association constant of the Fc moiety
with free CD, and to confirm the degree of functionalization, a
calorimetric titration was performed with native CD, as shown
in Figure 2. This titration confirmed that nearly 100% of
Fc-PEG was formed. The K, of Fc-PEG with native CD is
1.2 x 103 L mol™!, which is comparable to the binding constant
of Fc dendrimers with CD [28].

The neutral stabilizer Ad-PEG was synthesized according to a
literature procedure [11], by the reaction of 1-adamantylamine
with the succinimidyl ester of carboxymethyl-PEG
(My, = 5000 g/mol) in dichloromethane with an excess of tri-

ethylamine.

Formation and size control of SNPs

Scheme la shows the concept of forming SNPs based on
host—guest interactions, and the possible or impossible redox-
induced disassembly when using Fc or Ad as the guest moiety,
respectively. Throughout this study, concentrations of all the
building blocks were expressed as the molar concentrations of
the monovalent host and guest moieties, i.e., CD, Ad and Fc.

Influence of the ionic strength
The SNPs used here are formed using host—guest interactions
between Fcg-PAMAM and CD-PEI. These molecules have
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q
-200 F
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Figure 2: ITC titration of Fc-PEG (1.03 mM; cell) with native CD
(10 mM; burette). H = host and G = guest. Experimental binding curve
(markers) and best fit to a 1:1 model (line).

positive charges that can influence the growth by repulsive
interactions, which is an additional parameter that can influ-
ence the formation of SNPs. Moreover, Fc is used as the guest
moiety as its stimulus-responsive properties lead to a triggered
assembly/disassembly system. In order to study the influence of
ionic strength on SNP formation, we used 0 to 0.2 M NacCl solu-
tions and different guest—host ratios when assembling SNPs
from CD-PEI and Fcg-PAMAM in the absence of stabilizer.
SNPs were formed by adding Fcg-PAMAM (dissolved in
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Scheme 1: a) Schematic representation of the supramolecular nanoparticle (SNP) self-assembly and redox-triggered disassembly of the host—guest
complex. b) Chemical structures of the building blocks used here. c) Binding of Fc by CD and subsequent dissociation upon oxidation of Fc.

DMSO) to an aqueous solution of CD-PEI ([CD] = 100 uM) in
aqueous NaCl solution. To confirm particle formation, SNPs
were characterized using DLS and SEM (Figure 3). DLS
measurements of the particles in water without salt showed
nanoparticles of comparable hydrodynamic diameters (d) for
the different Fc/CD ratios. The size for 0% Fc (only CD-PEI)
was approx. 70 nm, which is attributed to the fact that the
concentration of CD-PEI is above its critical aggregation

concentration. These results show that the particle size remains

similar for the range of Fc/CD ratios shown here (in the absence
of salt).

Similar experiments were performed at three different salt
concentrations, 0.1, 0.15 and 0.2 M NaCl, while keeping
[CD] = 100 uM. Particle formation and growth was observed by
DLS after 20 min and 3 h. Figure 4 shows an increase of
particle size with increasing salt concentration at ionic strengths
above 0.1 M, and the effect is stronger after 3 h, indicating
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Figure 3: Size determination of SNPs prepared from CD-PEI and Fcg-PAMAM: SEM images (a—c) of the resulting SNPs as a function of the [Fc]/[CD]
ratio (in Fc and CD moieties from Fcg-PAMAM and CD-PElI, respectively) in aqueous solution (without salt) (a: 0, b: 0.5 and c: 1) used during supra-
molecular assembly keeping constant the total concentration using [CD] = 100 uM and d) d by DLS and size by HRSEM.

a slow growth process. Up to an ionic strength of 0.1 M,
however, no change of particle size was apparent.

Both host—guest and electrostatic interactions are at play here.
Cyclodextrin host—guest interactions are largely hydrophobic in
nature, and their affinity tends to increase slightly at increasing
ionic strength. However, because of the already strong and
multivalent nature [27,28] of the host—guest interactions at low
ionic strengths, we do not expect such affinity differences to
lead to the drastic stability differences observed here between
the ionic strengths of 0.10 and 0.15 M. Regarding the electro-
static interactions, the Debye screening length is reduced to

approx. 1 nm when increasing the ionic strength to 0.1 M.
Moreover, zeta potential ({) measurements were performed
using [CD] = 100 pM (CD is the number of moieties from
CD-PEI) and [Fc] = 50 uM (Fc is the number of moieties from
Fcg-PAMAM) at different salt concentrations after 20 min, as
shown in Table 1. { decreased at increased ionic strengths, and
values below 20 mV were observed at ionic strengths of 0.1 M
and higher, indicating an absence of colloidal stabilization by
charge repulsion at high ionic strength. These results demon-
strate, as shown before for negatively charged polymers [16],
that the aggregation is due to a loss of electrostatic colloidal
stabilization. Thus, a balance between repulsive electrostatic
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Figure 4: DLS size determination of SNPs prepared from CD-PEI and Fcg-PAMAM by increasing the [Fc]/[CD] ratio (in Fc and CD moieties from Fcg-
PAMAM and CD-PElI, respectively) at different salt concentrations (0-0.2 M NaCl) keeping constant the total concentration using [CD] = 100 uM after:

a) 20 min and b) 3 h.

forces and attractive host—guest interactions exists at low ionic
strengths, leading to stable SNPs even in the absence of a stabi-
lizer. At higher ionic strengths, however, the increased charge
screening leads to a loss of electrostatic repulsion and therefore

to aggregates that grow over time.

Table 1: Hydrodynamic diameters, d, and zeta potentials, {, measured
by DLS of SNPs prepared at increasing salt concentrations (0-0.2 M
NaCl) using CD-PEI and Fcg-PAMAM keeping the total concentration
constant at [CD] = 100 uM and [Fc] = 50 uM (in Fc and CD moieties
from Fcg-PAMAM and CD-PEI, respectively).

salt concentration (M) d (nm) ¢ (mV)
0 51 33
0.1 58 17
0.15 247 15
0.20 441 15

Influence of the host—guest stoichiometry on
SNP formation

To assess whether all host and guest moieties of CD-PEI and
Fcg-PAMAM are engaged in interactions, a Job plot was
performed by varying the host—guest ratio while keeping the
sum of the concentrations constant. The SNP growth at high
ionic strength was used as a sign of interactions between the
multivalent host and guest molecules. When increasing the Fc
content to 0.5 (i.e., a host—guest ratio of 1:1), an increase in
particle size was observed, but the particle size remained

constant as the Fc concentration was increased further (data not

shown). Therefore, 2 mM of native CD was added in an attempt
to suppress non-specific, hydrophobically driven aggregation at
excess Fc moieties. Figure 5a shows, however, a very similar
picture, with particle sizes increasing as the Fc fraction was
raised from 0 to 0.5, and a plateau of constant size at higher Fc
fractions. Apparently, the addition of native CD was insuffi-
cient to cap excess free Fc groups, due to a lack of affinity. To
verify that this low affinity is the main reason for the continued
particle growth observed at Fc contents above 0.5, the Ad
dendrimer analog was used as a control. Similar to the Fc case,
increase of the Ad fraction up to 0.5 (see Figure 5b) led to an
increase of the SNP size. Higher Ad contents in the presence of
2 mM native CD, however, led to a decrease in particle size,
indicating that an excess of Ad is efficiently blocked by CD,
which is in line with the approx. 30 times higher binding
affinity of Ad (see above). Most importantly, this graph
(Figure 5) confirms a 1:1 binding stoichiometry of the system.
These results demonstrate that SNPs form optimally at a 1:1
stoichiometry at which all available host and guest moieties are
simultaneously engaged in host—guest interactions.

Effect of a monovalent stopper

In order to limit particle growth and achieve stabilization, a
proper stabilizing agent should be found. The strategy on stoi-
chiometry remains the same as previously described, keeping
the host—guest ratio at 1:1 and a high ionic strength of 0.2 M
NaCl. Two different parameters were considered to study the
effect of a stopper: length and binding affinity. The formation
of SNPs was studied using constant concentrations of
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Figure 5: Hydrodynamic diameter, d, of SNPs prepared from CD-PEI and Fcg-PAMAM or Adg-PAMAM measured by DLS as a function of the
[qguest]/([guest] + [CD]) ratio for: a) CD-PEI and Fcg-PAMAM [CD + Fc] = 50 uM (in CD and Fc moieties), / = 0.4 M NaCl, with 2 mM native CD
measured after 10 min, and b) CD-PEI and Adg-PAMAM [CD + Ad] = 200 uM (in CD and Ad moieties), / = 0.2 M NaCl, with 2.0 mM native CD

measured after 6 min.

[CD] = 100 uM (CD is the number of moieties from CD-PEI)
and [Fc + guest-stabilizer] = 100 uM (Fc is the number of
moieties from Fcg-PAMAM), thus keeping the molecular recog-
nition moieties in a 1:1 stoichiometry ratio. For these experi-
ments, first aqueous solutions of CD-PEI without or with a
stabilizer (Ad-PEG, mPEG, Fc-PEG, Ad-TEG; see Scheme 1b)
were prepared. Subsequently, Fcg-PAMAM (dissolved in
DMSO) was injected into the respective aqueous solutions. Size
tuning of the SNPs was assessed by using two different concen-
trations of Fcg-PAMAM dendrimers and stabilizer, while
keeping the overall concentration of the guest moieties constant.
The formation of SNPs was evaluated by DLS after 20 min and
4 h. Figure 6 shows the strong effect of the use of a stabilizer on
the SNP size and, as shown before, that the SNP size is further
increased by increasing the fraction of multivalent Fc moieties
at the core of the particles. These results show that the smallest
sizes and most stable particles were formed when using
Ad-PEG as the stabilizer. Larger particles were observed for
Fc-PEG than for Ad-PEG, but these also appeared stable (sizes
after 20 min and 4 h are similar). The shorter Ad-TEG was less
efficient in capping and stabilizing the SNPs compared to poly-
meric Ad-PEG. Leaving out the guest moiety, by using mPEG
as a stabilizer, led to uncontrolled growth as was also observed
in the absence of PEG. It should be noted that polymeric PEG
derivatives have a critical aggregation constant that can be well
below 1 uM [29]. We measured DLS for a 25 uM solution
Ad-PEG and observed particles with a size of approx. 85 nm
(data not shown), and others have observed sizes of 20-30 nm

for different PEG derivatives [29]. However, the sizes reported
here (Figure 6) for SNPs are much larger, most likely caused by
larger abundance of SNPs compared to PEG aggregates and the
higher response of SNPs by DLS. In particular the high simi-
larity of the hydrodynamic sizes between the control (using the
non-interacting mPEG) and the SNPs in the absence of stopper
shows that the DLS data reported in Figure 6 are not convo-
luted by PEG aggregates. In summary, these results demon-
strate that a guest moiety is important, and that a weaker guest
is less efficient in stabilizing the particle. Moreover, steric
repulsion by having a long polymer chain present on the stopper
is important for achieving SNP stability.

Size control by changing the stoichiometric
composition

SNP size control was achieved by changing the stoichiometry
of the multivalent guest and the monovalent stabilizer while
keeping the overall host—guest ratio constant and equimolar.
SNPs were observed by SEM and DLS for all samples as shown
in Figure 7. The particle sizes determined by SEM (see
Figure 7a—c) with sizes of 49 £ 13 nm (Fc fraction of 0.375),
61 + 17 nm (Fc fraction of 0.5) and 67 + 21 nm (Fc fraction of
0.625) were much smaller than those measured by DLS. This
can be possibly due to drying effects. Figure 7d—f shows an
increasing size with increasing fraction of the multivalent Fcg-
PAMAM and they are stable up to 7 days. In summary, we have
demonstrated the formation of stable and size-tunable SNPs by

varying the multivalent vs monovalent stoichiometry.
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Figure 6: DLS size determinations of SNPs prepared from CD-PEI, Fcg-PAMAM, in the absence or presence of a monovalent stopper, for two
[Fc)/[CD] ratios (in Fc and CD moieties from Fcg-PAMAM and CD-PEI, respectively) keeping constant both [CD] = [Fc] + [stopper] = 100 uM (where
[stopper] is the concentration of the monovalent stopper), using 0.2 M NaCl and different stoppers: Ad-PEG, mPEG (no guest moiety), Fc-PEG,
Ad-TEG and without stabilizer after: a) 20 min and b) 4 h.
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Figure 7: Size determinations of SNPs prepared from CD-PEI, Fcg-PAMAM and Ad-PEG: SEM images (a—c) of the resulting SNPs by increasing
[Fc)/[CD] ratios (in Fc and CD moieties from Fcg-PAMAM and CD-PEI, respectively) using 0.2 M NaCl (a: 0.375, b: 0.50 and c: 0.625) used during
supramolecular assembly using [CD] = 100 yM and CD:(Ad + Fc) stoichiometry, and DLS data (d—f) after: d) 20 min, e) 4 h and f) 7 days.
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Stimulus-responsive disassembly by

oxidation

The redox-triggered disassembly of the Fc-containing SNPs
(see Scheme 1a) makes use of the redox-responsive properties
of Fc and the resulting loss of binding affinity for CD upon oxi-
dation of Fc to the ferrocenium cation. We chose Ce*" as the
oxidizing agent to perform the disassembly experiments
because of its proven effectiveness in a Fc/CD system similar to
ours [30]. SNPs composed of CD-PEI, Fcg-PAMAM and
Ad-PEG were formed using a ratio of CD/(Ad + Fc) = 1:1. The
hydrodynamic diameter d by DLS was found to be 210 nm.
Directly thereafter, a small volume of a Ce*" stock solution was
injected into the sample (Ce/Fc = 10). The SNP size was then
monitored by DLS over time as shown in Figure 8a before (red)
and after addition of Ce*" (green) at 10 min. These results show
a quick breakdown of the aggregates in the first 20 min. Sizes
measured thereafter resemble the size measured for CD-PEI
only. To prove that particle disassembly requires the redox-
active Fc group, a similar experiment was performed using the
redox-silent Adg-PAMAM dendrimer (see Scheme la) as a
control. SNPs composed of CD-PEI, Adg-PAMAM and
Ad-PEG were formed using [CD] = 100 uM (CD is the number
of moieties from CD-PEI), [Ad] = 37.5 uM (Ad is the number
of moieties coming from Adg-PAMAM) and [Ad] = 62.5 uM
(from Ad-PEG) in 0.2 M NaCl. A size of d = 150 nm was
measured by DLS. Figure 8b shows the hydrodynamic diam-
eter of these aggregates over time before (red) and after addi-
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tion of Ce*" (green) at 10 min. These results shows that the
Ad-based SNPs do not disassemble in the presence of oxidant.
Therefore we conclude that Fc groups are needed to equip the
SNPs with a triggered disassembly mechanism, attributed to the
oxidation of the Fc groups of Fcg-PAMAM to the ferrocenium
cation resulting in decomplexation of the guest groups and
concomitant loss of multivalent links between the CD-PEI units
in the SNPs.

Conclusion

In conclusion, we have developed a strategy to form supra-
molecular nanoparticles using a redox-active host—guest com-
plex as the interaction motif. The size of the resulting nanoparti-
cles was controlled by different parameters, and SNP disas-
sembly was achieved by using oxidation of the redox-active Fc
moiety as the trigger. For the first time, we have shown that
using positively charged building blocks, the size and stability
of the supramolecular nanoparticles depend on a balance
between repulsive electrostatic interactions between the charged
building blocks and attractive host—guest interactions between
the multivalent guest-functionalized dendrimers and host-func-
tionalized polymers. At higher ionic strengths, the increased
charge screening led to a loss of electrostatic repulsion and
therefore to larger aggregates. Optimal self-assembly of the
multivalent components was observed at a 1:1 stoichiometry of
the host/guest moieties. A stabilizer with high binding affinity
and sufficient steric repulsion is needed to obtain stable and
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100 200 300
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Figure 8: DLS size determination before (red) and after the addition of the oxidant agent Ce** (green) for as-prepared SNPs: a) [CD] = 100 uM (in CD
moieties from CD-PEI) [Fc] = 50 uM (in Fc moieties from Fcg-PAMAM) and [Ad] = 50 uM (from Ad-PEG) and b) [CD] = 100 uyM and [Ad] = 37.5 uM (in
Ad moieties from Adg-PAMAM) and [Ad] = 62.5 uM (from Ad-PEG) (control) in 0.2 M NaCl. 10 equiv of Ce**relative to Fc was added to the SNPs.
Experimental d measurements (markers) and trendlines (line, guide to the eye).
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small particles, thus Ad-PEG was observed to be the optimal
stopper. Variation of the mono- to multivalent guest ratio
provided a range of SNP sizes, and the SNPs were stable up to
7 days. The particles were successfully disassembled using a
chemical oxidant. The understanding of the forces involved in
SNP formation, and control over their stability and responsive
character makes these SNPs a promising candidate for devel-
oping a drug delivery vehicle where control over the drug en-

capsulation and release can be achieved.

Experimental

Materials

Reagents and solvents were purchased from Sigma-Aldrich and
used as received without further purification, unless noted
otherwise. Millipore water with a resistivity of 18.2 MQ cm at
25 °C was used in all the experiments. The amine-terminated
poly(amido amine) dendrimer was purchased from Symo-Chem
and received as a solution in methanol (20% w/w).

Synthetic procedures

The 6-monotosyl-f-cyclodextrin was synthesized according to a
literature procedure [31]. The multivalent Fcg-PAMAM was
prepared according to a procedure developed in our group [28].
Syntheses of Adg-PAMAM and Ad-PEG (M, = 5000 g/mol)
were performed according to literature procedures [11], as well
as Ad-TEG [32].

Synthesis of CD-PEI

The procedure for preparing the B-CD-functionalized PEI
polymer was based on a literature procedure [11]. DMSO was
freshly distilled under argon. Then, to a solution of branched
poly(ethylene imine) [M,, = 10,000 g/mol] (250 mg,
0.025 mmol) dissolved in 45 mL DMSO under argon at 60 °C,
a solution of 6-monotosyl-p-cyclodextrin (1.4 g, 1.1 mmol) and
0.5 mL triethylamine in 35 mL of DMSO was added slowly
under argon by using a syringe while stirring. The resulting
solution was stirred at 60 °C for three days under argon. The
solution was cooled to room temperature and diluted with
40 mL deionized water with a resulting pH of 10.9. The solu-
tion was transferred to a Spectra/Por MWCO 6-8 kD membrane
and dialyzed against water for 4 days. The dialyzed solutions
were filtered over paper and lyophilized to afford 189 mg of a
flufty, near-white solid. 'H NMR (400 MHz, D,0) & (ppm)
5.39-5.05 (br, 7H, C1H of CD), 3.87-3.56 (m, 42.1, C2-6H of
CD), 3.5-2.2 (br, 115.6, OCH; of PEI).

Synthesis of Fc-PEG

Methoxypoly(ethylene glycol)amine (My, = 5000 g/mol;
250 mg, 0.050 mmol) and 0.2 mL triethylamine was dissolved
in 15 mL CH;Cl; under argon in a 100 mL one-necked round-
bottom flask. While stirring, a solution of ferrocenoyl chloride
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(500 mg, 2.0 mmol) in 15 mL dichloromethane was added drop-
wise by using a syringe. The mixture was allowed to stir
overnight at room temperature under argon. The solvent was
removed leaving an orange residue. The residue was dissolved
in 20 mL chloroform. The chloroform mixture was washed with
10 mL aqueous saturated NaHCOj3 solution after which the
organic layer was dried using MgSQOy. After filtration over
paper, the solvent was removed by evaporation and the
remaining precipitate was redissolved in 2 mL chloroform. The
chloroform solution was added dropwise to 40 mL of diethyl
ether, giving immediate precipitation of a yellow solid, which
was filtrated and dried in a vacuum oven at 40 °C overnight.
This yielded 136 mg of a slightly yellow solid. 'H NMR
(400 MHz, D,0) & (ppm) 4.78 (m, 2H, Fc), 4.53 (t, 2H, Fc),
4.28 (s, 5H, Fc), 3.85 (t, 2H, CH,CH,NHCO), 3.50 (t, 2H,
CH,;NHCO), 3.36 (s, 3H, OCH3).

Methods

Supramolecular nanoparticle assembly as a

function of ionic strength

For the preparation of SNPs as a function of ionic strength
(0-0.2 M NaCl), aqueous solutions of CD-PEI and NaCl and
Fcg-PAMAM in DMSO were prepared before mixing. The
concentration of CD-PEI was kept constant. As an example, for
preparing a solution of 50% Fc entities derived from the Fc
dendrimer in 0.1 M NaCl, first 100 uL of aqueous CD-PEI solu-
tion (500 uM in CD moieties), 60 pL of aqueous NaCl solution
(833.3 mM) and 340 pL of water were mixed for 30 s. After
mixing, 7.5 pL of Fcg-PAMAM solution in DMSO (3336 uM
in Fc moieties) was injected to the previous solution while soni-
cating.

Job plot using Fcg-PAMAM

For the preparation of SNPs using 0.4 M NaCl, an aqueous
solution of CD-PEI, free CD, NaCl and a solution of Fcg-
PAMAM in DMSO were prepared before mixing. The concen-
tration of total moieties was kept constant at 50 uM. As an
example, for preparing a solution of 50% Fc entities (25 pM)
derived from the Fc dendrimer, first 125 pL of aqueous
CD-PEl/free CD solution (100 uM in CD moieties; 2 mM free
CD), 240 pL of aqueous NaCl/free CD solution (833.3 mM
NaCl; 2 mM free CD) and 135 pL of aqueous free CD solution
(2 mM), were mixed for 30 s. After mixing, 7.5 pL of Fcg-
PAMAM solution in DMSO (1664 uM in Fc moieties) was
injected to the previous solution while sonicating.

Job plot using Adg-PAMAM

For the preparation of SNPs using 0.2 M NaCl, aqueous solu-
tion of CD-PEI, free CD, NaCl and solution of Adg-PAMAM in
DMSO were prepared before mixing. The concentration of total

moieties was kept constant at 200 pM. As an example, for pre-
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paring a solution of 50% Ad entities (100 pM) derived from the
Ad dendrimer, first 125 pL of aqueous CD-PEl/free CD solu-
tion (400 pM in CD moieties; 2 mM free CD), 120 pL of
aqueous NaCl/free CD solution (833.3 mM NaCl; 2 mM free
CD) and 255 pL of aqueous free CD solution (2 mM), were
mixed for 30 s. After mixing, 7.5 pL of Adg-PAMAM solution
in DMSO (6664 uM in Ad moieties) was injected to the

previous solution while sonicating.

Supramolecular nanoparticle assembly as a

function of different stoppers

For the preparation of SNPs using 0.2 M NaCl as a function
of stoppers at two different Fc fractions, various aqueous solu-
tions of CD-PEI, PEG modified (Ad-TEG, Ad-PEG
(My = 5000 g/mol), Fc-PEG (My, = 5000 g/mol), mPEG
(My, = 5000 g/mol) and using two different concentrations of
Fcg-PAMAM in DMSO were prepared. The concentration of
CD-PEI was kept the same. As an example, for preparing a
solution of 50% Fc entities derived from the Fc dendrimer using
Ad-PEQG, first 100 pL of aqueous CD-PEI solution (500 uM in
CD moieties), 100 uL of aqueous Ad-PEG solution (250 uM),
120 puL of aqueous NaCl solution (833.3 mM) and 180 pL of DI
water were mixed for 30 s. After mixing, 7.5 pL of Fcg-
PAMAM solution in DMSO (3336 uM in Fc moieties) was
injected to the previous solution while sonicating.

Supramolecular nanoparticle assembly as a

function of increasing multivalent guest

For the preparation of SNPs in 0.2 M NacCl various aqueous
solution of CD-PEI and Ad-PEG and Fcg-PAMAM in DMSO
were prepared before mixing. The concentration of CD-PEI was
kept the same. As an example, preparing a solution of 50% Fc
entities derived from the Fc dendrimer, first 100 pL of aqueous
CD-PEI solution (500 pM in CD moieties), 100 uL of aqueous
Ad-PEG solution (250 uM), 120 pL of aqueous NaCl solution
(833.3 mM) and 180 pL of DI-water were mixed for 30 s. After
mixing, 7.5 pL of Fcg-PAMAM solution in DMSO (3336 uM
in Fc moieties) was injected to the previous solution while soni-

cating.

Triggered disassembly of SNPs

To evaluate the redox responsiveness of the particles, SNPs
containing [CD] = 100 pM (in CD moieties from CD-PEI),
[Fc] = 50 uM (in Fc from Fcg-PAMAM) and [Ad] = 50 uM
(from Ad-PEG) were prepared in 0.4 M NaCl solution. The d
was measured over time after the injection of Ce*" (10 equiv of
Ce*" relative to Fc was added to the SNPs). To evaluate
whether the SNP disassembly was due to the oxidation of the
ferrocene groups, SNPs containing [CD] = 100 uM (in CD
moieties from CD-PEI), [Ad] = 37.5 uM (in Ad from Adg-
PAMAM) and [Ad] = 62.5 uM (from Ad-PEG) were prepared
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in 0.2 M NaCl. The d was measured over time after the injec-
tion of Ce*™ (10 equiv of Ce*" relative to Ad was added to the
SNPs).

Equipment

Dynamic light scattering (DLS)

Hydrodynamic diameters and zeta potentials were measured on
a Zetasizer NanoZS (Malvern Instrument Ltd, Malvern, United
Kingdom) at 20 °C, with a laser wavelength of 633 nm and a
scattering angle of 173°.

High resolution scanning electron microscopy
(HR-SEM)

All SEM images were taken with a Carl Zeiss Merlin scanning
electron microscope. The samples were prepared by drop-
casting 10 uL of a SNP solution onto a silicon wafer. After 60 s,
excess of water was removed by filter paper. The particle
dimensions are obtained from SEM images with ImageJ soft-
ware. For each sample at least 100 particles were measured.

Calorimetric analysis

Calorimetric titrations were performed at 25 °C using a
Microcal VP-ITC titration microcalorimeter. Sample solutions
were prepared in Millipore water.

NMR spectroscopy

TH NMR spectra was recorded on a Bruker 400 MHz NMR
spectrometer. 'H chemical shift value, 400 MHz is reported as &
using the residual solvent signal as internal standard at ~22 °C.

Mass spectrometry

Mass analysis was done using matrix-assisted laser desorption
ionization (MALDI) on a Waters Synapt G1 using 2,5-dihy-
droxybenzoic acid as the matrix.
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Amphiphilically modified cyclodextrins may form various supramolecular aggregates. Here we report a theoretical study of the
aggregation of a few amphiphilic cyclodextrins carrying hydrophobic thioalkyl groups and hydrophilic ethylene glycol moieties at
opposite rims, focusing on the initial nucleation stage in an apolar solvent and in water. The study is based on atomistic molecular
dynamics methods with a “bottom up” approach that can provide important information about the initial aggregates of few mole-
cules. The focus is on the interaction pattern of amphiphilic cyclodextrin (aCD), which may interact by mutual inclusion of the
substituent groups in the hydrophobic cavity of neighbouring molecules or by dispersion interactions at their lateral surface. We
suggest that these aggregates can also form the nucleation stage of larger systems as well as the building blocks of micelles, vesicle,
membranes, or generally nanoparticles thus opening new perspectives in the design of aggregates correlating their structures with
the pharmaceutical properties.

Introduction

Inclusion complexes with supramolecular structures formed by
native or modified cyclodextrins (CDs) are attracting an
increasing attention [1-8], including also the new polymeric CD
nanogels [9] and nanosponges [10-13]. Over the past twenty
years, amphiphilic cyclodextrins (aCD) formed with a-, -, or

v-CD have given rise to a wide interest in the scientific commu-
nity because of their versatility both as drug carriers [11,14,15]
and as self-assembling systems for molecular recognition [16-
18]. Different research groups investigated the aCD behaviour
in solution, elucidating their nanostructures and physicochem-
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ical behaviour, including the temperature- and concentration-
dependence of the supramolecular structures, or the pH depend-
ence of water solubility, so as to improve our understanding of
their activity as drug delivery systems [19,20] and of the bio-
logical fate of the assemblies [21,22]. The balance between the
hydrophobic and the polar groups on the two CD rims modu-
lates the formation of micelles, vesicles, nanospheres (or dense
aggregates), and nanocapsules [1]. In particular, non-ionic aCD
obtained from B-CD modified with hydrophobic thioalkyl
chains (H groups in the following) at the primary rim and short
polar PEG oligomers (P groups) at the secondary rim form
micelles and micellar clusters that are increasingly dispersible
in water when functionalized with thioalkyl C2 or C6 chains
[23,24] (see Scheme 1), or vesicles with C12 or C16 chains, res-
pectively [17,22].

SR H
(0] (0]
HO S HO %)
o1z |07 17
[ P
OJn

H hydrophobic groups
R P polar groups
1:R=CyHs R'=OH n=0-1
2:R=CgHy3R"=0H n =0-1

Scheme 1: Structure of an aCD functionalized with hydrophobic
thioalkyl C2 (R = C3H5) or C6 (R = CgH43) chains at the primary rim
(hydrophobic H groups) and polar oligoethylene glycol (-OCH2CH2-),
chains at the secondary rim (polar P groups).

Potential applications of non-ionic aCD as anticancer and
antiviral drug nanocarriers were recently reported [14], while
analogue cationic aCD with terminal short amino-PEG at the
secondary rim form nanoassemblies which entrap photosensi-
tizers for photoactivated therapy [25] or DNA for gene delivery
[26-30]. The potential of aCD is strengthened by their ability to
selectively recognize cells by exposing receptor-targeting
groups on the surface of the nanoassembly [30]. Because of
these promising results, we have begun to investigate the aggre-
gation behaviour of an aCD model compound by atomistic
computer simulation to clarify the early stages of self-assembly,
in particular the aCD interactions in the nucleation stage, and
give insights on the structure of the embryonic building blocks
of the aCD’s supramolecular nanosystems. We also note that in
the case of a kinetic control of aggregation taking place by
sequential interaction of further aCD, the nature of these embry-
onic building blocks may affect the structure and stability of the
larger aggregates.

Beilstein J. Org. Chem. 2015, 11, 2459-2473.

Some papers already reported simulation studies of CD aggre-
gates, or better dimers, in water in the presence of hydrophobic
or at least amphiphilic moieties, such as ionic [31] and non-
ionic [32-34] surfactants assuming a preassembled state with
the hydrophobic chains threading through one or two native
CDs (see also the non-covalent super-amphiphilic complexes
described in [33,34]), or of the unbiased aggregation process of
two larger CDs encapsulating Cgq [35]. Other studies consid-
ered again preassembled micelles, such as for instance the
wormlike micelles formed by the cetyltrimethylammonium
cations, investigated at various salt concentrations to assess
their stability against rupture in smaller spherical micelles [36],
or more recently a bilayer of aCDs functionalized through an
anthraquinone moiety mimicking a small portion of a whole
vesicle [37]. Otherwise, coarse-grained Monte Carlo simula-
tions in two dimensions modelled the self-assembly of aCD
[38]. It should be underlined, however, that in the atomistic
simulations a manually pre-assembled system was generally
assumed, while the spontaneous formation of supramolecular
aggregates was seldom, if ever, considered, apart from the
above-mentioned reference [35]. To improve our understanding
of the factors driving the formation of aCD molecular assem-
blies, we describe in this paper an atomistic molecular dynamics
investigation of a model compound of a non-ionic aCD exten-
sively studied experimentally [23,24]. The aim of the present
work is to describe the first aggregation step that eventually
leads to formation of a micelle or more generally of a large
aggregate that may be held together through the interaction both
within the cavity and, at the outer surface, by a combination of
dispersion and dipolar interactions and of hydrogen bonds,
adopting throughout a “bottom up” atomistic description.

The modelled system consists of an amphiphilic f-CD of
Scheme 1 carrying hydrophobic H groups at the primary rim
(R = C;H5) and polar P groups at the secondary rim with n =0
(R!' = OH), simply denoted in the following as the model aCD.
The simulations used molecular mechanics (MM) and molec-
ular dynamics (MD) methods, and were carried out both in
vacuo, to mimic a non-polar and weakly interacting solvent, and
in explicit water, using a box of water molecules with periodic
boundary conditions (PBC). While MM methods involve
energy minimizations of the simulated systems with respect to
all the atomic coordinates, the MD methods describe the time
evolution of the whole system at the chosen temperature,
according to Newton’s equation of motion, thus following the
kinetics of a process and the system equilibration, within the
accessible simulation time. As previously done [35,39-42], we
employ a standard simulation protocol subsequently adopted
also by other groups [43]: First we carry out an initial energy
minimization of trial geometries mimicking a random approach
of the molecules in solution, and then we perform MD runs of

2460



these geometries until equilibrium, monitored inter alia through
the system energy and its components, and through the inter-
molecular separations, is achieved. Eventually, we carry out
final optimizations of different conformations saved during the
MD runs after equilibration to determine the interaction energy
and the system geometry, either in the most stable final state or
in some largely populated geometry met within the dynamic run
in order to characterize the main features of the (pseudo) equi-

librium nucleation states.

In the following, after the methodological section, we first
discuss the conformation of the isolated molecule of the model
compound to determine the intramolecular conformation in
vacuo and in water. We then model the interaction between two
molecules in vacuo and in water considering three different
mutual orientations variously facing the H and P groups to have
information about the stability of the contacts among the
hydrophobic and/or the polar substituents. Afterwards, we study
more briefly the interaction among four molecules, mentioning
also some preliminary results of larger systems. The final
section summarizes the main results with an outlook to future

work.

Simulation Method

The simulations were performed with Insightll/Discover 2000
[44], using the consistent valence force field CVFF [45] as
previously done [35,39,40,46]. The geometry of the model
aCD, generated with the available templates of Insightll, was
subjected to an MD run in vacuo and in explicit water at 300 K,
and finally optimized up to an energy gradient lower than
4 x 1073 kJ mol™! A™1. The aggregate formation was modelled
by placing the appropriate number of molecules in different trial
arrangements (see later), so that the different CD rims could
face one another. The hydrated systems were modelled after
adding a large number of water molecules at the local density of
1 g cm ™3 in prismatic cells of appropriate size, adopting peri-
odic boundary conditions (constant-volume conditions). These
molecules were then modelled exactly in the same way as the
solute molecules. After an initial geometry optimization, the
resulting adducts were subjected to independent MD runs and
final geometry optimizations considering in vacuo many
different geometries saved during the MD run, and in water the
final configuration at equilibrium (the simulation length, depen-
dent on the system size, will be mentioned in the text). The
dynamic equations were integrated using the Verlet algorithm
[47] with a time step of 1 fs at a temperature of 300 K,
controlled through the Berendsen thermostat [48], and the
instantaneous coordinates were periodically saved for further
analysis. The system equilibration was monitored by the time
change of the total and potential energy of the system and of its

components, and of relevant intermolecular distances, in par-
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ticular those between the centres of mass of the interacting
macrocycles. Based on these equilibration criteria, the MD runs
were carried out for different lengths. The simulations in
explicit water were often shorter than in vacuo due to the much
larger computational burden of a fully hydrated system, so that
much lengthier rearrangements cannot be ruled out. On the
other hand, system thermalization is significantly faster in water
than in vacuo due to the random collisions with the solvent
molecules, which compensates in part the difference in the
length of the MD runs.

The geometries periodically sampled in the MD runs were
analysed through the pair distribution function g;(r), or PDF, as
described for instance in [49]. This function gives the proba-
bility density of finding atoms j at a distance » from atoms 7, and

is defined here in the non-normalized form as

()

d<N.-]~
dV(r)

1

()= g

where d <N,»j (r)> is the average number of times the j atoms are
comprised in a spherical shell of thickness dr at a distance r
from atoms i within an MD run. Thus, g;(r) yields the average
non-normalized probability of finding of atoms j in the shell
volume dV(r) at a distance between r and r + dr from atoms i,
giving an immediate picture of the local density of j atoms due
to specific interactions.

Results and Discussion
The isolated molecule in vacuo and in explicit
water

Using the above-mentioned simulation protocol proposed by
some of us [39-42], we first studied the isolated aCD molecule.
After the initial minimization, the MD run at room temperature
lasting for 5 ns, and the final optimizations of 200 snapshots
saved along the trajectory, we obtained the most stable geom-
etry in vacuo. The simulations show a weak clustering of the
hydrophobic thioalkyl groups and an extensive pattern of
hydrogen bonds at the polar rim involving the adjacent
OH groups (Figure 1a), yielding a cylindrical molecular shape
with similar diameters of the two rims. This shape is qualita-
tively displayed by the internal molecular cavity shown in
Figure 1a, and quantitatively revealed by the similarity of the
pair distribution function PDF of the glycosidic oxygens on the
macrocycle and of the S atoms carrying the H chain as a func-
tion of their distance from the macrocycle centre of mass
(c.o.m.), shown in Figure 2a. In particular, these distances
roughly fluctuate around a similar average value, with a similar
shoulder at larger separation. We further note for the later

discussion that the surface accessible to the solvent (Figure 1a)
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b)

Figure 1: The final optimized geometry of the aCD molecule in vacuo (panel a) and in explicit water (panel b) viewed sideways (at left) and from
above the polar groups (at right). In each panel, the upper part shows the line drawing of the molecule (carbons are in green, oxygens in red, and the
sulfur atoms of the H chain in yellow, while the hydrogens were omitted for clarity) and the lower part the surface accessible to the solvent, consid-
ered as a spherical probe with the radius of 1.4 A (the electrically neutral part of the molecule is in grey, the negative areas of the oxygens are in red
and the positive ones of the hydroxy hydrogens in blue). In part b, we also show a water molecule entering the cavity to replace another one present

at the beginning of the MD run (see text).

0.008
a) In vacuo
0.006
= 0.004
a
s
0.002
0.000
0 15

r/ A

0.004
b) In water
= 0.002 -
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A
0.000 g T a— T T t *
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Figure 2: Some relevant PDF’s calculated along the runs for the isolated aCD. a) The PDF of the glycosidic oxygens (black and blue symbols) of the
polar secondary rim and of the S atoms (red symbols) of the hydrophobic primary rim as a function of their separation from the macrocycle c.o.m. in
vacuo. b) The PDF of the glycosidic oxygens carrying the P chains (red symbols), and of the S atoms carrying the H chains (blue symbols) as a func-

tion of their separation from the macrocycle c.o.m in water.

amounts to 1266 A2, and the radius of gyration Ry (defined as
the mass-weighted root-mean-square distance of the system
atoms from their common c.0.m.) to 6.97 A.

A somewhat different geometry is achieved in explicit water
(Figure 1b), where a cubic cell with a size of 33.0 A was
adopted with 1091 water molecules and the MD run lasted for
500 ps, in view of the much faster relaxation due to the random
collisions with the solvent. Here, the aCD assumes the typical
truncated-cone shape taken by cyclodextrins in the solid state,

but in the present case this feature is further enhanced by the
clustering of the H chains in order to minimize the exposed
surface. The PDF is again most useful to characterize the mole-
cular shape induced by the environment. This feature can be
seen in the PDF of the glycosidic oxygens of the macrocycle
and of the S atoms plotted as before as a function of their dis-
tance from the macrocycle c.o.m. in Figure 2b, showing that the
glycosidic oxygens at the secondary rim are much further from
the c.o.m. that the S atoms carrying the H chains, which

strongly cluster to minimize their contact with the water mole-
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cules. In this way, the macrocycle also achieves a large opening

of the secondary rim so as to maximize the P-chain hydration.

It should also be noted that there is a small cluster of five water
molecules trapped into the cavity, and quite isolated from the
bulk water, with a pattern rather similar to what found in the
native B-CD [46]. Interestingly, also in this case there is a
dynamic equilibrium involving the water molecules initially
clustered within the hydrophobic CD cavity that are replaced by
other molecules entering the cavity from the bulk water during
the MD run. An example of this exchange process is shown by
the trajectories (reported in Figure 3) of two water molecules in
terms of the distance between their oxygen atoms and the c.o.m.
of the hosting aCD plotted as a function of time: one of them is
a water molecule entering the cavity (the water molecule evi-
denced in Figure 1b), while the other one is a water molecule
initially comprised within the cavity that escapes to the outer
bulk water. Moreover, the PDF of the atoms of the water mole-
cules as a function of their distance from the macrocycle c.o.m.
(see Figure 4) show that the cavity is populated throughout the
MD runs, even though by different molecules.

40

—— water initially in cavity
—— water in cavity after MD run

distance / A

T T T T T T T T T 1
0 100 200 300 400 500
t/ps

Figure 3: The distance between the oxygen atoms of two water mole-
cules and the c.0.m. of the aCD plotted as a function of time calcu-
lated during the 500 ps MD run. One water molecule initially within the
cavity escapes to bulk water (black symbols), being replaced by
another one within the MD run (red symbols).

In conclusion, in water the apolar H groups significantly cluster
so as to minimize the contact with the environment, whereas the
hydrophilic P groups show a marked opening to enhance their
hydration. The ellipsoidal distortion of the macrocycle caused
by the above mentioned interactions should also be noted. As a
result, in water the surface accessible to the solvent is equal to
1358 A2, while the radius of gyration R, increases to 7.30 A,
with values significantly larger than what is obtained in vacuo

(or in an apolar solvent).

Beilstein J. Org. Chem. 2015, 11, 2459-2473.
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Figure 4: The PDF of the oxygen and of the hydrogen atoms of the
water molecules (in red and in blue, respectively) plotted as a function
of their distance from the aCD macrocycle c.o.m. calculated during the
500 ps MD run.

The interaction between two molecules
Simulations in vacuo

The pairwise interaction between two amphiphilic CDs was
investigated by facing two aCD molecules through their
H groups, through one H and one P group, or through their
P groups as shown in Figure 5, using the most stable optimized

geometry obtained in vacuo.

The initial minimizations in vacuo yield a relatively weak inter-
action for the H-H arrangement involving the hydrophobic
H groups through dispersive interactions, a stronger interaction
in the P-P arrangement involving the polar P groups through
mainly dipolar interactions and possible hydrogen bonds, and
an even stronger interaction in the H-P arrangement, even
though the additional stabilization only amounts to about
3 kJ/mol. It should be noted that while a PP interaction may
allow for intermolecular hydrogen bonds among the terminal
OH groups, in the P-H arrangement a slightly larger number of
intramolecular hydrogen bonds is actually present together with
some shallow self-inclusion of two H groups. Moreover, the
H-P arrangement does allow for a significant optimization of
the dispersive interactions through partial inclusion of some
H groups in the hydrophobic cavity of the other molecule.
Significant changes are however achieved within the MD runs
in vacuo lasting 30 ns, which allow for possible major
rearrangements of the two molecules, as indeed found in the
fully optimized geometries shown in Figure 6 at left. In particu-
lar, the H-H and H-P initial arrangements display an almost
complete rotation and/or a noticeable tilt of one molecule with
respect to the other one (Figure 6a and Figure 6b, respectively)
leading in both cases to some favourable H-P interactions. The

most stable geometry was found after the MD runs and final
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Figure 5: The pairwise initial arrangements of two amphiphilic molecules that face the two hydrophobic H groups, the hydrophobic H and the polar
P groups, and the two polar P groups, from left to right in the order. The colour codes are as in Figure 1, while the macrocycles of the two aCD mole-

cules are shown in blue and red for clarity.

optimization of many instantaneous snapshots (100 snapshots
taken at equilibrium in the final 10 ns when all the monitored
quantities fluctuate around a constant average value) starting
from the initial P-P geometry, which involves an interaction
among the two polar groups. In this way, the two molecules can
form seven intermolecular hydrogen bonds (in addition to the
intramolecular ones) and optimize the dipolar interactions
(Figure 6¢) with the largest interaction energy, in absolute
value, and the smallest radius of gyration but the largest surface
accessible to the solvent (see Figure S1 of the Supporting Infor-
mation File 1) as shown in Table 1. Here and in the following,
the interaction energy is defined as Ejn¢ = Eaggr — nEijsol, Where
Eaggr is the energy of the aggregate formed by # molecules and

Eiso) the energy of the isolated molecule. Interestingly, in this

Table 1: Interaction energies.

geometry the aggregate also shows a larger surface accessible to

the solvent than in the other arrangements (see Table 1).

The two higher-energy geometries do not show major differ-
ences, since both have a favourable interaction of the P groups
of one molecule with the H groups and with part of the lateral
surface of the other molecule. Moreover, in either case there is
inclusion of two H groups of one molecule in the hydrophobic
cavity of the second one, and four intermolecular hydrogen
bonds. In particular, the initial H-H arrangement yielded the
final geometry of Figure 6a, with an interaction energy (see
Table 1) intermediate between the most (Figure 6¢) and the
least stable one having the H-P arrangement (Figure 6b) due to

somewhat weaker dipolar interactions of the latter one.

Starting In vacuo In water
arrangement
. Accessible a Accessible
Eint (kd/mol) Ryg (A) surface (A2) Epot? (kJ/mol) Ryq (A) surface (A2)
H-H -251 8.17 1799 0 10.09 2333
H-P -242 8.11 1771 54 9.74 2424
P-P -266 7.94 1848 176 8.51 2112

8These are the average potential energies within the MD run with respect to the lowest one.
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in vacuo

e)
H-H

)

H-P P-P

in water

Figure 6: Final optimized geometries at equilibrium after the 30 ns MD runs obtained both in vacuo and in water. The Figure shows a line drawing of
the dimeric aggregates (the hydrogen atoms were omitted for clarity). The atom colour codes are the same as in Figure 1.

Simulations in water

The simulations in explicit water were carried out starting again
from the initial arrangements shown in Figure 5 within a tetrag-
onal cell with axes equal to 38 A x 38 A x 48 A and 2086 water
molecules. In water, the interaction between two amphiphilic
B-CD is definitely weaker than in vacuo because of the
competing interaction of the polar groups with the water mole-
cules. In the initial minimizations, only minor changes were
observed, mainly involving some clustering and partial
shielding of the H groups to minimize contact with water. After
the MD runs, only relatively loose aggregates were obtained,
their optimized geometry being shown in Figure 6. The geom-
etry of Figure 6d is the most stable one, as inferred by the
potential energy averaged after equilibration within the final
350 ps of a preliminary dynamic trajectory lasting for 500 ps,
while the geometries shown in Figure 6¢ and 6f have a higher
average potential energy, as shown in Table 1. Further dynamic
runs were carried out for a total of 30 ns to check for the robust-
ness and stability of these geometries, but we did not detect any

major change, neither in the potential energy, nor in the mutual

arrangements of the two aCD (or more precisely in the distance
between the centers of mass of the two aCD), which can require
a longer simulation time to achieve equilibrium by small local
rearrangements than potential energy. Accordingly, the initial
interaction geometry kinetically traps the adducts in a deep local
potential energy minimum, which may drive and affect the

subsequent growth after addition of further molecules.

On the other hand, full optimization of the final snapshots
produced as the minimum energy conformation the geometry of
Figure 6e, even though the energy values of the optimized
arrangements can be largely affected by the presence of the
random, glassy arrangement of the water molecules trapped in
some local energy minimum. The geometry of the aCD pair
involves a weak interaction between a few P and H groups of
the two molecules, producing a relatively open aggregate with a
large surface accessible to the solvent shown in Supporting
Information File 1, Figure S1 (see Table 1). Interestingly, the
squared value of the radius of gyration is close to, though still

smaller than, twice the squared radius of gyration of the isolated
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molecule in water, stressing again the relatively poor clustering
of this dimeric aggregate. An analogous optimization for the
other starting arrangements yielded the geometries shown in
Figure 6d and Figure 6f. However, in the former case the aggre-
gate has a quite large size, as shown by its radius of gyration,
indicative again of a weak interaction with a quite large surface
exposed to the water solvent, whereas in the latter case it has a
significantly smaller radius of gyration and an even smaller
exposed surface (see Table 1 and Supporting Information File 1,
Figure S1). It must be pointed out that the size of the last
arrangement could suggest stronger intermolecular interactions
than in the previous cases mediated by the water molecules
entrapped by the P groups, but this arrangement is not the most

Beilstein J. Org. Chem. 2015, 11, 2459-2473.

stable one in view of its higher energy, related in turn with the
presence of H groups exposed to water.

The interaction among four molecules
Simulations in vacuo

The stability of larger aggregates was then investigated consid-
ering four molecules interacting in different relative orienta-
tions. In the starting arrangements, the four molecules can
interact through a) the four H groups, b) the four P groups, or
¢) two P groups, one H group and a side surface, thus being
essentially placed at random (first row of Figure 7). The initial
minimizations already produced significant interactions among
the molecules, which approached one another with only minor
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Figure 7: The starting arrangements (a—c) of the four a-CD molecules (top row) and the final arrangement after the MD run and the final optimization
in vacuo (second row). The bottom row shows a schematic pattern of the distances (in A) between the centres of mass of the four macrocycles aver-
aged over the last 10 ns of the MD run (out of a total of 30 ns). The solid lines indicate the short distances (<14 A), the dashed lines the longer
distances (in the range between 14 and 18 A) and the dotted lines the still larger separations (>18 A). In general the standard errors of the mean are
<0.01 A, while the standard deviation around the mean are in the range +(0.3-0.5) A.
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changes. The interactions energies turned out to be quite signifi-
cant, and increasingly larger in the above-mentioned order, with
weaker interactions among the H groups only due to dispersion
forces in case a, and stronger interactions in cases b and ¢ due to
the presence of intermolecular hydrogen bonds and dipolar
interactions.

The subsequent MD runs of these geometries, each lasting for
30 ns, led in some cases to significant rearrangements, always
producing single aggregates where the four molecules are kept
together by different combinations of dispersion forces, dipolar
interactions and hydrogen bonds. However, there are small but
significant differences in the aggregation pattern, as it is already
evident from simple inspection of the final optimized geome-
tries of Figure 7. The most stable state arrived in cases a and b
of Figure 7 approximately shows the same stability in vacuo, as
shown by their interaction energies reported in Table 2.
However, the aggregation patterns are very different, with
important implications for the interactions of larger clusters. In
fact, in the case of Figure 7a the MD run leads to large
rearrangements such that one molecule (molecule B in Figure 7)
undergoes a complete rotation in order to optimize its intermol-
ecular interactions through inclusion of two of its P groups in
the hydrophobic cavity of two neighbouring molecules (mole-
cules A and C), thus acting as a bridge between them, showing
also self-inclusion of one of its H groups. As a result, three
molecules are quite close to one another, whereas the fourth one
(molecule D) is farther away, being connected more loosely to
the other ones through a few intermolecular hydrogen bonds.

To better classify these aggregates, let us conveniently denote
as closer molecules those showing a distance d between their
c.o.m. smaller than 14 A, i.e., roughly twice the value of the
radius of gyration of the isolated molecule, and farther mole-
cules those with a larger d. These distances are graphically
shown in the fourth row of Figure 7, where the thick lines
denote the separation between the closer molecules (d < 14 A),
the dashed lines the slightly longer distances (14 A <d <18 A),
and the dotted lines the farther molecules (d > 18 A). In case of
Figure 7a, molecule D is somewhat farther away, as implied by
the d values involving it. Accordingly, we may denote this as a
3 + 1 aggregate, and in fact the whole system has a relatively
large Ry value and a large surface accessible to the solvent (see
Table 2 and Supporting Information File 1, Figure S2).

The case of Figure 7b has about the same stability, as said
before, due to a different combination of dispersion interactions
and hydrogen bonds. In this case, in fact, molecule D shows
both self-inclusion of a P group and inclusion of another, adja-
cent P group in the cavity of the neighbouring molecule A.

Moreover, molecule B includes one of its P groups in the cavity

Beilstein J. Org. Chem. 2015, 11, 2459-2473.

Table 2: Solvent-accessible surface.

Starting In vacuo
arrangement?
A Accessible
Eint (kJ/mol)  Rq (A) surface (A2)
a -678 11.26 3541
b -679 10.59 3139
c =731 11.05 3381

aThe three arrangements are labelled as indicated in Figure 7.

of molecule C, forming also a hydrogen bond with a glycosidic
oxygen of the latter macrocycle. Accordingly, this aggregate
could be identified as a tight 2 + 2 cluster held together by inter-
molecular hydrogen bonds between two pairs of molecules, but
it may also be denoted as a veritable 4 cluster in view of the
small value of the radius of gyration (10.59 A, see Table 2) and
of the distances d shown in Figure 7 showing that all the mole-
cules are quite close together. Correspondingly, in this arrange-
ment the surface exposed to the solvent is also quite small (see
again Table 2 and Supporting Information File 1, Figure S2).
Finally, case 7c shows the most stable aggregate with the
largest Ejy, in absolute value (see Table 2) due to strong inter-
actions with mutual inclusion of H and P groups in neigh-
bouring macrocycles. Thus, in addition to a shallow self-inclu-
sion of an H group, molecule B of Figure 7c shows inclusion of
one H group in the macrocycle of C, and of two H groups in the
macrocycle of A. Moreover, molecule A shows inclusion of one
P group within the macrocycle of D. Thanks also to the inter-
molecular hydrogen bonds, involving molecules A and D, and
molecules B and C, the aggregation leads to rather short
distances among the c.o.m. of the closer molecules, as shown in
the last row of Figure 7, so that this is again a 4 cluster. On the
other hand, this inclusion pattern leads a more “open” aggre-
gate, in view of the quite long A—C separation, producing a
quite large radius of gyration and a relatively large exposed
surface, as shown in Table 2 and Supporting Information File 1,
Figure S2. As a conclusion of this paragraph, we point out that
if the Ej, values for the aggregates of four molecules are
normalized by the number of interacting molecules, we get
quite larger values (in absolute value) than for two molecules,
though not by a factor of six (the number of pairwise interac-
tions among four molecules). Such a result suggests coopera-
tive effects favouring larger clusters compared to smaller ones,
even though the four molecules cannot simultaneously opti-
mize all the possible pairwise interactions for steric reasons.

Simulations in water

The simulations in water of larger systems of aCD in water are

computationally more demanding, and accordingly here we
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only report our preliminary results, already providing interest-
ing information, deferring to a future paper a more detailed
analysis. The simulation of four aCD in water was carried out in
a large cubic cell with an axis equal to 60 A and 6806 water
molecules starting with the arrangement shown in Figure 7a
where the H groups point towards the common centre of mass.
This arrangement somehow shields the hydrophobic chains
from water while exposing the polar chains to water, but since
we obtained rather soon an interaction pattern similar to what
obtained in vacuo with four molecules and also in water with
eight molecules, we did not consider the other arrangements of
Figure 7 for brevity. In fact, the final, optimized geometry
achieved in water after an MD run of 1 ns, shows a strong inter-
action between two molecules (molecules A and D in Figure 8),
as shown by the the short distance between the centers of mass
of their macrocycles. These molecules are somewhat off-axis so
as to optimize the interactions between their H groups that
tightly inter-digitate, with a mutual shallow inclusion of a few
of them into the cavity of the facing molecule. Furthermore,
there is a looser side interaction of a third molecule (molecule B
in Figure 8), interacting with the A and D molecules through
dispersion interactions involving a few H groups of the B mole-
cule and the P groups of the A molecule. An even looser inter-
action with these molecules is shown by the fourth one (mole-
cule C in Figure 8), which anyway is sufficient to keep it
aligned with molecule B along an axis passing through average
planes formed by the CD macrocycles. The weakness of this
interaction can also be gauged by the conformation of the latter
molecule that closely matches the shape of the isolated mole-
cule in water, both for the tight clustering of the H groups to
minimize the hydrated surface and for the wide opening of the

P groups to maximize their hydration. In conclusion, even

C
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though one could denote this arrangement as a 2 + 1 + 1 aggre-
gate, it is best described as a 3 + 1 aggregate. There is a further
observation supporting this conclusion. In fact, the radius of
gyration of the whole cluster is much larger than in vacuo,
amounting to 13.43 A. On the other hand, the cluster formed by
the closer molecules (A, B and D in Figure 5) has a radius of
gyration of 11.71 A, but the surface exposed to the solvent is
quite small (see Supporting Information File 1, Figure S3),
amounting to 3154 A2. Even though the size of this cluster is
still larger than the value obtained in vacuo for the whole aggre-
gate of four molecules, it favourably compares with the values
of the two clusters of three molecules achieved in water with a
larger system, as described in the next section.

The embryonic micelle:

random aggregation of eight molecules
Simulations in vacuo

In order to better investigate the early stage of the nucleation of
larger aggregates or possibly veritable micelles formed by the
amphiphilic CDs, we first investigated the association behav-
iour of eight molecules in vacuo to model an apolar, weakly
interacting solvent. To this purpose, we randomly placed the
molecules with an unbiased arrangement in a cubic cell with a
size of 61.5 A using periodic boundary conditions (Figure 9a).

The initial minimization already yielded a very large, but rela-
tively loose aggregate. In the subsequent MD run lasting for
15 ns, such an aggregate turned out to be quite stable, further
enhancing the intermolecular interactions. The final, optimized
geometry is shown in Figure 9b: the eight molecules do strongly
interact both through the intermolecular hydrogen bonds and

through mutual inclusion of the side chains in the cavity of
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Figure 8: The optimized geometry achieved by four aCD molecules in water by four molecules after the MD run. The line drawing of the aggregate (at
left) and a schematic pattern of the distances (in A, at right) between the centres of mass of the four macrocycles is shown (see Figure 7 for more

details).
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Figure 9: a) The initial random arrangement of eight molecules of the model aCD in a space-filling representation within the simulation box (note that
the overlap of the molecules is only apparent). b) The optimized geometry of the aggregate formed by eight molecules of the model aCD in vacuo.
The hydrogen atoms were omitted for clarity, while the atoms colour code is the same as in the line drawings of Figure 1.

adjacent molecules, basically repeating on a larger scale the
interaction pattern of smaller aggregates. Also, the radius of
gyration of the whole aggregate has a relatively small value
Ry =13.55 A. Interestingly, this value is slightly less than twice
the value of the single molecule, 6.96 A, and since the volume
pervaded by a molecule or an aggregate scales as Rg3, it turns
out that the volume of the aggregate is somewhat less than eight
times the volume of the single molecule thanks to the attractive

intermolecular interactions.

Simulations in water

The simulations in explicit water adopted the same starting
arrangement as in vacuo into the same periodic cell, which
required the presence of 6250 solvent molecules to achieve the
bulk water density. In water, the initial minimization led to a

very poor clustering of a few molecules, not yet corresponding
to a real aggregate. The subsequent MD runs produced some
rearrangements which could thus form veritable, although still
loose aggregates, which however did not show any tendency to
coalesce into larger ones. After 2 ns of simulation time, the
system appeared to have achieved a (pseudo) equilibrium state,
as monitored through the system energy and intermolecular
distances within each formed aggregate. In this case, the whole
system comprised two aggregates, each formed by three mole-
cules and denoted in the following as clusters A and B (see
Figure 10), quite similar to the aggregate formed by molecules
A, B, D in Figure 8, together with two isolated molecules.

Cluster A presents inclusion of a P group of one molecule in the
cavity of a second, neighbouring molecule, while the third one

Figure 10: The two aggregates obtained in water, each comprising three molecules of the model aCD, cluster A (at left) and cluster B (at right) in a
space-filling representation. The hydrogen atoms were omitted for clarity, while the atoms colour code is the same as in the line drawings of Figure 1.
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interacts with the latter through dipolar and dispersive interac-
tions at their lateral surfaces. It is interesting to note that in this
cluster the S atoms of the H groups tend to be close to the
c.o.m. of the aggregate during the MD run, as shown by the
PDF of Figure 11. Moreover, the P groups, and in particular the
secondary hydroxyl groups of the macrocycles and the terminal
ones of the P groups tend to stay in the outer region to enhance
the overall hydration. On the other hand, no inclusion is present
in cluster B, where the three molecules are held together by
dipolar and dispersion interactions taking only place at their
outer surfaces. Note that this nanostructure could be viewed as
the building block of a vesicle surface [37]. In any case, the
radius of gyration of the two clusters are essentially equal, since
they amount to 12.01 A and 12.09 A, respectively, showing
again the relatively loose association achieved in water in this
stage. It should be stressed, however, that these values are only
marginally larger than the value of 11.71 A achieved in water
for the aggregate of the three closer molecules discussed in the
previous section. This result suggests that this cluster size is
indeed quite favourable in this initial pseudo equilibrium aggre-

gation stage that may persist for quite a long time.
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Figure 11: The PDF of the S atoms of the H groups at the primary rim

(black symbols) and of the oxygen atoms of the hydroxyl groups at the

secondary rim and in the P groups (red symbols) in cluster A plotted as
a function of their distance r from the cluster c.o.m.

The aggregation process led to an apparent equilibration, as
suggested inter alia by the lack of change in the potential and
van der Waals energy of the whole system in the last half of the
MD run (see Figure 12). Of course much lengthier processes
cannot be ruled out: in fact, in view of the small size of these
aggregates and of the simulations carried out in vacuo with four
and eight molecules, the present results only describe the
embryonic stage of aggregation, separated from later stages by
some free energy barrier, mainly due to configurational entropy.
On the other hand, taken together the present results in water

may provide some clues about the possible kinetics of aggrega-
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tion: at first there is the fast formation of small clusters
comprising few molecules, followed by the further aggregation
of these cluster with may add individual molecules but also
coalesce more slowly because of their smaller diffusivity related
in turn with their larger size.
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Figure 12: The time change of the potential energy and of the van der
Waals energy due to the dispersion and covolume interactions in the
MD run of eight molecules of the model aCD in water, showing the
apparent equilibration after about 1 ns.

The MD run in water yielded also an increase of the intermolec-
ular order, as shown by the change in the pair distribution func-
tion PDF of Figure 13a within the initial part of the MD run. In
particular, in the PDF the first peak centred at about 8 A from
the common c.o.m. within the initial 200 ps of the MD run
suggests that a few molecules cluster near it, while other farther
molecules lead to a broad distribution of distances roughly
centred at 18 A, indicating also a large and independent molec-
ular mobility. Later on, within the following 300 ps the PDF
shows a broad first peak at about 6-7 A from the common
centre of mass, followed by a second well-defined peak at about
17 A and then a broad shoulder at larger distances. These
features suggest the embryonic formation of a more structured

system corresponding to the formation of clusters A and B.

As for the system hydration, it can be described through the
PDF of the water molecules (or equivalently of their oxygen
atoms) as a function of their distance r from the atoms of the
two clusters, shown in Figure 13b. The first peak at about
r = 1.7 A is due to the O—H~O,, hydrogen bonds of the
hydroxy groups of the cluster with the water oxygens (indi-
cated as Oy), while the two peaks or shoulders at about
r=2.9 A and 3.7 A are mainly due to the OO, non-bonded
distances of the two first hydration shells. Note also the slightly
larger value of the PDF for the cluster B due to its more “open”
shape that produced an effectively larger accessible surface for

the solvent.
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Figure 13: a) The PDF of the eight molecules of the model aCD in water as a function of their distance r from the common c.o.m. b) The pair distribu-
tion function of the water molecules (more precisely, of their oxygen atoms) as a function of their distance from the atoms belonging to each of the two

clusters of three molecules (see Figure 10).

Conclusion

The supramolecular aggregation of molecules is an important
phenomenon determined both by their interactions in a specific
environment (hence on their concentration and on the solvent)
and by their shape, which may preferentially determine stable
mesophases, ranging from micelles to membranes, or even
liquid crystals. It is well-known that the shape and the interac-
tions among native or modified cyclodextrins can drive specific
packing in the solid state, but also in solutions these factors are
crucial in driving the nucleation and then the large-scale aggre-
gation, inducing the observed arrangements of micelles and/or
vesicles and/or nanospheres. It is in general very difficult to
model and understand at the atomistic level these events, but
theoretical studies based on molecular mechanics and molec-
ular dynamics simulations can yield a most useful “bottom up”
approach to model amphiphilic cyclodextrins that may interact

in vacuo or in water.

The simulation results reported in the present paper show that
non-ionic amphiphilic f-CD (aCD) carrying short hydrophobic
(thioethyl) and polar (ethylene oxide) substituents at opposite
rims can aggregate with a relatively complex interaction pattern.
In fact, the hydrophobic H groups and the polar P groups may
compete for either self or mutual inclusion in their own or in a
neighbouring hydrophobic cavity. Such patterns were moni-
tored by MD simulations in vacuo and in water, which suggest
that all these interactions are present, at least in the embryonic
aggregation stage, while the expulsion of a few water mole-
cules clustered within the hydrophobic cavities of the aCD
entropically favours the process. Interestingly, the simulations
in explicit water suggest the clusters of three molecules of the
model aCD are quite robust, and may coexist with isolated

molecules for a while (at least for nanoseconds, according to the

present preliminary simulations), whereas the simulations in
vacuo suggest the relative fast formation of larger aggregates
comprising all the molecules included in the simulations. While
specific solvation effects cannot be ruled out, we point out that
in vacuo all kinetic processes are much faster than in explicit
water because of the lack of the solvent viscosity (the random
collisions with the water molecules). Accordingly, the results
obtained in vacuo suggest that larger aggregates might eventu-
ally form in water as well, possibly with unlike arrangements,
so that the present results give a picture of the early nucleation
stage of the larger aggregates that are experimentally observed.
Note also in this context that our results suggest also the pres-
ence of robust, though metastable arrangements that may persist
also after addition of further aCD molecules, with similar but

unlike interaction geometries.

It should be noted that a qualitatively similar pattern was indeed
experimentally observed in particular by light scattering studies
[24]. In fact, the observed scattered intensity obtained for an
aCD similar to compound 1 of Scheme 1 but with a longer polar
chain with n = 1 (on the average), could be well interpreted as
due to the diffusive behaviour of isolated molecules, of small
micelles of a few molecules and of much larger aggregates that
coexist at equilibrium, even though no quantitative comparison
can be made with the present results obtained for a model com-
pound. It should be added that in the same paper [24] the pres-
ence of the small micelles and of the larger aggregates was
independently confirmed by small-angle X-ray and dynamic
light scattering experiments, respectively. We further note that
aCD with longer alkyl chains (compound 2 of Scheme 1, data
not shown) did not show the presence of isolated molecules in
equilibrium with small micelles and larger clusters [24]. In this

case, the aCD would show a relatively more hydrophobic nature
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than our model aCD. We can thus speculate that mutual inclu-
sion of the polar chains in the cavity of neighbouring molecules
as found in the present paper would be more unlikely because
of the enhanced hydrophobic interactions among the alkyl
chains: their cooperative effect would then favour the micelle
formation vs. the isolated molecules in spite of the entropy loss
entailed by the clustering process.

As a final remark, we point out that with atomistic MM and MD
methods we can model the first nucleation steps which may take
place both in apolar solvent and in water in terms of the geom-
etry of the aggregates and of their interaction energy in a given
solvent. In the proposed approach the different shapes assumed
by aCD and the non-covalent interactions with the solvent may
lead to different macro-aggregates, either micelles or bilayer, or
vesicles and nanospheres at appropriate concentrations. In the
recent past, some of these structures have been selected to yield
versatile and reliable carriers for drug delivery [3,50], and even
for molecular recognition of polymers [51]. In this scenario, the
proposed study can open new perspectives in the design of
aggregates and correlate their structures with the physico-chem-
ical properties.

Supporting Information

Supporting Information File 1

Pictures of the surface accessible to the solvent for the
aggregates of two and four aCD molecules.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-267-S1.pdf]
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Abstract

The interaction between the potent anticancer agent 2-methoxyestradiol (2ME) and a series of cyclodextrins (CDs) was investi-
gated in the solid state using thermal analysis and X-ray diffraction, while the possibility of enhancing its poor aqueous solubility
with CDs was probed by means of equilibrium solubility and dissolution rate measurements. Single crystal X-ray diffraction studies
of the inclusion complexes between 2ME and the derivatised cyclodextrins heptakis(2,6-di-O-methyl)-B-CD (DIMEB) and
heptakis(2,3,6-tri-O-methyl)-f-CD (TRIMEB) revealed for the first time the nature of the encapsulation of a bioactive steroid by
representative CD host molecules. Inclusion complexation invariably involves insertion of the D-ring of 2ME from the secondary
side of each CD molecule, with the 17-OH group generally hydrogen bonding to a host glycosidic oxygen atom within the CD
cavity, while the A-ring and part of the B-ring of 2ME protrude from the secondary side. In the case of the TRIMEB-2ME complex,
there is evidence that complexation proceeds with mutual conformational adaptation of host and guest molecules. The aqueous
solubility of 2ME was significantly enhanced by CDs, with DIMEB, TRIMEB, randomly methylated B-CD and hydroxypropyl-f-
CD being the most effective hosts. The 2:1 host—guest B-CD inclusion complex, prepared by two methods, yielded very rapid disso-
Iution in water at 37 °C relative to untreated 2ME, attaining complete dissolution within 15 minutes (co-precipitated complex) and
45 minutes (complex from kneading).

Introduction

This report focuses on the modes of inclusion of the anticancer  heptakis(2,3,6-tri-O-methyl)-f-CD (TRIMEB) in the solid state.
agent 2-methoxyestradiol (2ME, Figure 1) in the host cyclo-  The structures to be described are the first for crystalline CD
dextrins (CDs) heptakis(2,6-di-O-methyl)-f-CD (DIMEB) and  inclusion complexes of a representative bioactive steroid and as
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such, their molecular structures shed some light on the nature of
cyclodextrin-steroid interactions, including the phenomenon of
‘mutually induced fit’ accompanying complexation. This
feature, while commonly observed in protein—ligand recogni-
tion and selection, is rare for small molecule structures [1]. In
addition to the solid-state results detailed below, we report orig-
inal data on the use of CDs to enhance the aqeous solubility of
2ME.

%2 1O R2o

(o} O
R20
OR! 0
R'O

OR?2
OR
o) @R//%/

OR?

R20

R'=H, R? = Me (DIMEB); R1 R2 = Me (TRIMEB)

Figure 1: Chemical structures of 2-methoxyestradiol (top) and the
derivatised CDs DIMEB and TRIMEB (bottom).

The title steroid, originally identified as an endogenous metabo-
lite of the most common estrogen hormone, 17B-estradiol, has
been intensively studied owing to its proven potent antiangio-
genic, antiproliferative and antitumoral activities [2,3].
However, its poor bioavailability has retarded its development
as a drug [4,5]. Although recent reports of ongoing clinical
trials with 2ME continue to appear [6,7], attention has shifted
towards its more promising derivatives, such as 2-methoxy-
estradiol-3,17-di,O-bis-sulfamate (2MES), with higher potency
and improved pharmacokinetic properties [8]. Nevertheless, as
noted in our recent report on some aspects of the solid-state
chemistry of 2ME and 2MES [9] several new indications for
2ME in the area of anticancer therapy, in particular, coupled
with the well-established low toxicity of underivatised 2ME,
have revived interest in this compound [9,10], providing

ongoing motivation for increasing its poor bioavailability.

Beilstein J. Org. Chem. 2015, 11, 2616-2630.

We therefore embarked on a study of 2ME [11] with the objec-
tives of investigating both the interactions between CD mole-
cules and 2ME in the solid-state as well as the effects of CDs on
the aqueous solubility of 2ME, neither of these aspects having
been given significant attention in the literature. Encapsulation
of poorly soluble drug molecules by CDs with the aim of
enhancing drug bioavailability has been practised for over four
decades, the first demonstration of both in vivo and in vitro
effects of complexation on drug release having been reported in
the early 1970s [12,13]. Steroid hormones were among the first
bioactive compounds whose aqueous solubilities were shown to
be significantly enhanced via CD inclusion. For example, in an
early study by Uekama et al. [14], the interactions between 18
steroid hormones and the native cyclodextrins a-, - and y-CD
in aqueous solution were investigated to gain insight into
CD-steroid interaction modes and the stability of the resulting
inclusion complexes. These researchers also used Fourier trans-
form infrared spectroscopy (FTIR), thermal analysis and
powder X-ray diffraction (PXRD) to infer the existence of solid
native CD-steroid inclusion complexes, some of them having
host—guest stoichiometric ratios of 2:1 and 3:2 with B-CD and
v-CD, respectively. An early attempt to acquire basic structural
information from PXRD data for crystalline inclusion
complexes of B-CD with a series of pregnanes as guests led to
the estimation of crystal unit cell parameters [15], from which
the authors inferred a ‘channel cyclindrical structure’ as a
possible arrangement in the crystalline state. However, no
definitive structural studies were subsequently published. Our
search in the Cambridge Structural Database [16] for CD
complex structures revealed two reported crystal structures
containing the rocuronium ion, a well-known neuromuscular
blocking agent consisting of a steroid nucleus that is highly
functionalised [17], this species being encapsulated by specially
designed CD derivatives [per-6-deoxy-per-6-carboxyethyl-
sulfanyl-y-CD and 6-perdeoxy-6-per(4-carboxylatophenyl)thio-
y-CD] capable of accommodating such a large guest species.
While being of significant interest in the context of modern
anaesthesia [18], this more exotic supramolecular construct
does not serve to illustrate CD—steroidal interactions that might
be associated with the vast majority of bioactive steroids and
our search further revealed that no representative CD—steroid
structures containing more common CDs and steroidal guests
(e.g., cortisone, prednisolone, estradiol, or their derivatives)
have been reported hitherto. Very recently, an account of the
crystal structure of a host comprising a y-CD duplex system
connected by two disulfide bonds that forms stable complexes
with steroids appeared [19]. However, no crystal structure of
any of its inclusion complexes was reported.

Finally, the lack of published studies on the potential for CDs to
improve the aqueous solubility of 2ME also prompted our study
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of this pharmaceutically relevant aspect of the bioactive com-
pound. Here, we report original data that reflect significant
solubility enhancements for 2ME effected by a range of CDs as
well as comparative dissolution data in aqueous medium to
highlight the potential advantages for further development of
2ME.

Results and Discussion

Interaction between 2ME and native CDs

Initial studies focused on possible isolation of solid inclusion
complexes of 2ME with the native cyclodextrins a-, - and
y-CD. Following neat co-grinding of each CD and 2ME (1 h,
1:1 molar ratios) and kneading (1 h with water as medium,
CD-2ME ratios 1:1 and 2:1), PXRD traces of the products were
recorded. These revealed that physical mixtures resulted in all
cases but one, namely kneading f-CD and 2ME in a 2:1 molar
ratio, where inclusion complexation definitely occurred. This
was deduced by comparing the experimental PXRD trace of the
product with that of an isostructural inclusion complex, namely
the B-CD complex of 4-tert-butylbenzyl alcohol (CSD refcode
KOFJEU [16]), and finding a reasonable match [20]. This
procedure also enabled correct prediction of the space group
(C2224) of the complex and the approximate unit cell dimen-
sions (¢ = 19.2, b~ 24.4, ¢ =~ 32.8 A), results which were subse-
quently confirmed by a single crystal X-ray diffraction study of
the same phase obtained via the co-precipitation method. (Rele-
vant PXRD traces and single crystal data are provided in
Supporting Information File 1). Further routine characterization
of the B-CD complex of 2ME by UV spectrophotometry (at
A =198.5 nm in MeOH/water 50:50 v/v) coupled with thermo-
gravimetric anlysis (TGA) data (8.8 + 0.4% one-step mass loss
in the range 30-150 °C, n = 3) yielded the host—guest stoi-
chiometry (2:1) and crystal water content (12.6 + 0.6 water
molecules per complex unit) respectively, and hence the com-
plex formula (B-CD),-2ME-(12.6 + 0.6)H,0. X-ray crystal
structure solution by isomorphous replacement, using as trial
model the host molecule coordinates of KOFJEU, led to
successful refinement of the host framework but the included
2ME molecule, located within the ‘cage’ provided by the well
known hydrogen-bonded B-CD dimeric unit, was severely
disordered and no details of its mode of inclusion could be
deduced from difference electron-density syntheses. However,
despite this deficiency, the inclusion complex was chemically
well-defined and hence met the criterion for subsequent solu-

bility studies.

Interaction between 2ME and the
amorphous CD derivatives RAMEB and

HPBCD
PXRD, differential scanning calorimetry (DSC) and FTIR
methods were employed to investigate the products of kneading
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between crystalline 2ME and these amorphous host compounds.
(Relevant PXRD traces, DSC traces and FTIR spectra are
provided in the Supporting Information File 1). In each case,
kneading an equimolar physical mixture of the respective host
and 2ME produced an amorphous phase, as evidenced by a
PXRD pattern devoid of peaks characteristic of the crystalline
component 2ME. Consistent with this, no melting endotherm
for 2ME was observed in DSC traces of these preparations,
whereas the traces of the corresponding CD-2ME physical
mixtures revealed fusion of 2ME at a peak temperature of
188 °C (reported mp 187 °C [9]). Definitive inclusion complex
formation between 2ME and both of the host molecules was
finally confirmed by comparing the FTIR spectrum of pure
2ME with those of the pure CD and the putative CD-2ME
inclusion complexes prepared by kneading; characteristic bands
for 2ME (at 1600, 2861, 2903, 3179 and 3413 cm™!) were seen
to either undergo significant shifts or be masked by broad bands
of the hosts RAMEB and HPBCD in the spectra of the ma-
terials prepared by kneading.

Preparation and preliminary characterization
of crystalline inclusion complexes between
2ME and the hosts DIMEB and TRIMEB

Hot stage microscopy (HSM) was employed for preliminary
investigation of single crystals of a putative inclusion complex
between 2ME and DIMEB, prepared using the co-precipitation
method. (Details of the thermal analysis of the DIMEB com-
plex of 2ME are provided in the Supporting Information File 1).
The crystals, immersed in silicone oil and heated from 30 °C at
10 K/min, were initially clear. Bubbles appearing at =80 °C
indicated commencement of the release of included water. This
process appeared to be continuous, posing difficulty in esti-
mating the temperature corresponding to complete dehydration.
The anhydrous phase began to discolour at *290 °C, indicating
the onset of slow decomposition. Vigorous bubbling and the
dark brown colour that developed at =400 °C signified the onset
of rapid final complex decomposition. Corresponding to these
events, the DSC trace displayed an endotherm for dehydration
in the approximate range 54—105 °C (peak temperature 80 °C),
and a sequence of two small endotherms, a large exotherm,
and a small endotherm, all of them spanning the range
~255-350 °C, attributed to final dehydration and the onset of
complex decomposition. The absence of any endothermic effect
for the fusion of pure 2ME was consistent with inclusion com-
plex formation. A PXRD trace of the material did not match any
of those generated for known polymorphs of the pure host
DIMEB [16], again supporting the formation of an inclusion
complex between DIMEB and 2ME.

As for the characterization of the f-CD-2ME complex described
above, single crystals of the putative DIMEB complex were
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dissolved in a MeOH/water medium and UV spectrophoto-
metric analysis yielded a host—guest ratio of 1:1. Together with
the TGA estimate of water content (5.3 = 0.3%, n = 3), the com-
plex formula DIMEB-2ME-(5.5 = 0.3)H,0 was indicated.

A putative inclusion complex between 2ME and the fully
methylated host TRIMEB was prepared by the co-precipitation
method and initially examined by HSM. (Details of the thermal
analysis of the TRIMEB complex of 2ME are provided in
Supporting Information File 1). Upon heating the crystals under
silicone oil, no dehydration was evident and the material melted
at 170 °C. Decomposition, indicated by the molten complex
turning brown, commenced at ~350 °C. The melting point in
this case is significantly higher than those reported for the pure
host TRIMEB in different crystal forms (148 and 157 °C [21]),
supporting the presence of a complex between 2ME and
TRIMEB. PXRD subsequently confirmed the presence of a new
crystalline phase. TGA indicated no significant mass loss over
the interval 30-260 °C while the DSC trace displayed only an
endotherm of fusion with a peak temperature of 170 °C. Finally,
a 1:1 TRIMEB/2ME complex ratio was indicated from UV
spectrophotometric measurements of a solution of dissolved
single crystals.

Definitive structural information for crystalline
inclusion complexes between 2ME and the
hosts DIMEB and TRIMEB

Since the unit cell dimensions of the two inclusion complexes
had no counterparts in the Cambridge Crystallographic Data-
base [16], structure solution by isomorphous replacement was
not possible. Both crystal structures were therefore solved ab
initio by direct methods using the program SHELXD [22].
Model development involved successive difference Fourier
syntheses and iterative refinement by the full-matrix least-
squares technique using SHELXH [22]. With only a single
complex unit DIMEB-2ME in the crystal asymmetric unit,
structure solution was fairly straightforward. However, the
structure determination and refinement of the TRIMEB inclu-
sion complex proved to be considerably more challenging due
to the presence of four TRIMEB-2ME units (A-D) in the asym-
metric unit. Table 1 summarises the crystal data and refinement

details for the two complexes.

Salient features of the mode of inclusion of the steroid mole-
cule 2ME in the host DIMEB molecule and complex crystal
packing are shown in Figure 2. In the complex, the DIMEB
molecule maintains the ‘round’ conformation that is generally
observed for this CD, this feature being effected by the ‘belt’ of
intramolecular O2(n)-H:--O3(n—1) hydrogen bonds [23] that
link contiguous glucose rings (Figure 2a) and for which the

seven relevant O---O distances span the narrow range
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2.771(5)-2.883(6) A (see Table S1 in Supporting Information
File 1). The set of seven glycosidic oxygen atoms comprising
the so-called ‘O4-heptagon’ has a high degree of planarity, with
a root-mean-square deviation (RMSD) from the least-squares
plane of only 0.06 A. Guest inclusion involves entry of the
D-ring terminus of the 2ME molecule from the wider (second-
ary) side of the DIMEB molecule and location of this ring near
the narrower (primary) side. Maximal penetration of the D-ring
into the CD cavity places atom O19 of the 17-OH group at a
distance of =0.7 A above the mean plane of the O4-heptagon,
where it engages in a hydrogen bond with one of the host glyco-
sidic oxygen atoms (O19-H--04G2, with O--0 3.195(6) A and
angle O—H:-O 151°). This interaction is complemented by a
weaker C—H-*O19 hydrogen bond (not shown) involving a host
methine group donor (C5G2-H--019, with C---O 3.280(7) A
and angle C—H--O 143°). A side-view of the complex unit
(Figure 2b) in space-filling representation reveals that essen-
tially only the A-ring of the 2ME molecule protrudes signifi-
cantly from the host secondary side, while the sectioned view
(Figure 2c) indicates that the steroid molecule appears to be
‘wedged’ into the CD cavity to its maximal extent. The mean
plane of the O4-heptagon and that of the 2ME molecule
intersect at ~84°, this nearly perpendicular relationship
being expected under the constraint of the belt of intramolec-
ular hydrogen bonds on the secondary rim of the DIMEB mole-
cule that limits its conformational flexibility, which in turn
restricts the orientation of the steroid molecule within the host
cavity.

Quantitative indications that the host molecule maintains a
fairly symmetrical shape while accommodating the 2ME mole-
cule include the narrow ranges in parameters that measure dis-
tortion in CD molecules [24]. These include the radii (r) of the
O4-heptagon, i.e., the distances from the O4-heptagon centroid
to each of the O4 atoms (range 5.02-5.12 A), the glycosidic
04(n)--04(n+1) distances, D (range 4.36-4.42 A), and the
0O4(n—1)---04(n)--O4(n+1) angles (a) (range 126.6—-129.6°). On
the other hand, the ‘tilt angle’ parameter (z,), measured as the
angle between the plane containing atoms O4(n), C4(n), C1(n)
and O4(n+1) of a given ring and the O4-heptagon mean plane,
shows some variation, albeit narrow (range 8.8—14.4°), as the
host accommodates the steroid molecule. (A full listing of these
and other parameters is provided in Supporting Information
File 1). To assess the extent of possible host molecule dis-
tortion that the inclusion of a molecule of 2ME in DIMEB
might produce, the above tilt angle range for the seven glucose
residues in the complex was compared with the ranges calcu-
lated for crystalline forms of DIMEB containing either no guest
or water molecules only [16]. Interestingly, these ranges span a
significantly wider range than that quoted above, namely
—5.1-34.6° for anhydrous DIMEB (CSD refcode ZULQAY),
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Table 1: Crystal data, data collection parameters and refinement details.

Beilstein J. Org. Chem. 2015, 11, 2616-2630.

abbreviated formulae DIMEB-2ME-5.3H,0 TRIMEB-2ME
complex formula C55H98035'C1gH2603'5.3H20 C63H112035'C19H2603
formula wt. / g mol™? 1729.23 1731.92

crystal system monoclinic triclinic

space group P24 P1

al(A) 13.5514(1) 14.1675(2)

b/ (A) 24.3921(2) 23.7963(3)

cl(A) 13.7237(1) 28.2467(4)

al(°) 90.0 85.380(1)

B/(°) 97.047(1) 86.395(1)

v/(°) 90.0 73.836(1)

v/ (A3) 4502.06(6) 9108.6(2)

z 2 4

D¢/ (Mg m~3) 1.276 1.263

u (MoKa) / (mm~") 0.105 0.099

F (000) 1862 3736

data collection temp. / K 173(2) 173(2)

crystal size / (mm) 0.22 x 0.29 x 0.32 0.18 x 0.23 x 0.26
range scanned 6/ ° 1.00 — 25.35 1.00 — 24.71

index ranges *h, tk, £/ -16:16; —29:28; -16:16 -16:16; —28:28; -33:33
reflections (total) 15799 62723
independent reflections 15799 62722

reflections with | > 20(l) 13657 38538
completeness (%) 99.0 98.8

no. of parameters 1088 3654
goodness-of-fit, S 1.028 1.023

R1 [I>20(/)] 0.0817 0.0853

wR on F2 0.2266 0.2324

weighting scheme a, b in
w = 1/[0%(Fo?) + (aP)? + (bP)]

(A/O)mean <0.001
Ap excursions / e A™3 -0.63 and 0.85
CCDC deposition no. CCDC 1428344

0.1665 , 2.8047

3.6-24.3° for DIMEB dihydrate (CEQCUW) and 2.8-27.6° for
DIMEB pentadecahydrate (CSD refcode BOYFOKO04),
confirming that complexation between 2ME and DIMEB does
not cause untoward host distortion, but is instead associated

with a more symmetrical macrocyclic shape.

On the the primary side of the DIMEB molecule, three of the
torsion angles O5—-C5-C6-06 (w) are (+)-gauche and four are
(—)-gauche, while six of the C5-C6—06—C9 torsion angles have
a frans orientation, the exception being that for glucose G5,
where the orientation is (+)-gauche. This combination results in
the methoxymethyl chains on the primary side of the DIMEB
molecule being significantly extended and thus providing space
directly above the included 2ME molecule (Figure 2d and
Figure 2e) that accommodates six components of disordered

water molecules. The remaining four components reside outside

0.0960, 16.0732

0.001
-0.42 and 0.83
CCDC 1428345

the DIMEB cavity, where they engage in hydrogen bonding
with oxygen atoms on the periphery of the host molecule.

Comparison of the conformation of the encapsulated 2ME
molecule and that of the same molecule in its own crystal struc-
ture [9] shows that there is minimal difference, with a RMSD of
only 0.084 A and a maximum deviation between two equiva-
lent atoms of 0.202 A. (A graphical overlay of the molecules
appears in the Supporting Information File 1). Thus, in the
DIMEB inclusion complex, the steroid skeleton retains the
same conformation as that recently observed in the crystal of
2ME, as well as in crystals of the solvated phase 2ME-(CHCl3),
and the sulfamoylated derivative of 2ME, namely 2-methoxy-
estradiol-3,17-di,O-bis-sulfamate [9], the A-ring being planar
(aromatic), the B-, C- and D-rings being a half-chair, a chair
and a twist form (twisted on C13—-C14) respectively. Thus, no
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Figure 2: The mode of inclusion of 2ME in the DIMEB cavity (a), space-filling side view of the complex with the 2ME molecule in green (b) and
cutaway view (c), location of the A-ring of 2ME protruding from the central DIMEB complex unit (orange) within the space created by the quartet of
displaced neighbouring host molecules (d), H-bonding between the representative A-ring hydroxy group —022—H and three neighbouring CD units
mediated by water molecules (blue spheres) (e), and the extended packing arrangement viewed along [10] (f).

significant distortions of the host or guest conformations are
evident as a result of inclusion of the 2ME molecule in the host
DIMEB.

Protrusion of the A-ring of the 2ME molecule from the second-
ary side of the DIMEB host molecule leads to a unique crystal
packing arrangement, details of which are shown in
Figure 2d—f. The A-ring of the 2ME molecule in the central
complex unit (Figure 2d) is located in an interstitial pocket at
the juncture of four neighbouring complex units a—d in a layer
below. As shown in Figure 2e, the A-ring phenolic group
—022-H is hydrogen bonded to a network of water oxygen
atoms (blue spheres), three of which act as bridges to the three
neighbouring CD molecules (see Table S2 in Supporting Infor-
mation File 1, for the atom label key, all relevant O---O
distances and symmetry operators). In summary, the phenolic
group oxygen atom (labelled 1) is hydrogen bonded to
water oxygens 2 and 4, which respectively hydrogen bond to

06G2 (3) of host molecule a and O3G7 (7) of host molecule d.
Finally, the water cluster is hydrogen bonded to atom O3G4 (6)
of host molecule b via water oxygen atom O2 (5). The A-ring is
thus strongly tethered within the interstitial pocket. From
Figure 2e it is also evident that the water clusters are located in
the regions near the two hydrophilic terminals of the steroid
molecule (namely the phenolic groups —O22—-H on the A-ring
and —O19-H on the D-ring). Each 2ME molecule is thus
isolated from other 2ME molecules primarily by encapsulation
within the DIMEB cavity, but also by hydrogen bonded water
clusters that ‘cap’ the terminal rings. The unique layering that
results in the extended crystal structure is shown in Figure 2f, a
view along the [010] direction.

Methylation of the DIMEB molecule at the 3-position results in
fully methylated p-CD (TRIMEB), the second crystalline
derivatised CD investigated here for its potential to include the
steroid 2ME. Permethylation of DIMEB has the drastic effect of

2621



eliminating the belt of O2(n)-H:--O3(n—1) hydrogen bonds
observed in that host molecule, so that the conformational
constraints described above no longer apply to the resulting host
TRIMEB. This indicates the distinct possibility of differences
arising in the modes of inclusion of 2ME in TRIMEB relative to
that observed in DIMEB, and this was indeed confirmed, as
detailed below.

Whereas the crystal asymmetric unit of the DIMEB complex of
2ME comprises only a single (hydrated) DIMEB-2ME complex
unit, the asymmetric unit in the crystal of the inclusion com-
plex between TRIMEB and 2ME (TRIMEB-2ME), consists of
four distinct 1:1 host—guest units, shown in the stereoview of
Figure 3. Since the space group is P1, the asymmetric unit
corresponds to the full unit cell content, implying also that each
of the complex units A—D is unique, being unrelated to any
other by crystallographic symmetry elements.

What is immediately evident from Figure 3 is that the gross
features of the mode of 2ME inclusion appear to be essentially
the same in all four complex units, the guest molecule entering
the secondary side of the TRIMEB molecule, with the D-ring
penetrating the cavity maximally, and with both the A-ring as
well as a portion of the B-ring protruding from the host second-
ary side. Further examination of the arrangement of the com-
plex units in Figure 3, however, indicates that the units A and B
are very similar in structure and that they are spatially related
by a translation of =b/2, the same translational relationship
applying to the pair of complex units C and D. This feature of a
‘pseudo-cell’ having one or more lattice dimensions close to
one-half of the true periodicity is common, and is often induced
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when a crystal initially at ambient temperature is cooled for
X-ray data-collection. In the case of the TRIMEB-2ME com-
plex, however, the unit cell dimensions of the crystal deter-
mined initially at 21 °C corresponded with those recorded at
—100 °C, the temperature of the data-collection. During
attempts to solve the structure, the presence of such a ‘pseudo-
cell’ for the TRIMEB-2ME crystal was predicted from a prelim-
inary examination of the X-ray diffraction pattern, which
showed that the reciprocal lattice layers ikl with k = 2n had
significantly higher intensities than those with k = 2n + I (see
Supporting Information File 1 for images of representative reci-
procal lattice levels). Within the above temperature range,
therefore, there are discernible structural differences among the
four TRIMEB-2ME complex units, as detailed below, such
differences being of interest in the context of ‘mutually induced
fitting’ of host and guest during complexation [1].

Complex units A and B of TRIMEB-2ME, related by a pseudo-
translation of =b/2, have nearly identical structural features,
namely common TRIMEB host conformations and lack of host
disorder, apparent twofold disorder of the 2ME methylene
group at C6 (site-occupancy factors, s.o.f.s, 0.56 and 0.63 for
the respective major components) and essentially the same
mode of guest inclusion. (A full listing of these and other para-
meters is provided in Supporting Information File 1). A least-
squares overlay of the host molecules A and B (see Supporting
Information, File 1) yields a RMSD of only 0.157 A and a
maximum deviation between two equivalent atoms of 0.649 A.
In both cases, the phenolic group —O19—H of 2ME is hydrogen
bonded to a common glycosidic oxygen atom, with O---O
distances and O—H:--O angles having values of 3.064(6) A and

Figure 3: Stereoview of the asymmetric unit in the crystal of the inclusion complex TRIMEB<2ME, with the host TRIMEB molecules drawn in ball-and-
stick representation and the guest 2ME molecules (magenta) in space-filling mode.
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169° respectively for complex unit A, and 3.186(6) A and 170°
for unit B. Figure 4a, featuring complex unit A as represen-
tative, illustrates in space-filling mode the nature of the
common guest inclusion mode in complex units A and B. This
involves encapsulation of the C- and D-rings of 2ME within the
host cavity while the A- and B-rings protrude from the second-
ary side of the TRIMEB molecule. The hydrogen bond that
links the host and guest molecules is indicated in the cutaway

view of Figure 4a.

L A 4
BPW

Figure 4: Space-filling images of complex unit A (as representative of
units A and B) (a) and complex unit C (b) of TRIMEB-2ME. The images
on the left show guest residues (magenta) protruding from the second-
ary side of the host molecule while the images on the right are cutaway
views highlighting the common (guest)O19—-H:--O4(host) hydrogen
bond, indicated by arrows.

In contrast to the symmetrical host in the DIMEB-2ME com-
plex, where the —-C5—CH,—O—CHj3 residues on the primary side
of the host are fully extended and the tilt angles of the glucose
rings are not severe, the strong tilting of the glucose rings of the
TRIMEB-2ME complex results in several of these residues
being in close contact. This results in steric crowding of the pri-
mary methoxy groups, creating a bowl-like surface on the host
primary side above the D-ring of the included 2ME molecule.
Such a bowl-like surface was first observed for the host DIMEB
[25] and was subsequently observed in numerous inclusion
complexes of TRIMEB as well [16].

The host molecules in complex units C and D (also displaced by
~b/2) are nearly isostructural, but differ significantly from the
isostructural pair A and B, as indicated by the conformational
parameters described earlier. The least-squares overlay of host
molecules C and D reveals several differences in the torsional
parameters of the primary methoxy residues (see Figure S15,
Supporting Information File 1), which result in a RMSD of
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0.819 A and a maximum deviation of 3.417 A between two
terminal methoxy carbon atoms. Figure 4b illustrates in space-
filling mode the inclusion of 2ME in host molecule C as
representative. Guest inclusion again involves hydrogen
bonding between the phenolic group O19-H and a host glyco-
sidic O4 atom (OO 2.894(6) A). This is evident in the
cutaway diagram in Figure 4b.

Complex unit C is unique in having neither host nor guest
disorder and complex unit D also shows a unique feature,
namely disorder in both the C- and D-rings of the 2ME mole-
cule, which is thus present as two conformers in the ratio
0.61:0.39. One consequence of this is that there are two distinct
positions for the O19—H phenolic group, each conformer
forming a hydrogen bond with a different TRIMEB acceptor
oxygen atom. Further details of this disorder and its implica-
tions are given below.

Another very significant feature is evident from comparing the
structures of the TRIMEB-2ME and DIMEB-2ME complexes,
namely the inclination of the mean plane of the included
steroidal guest molecule relative to the mean O4-plane of the
respective host molecule as reference (Figure 5). The inter-
planar angles listed in the caption contrast the relatively
‘shallow’ entry of the 2ME molecule into the secondary side of
hosts A and B of TRIMEB with its nearly ‘vertical’ entry into
the host DIMEB. Furthermore, the corresponding parameters
for inclusion of 2ME in the TRIMEB hosts C and D are in the
narrow range ~45-49°, i.c., significantly different from the
~60-61° observed for inclusion in TRIMEB host molecules A
and B. Thus, inclusion of the 2ME molecule into the secondary
sides of hosts C and D is even more ‘shallow’ than it is for the
hosts A and B, consistent with the finding that these pairs of
host molecules have significantly different conformations.

(a) (b)

Figure 5: Inclination of the mean plane of the included 2ME molecule
relative to the O4-heptagon of the host molecule in (a) complex unit A
of TRIMEB-2ME, (b) the complex DIMEB-2ME. The respective inter-
planar angles are =60° and ~84°.

The steroid molecules included in the respective complex units

A-D are shown in Figure 6 where each is overlayed on the
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(a)

(b)

(c)

Figure 6: Overlay of the steroid nucleus of 2ME (blue) in its own
crystal with the refined models (grey) of the four molecules of 2ME in
the complex units A (a), B (b), C (c), D (d) of TRIMEB-2ME.

steroid nucleus taken from the crystal structure of 2ME alone
[9], the comparison being based on maximum overlap of the
A-ring (aromatic) atoms in each case. In the 2ME molecule
itself, as the common reference, the B-D ring conformations are
a half-chair (B-ring), a chair (C-ring) and a twist-form, twisted
on C13-C14 (D-ring) [9]. The refined guest models in
Figure 6a and Figure 6b are virtually identical, mirroring the
close similarity of the conformations of their respective host
molecules in complex units A and B. The methylene carbon
atom C6 on ring B showed abnormally high thermal motion
which could not be modelled satisfactorily with anisotropic dis-
placement parameters; it was therefore treated as a “split’ atom,
resulting in s.o.f. ratios of 0.44:0.56 and 0.37:0.63 for the disor-
dered components of the C6-methylene group in 2ME mole-
cules A and B. (In these cases, if the two discrete positions indi-
cated for C6 were to be considered for this group, the B-ring
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conformations would resemble a chair and a twist-boat form,
rather than a half-chair).

Ring C adopts a chair conformation (Figure 6a and Figure 6b),
while the D-ring is a twist form (twisted on C13-C14). The net
result is that the modelled 2ME molecules in complex units A
and B have a conformation which is significantly distorted rela-
tive to that of the 2ME molecule in its own crystal.

As shown in Figure 6¢, the modelled 2ME molecule in com-
plex unit C of the TRIMEB-2ME structure is unique in
displaying no evidence of disorder, with the conformations of
the B-, C- and D-rings being a half-chair, a chair and a twist
form (twist on C13—-C14) respectively. While the individual
ring conformations correspond with those of 2ME in its own
crystal, the overall conformations are clearly not identical, but
very close. The conformation of the refined 2ME model in
Figure 6¢ is also very close to that of the 2ME molecule in the
DIMEB-2ME complex, with a least-squares fit having a RMSD
vaue of 0.083 A and a maximum atomic deviation of 0.161 A

(see Supporting Information File 1 for graphical overlay).

It was noted above that the least-squares overlay of host mole-
cules A and B yielded a considerably smaller RMSD (0.157 A)
than the overlay of host molecules C and D (0.819 A). Accord-
ingly, the conformation of the modelled 2ME molecule in com-
plex unit D differs from that in complex unit C. Specifically, in
complex unit D (Figure 6d) the steroid molecule displays
significant disorder of both the C- and D-rings, the C-ring
adopting as major component the chair form (s.o.f. 0.61) and as
minor component a slightly twisted chair (s.o.f. 0.39), while the
D-ring adopts as major component a twist-form (twisted on
C13D-C14D) and as minor component an envelope (flap on
C17F) with respective s.o.f.s as for ring C. An interesting
consequence of the presence of two guest conformers in com-
plex unit D is that the disordered components of the 17-OH
group are separated by ~1.5 A, one as the major component
(s.o.f. 0.61) and the other as the minor, with s.o.f. 0.39 and
these —OH groups are donors in different guest-host hydrogen
bonds. This feature is illustrated in Figure 7, where the respec-
tive H-bonds indicated are as follows: 1 — (major component
019D)-H:--06D5 with O-+-0 3.07(1) A and O-H---O angle
152°; 2 — (minor component O19F)-H---O4D5 with O---O
2.96(2) A and O-H:--O angle 172°.

The structures of the hydrated DIMEB-2ME and the
TRIMEB-2ME complexes presented here illustrate for the first
time details of the encapsulation of a ‘classical’ steroidal mole-
cule by cyclodextrin hosts. In addition, from the variety of host
and guest conformations observed in the TRIMEB-2ME com-

plex, even in one crystal, it is evident that complex formation
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Figure 7: The TRIMEB-2ME complex unit D with two distinct (quest)O19-H---

C and H atoms of 2ME are coloured blue and yellow respectively.

involves some degree of ‘mutually induced fit’ of host and
guest [1,26].

Enhancement of the solubility of 2ME by

selected CDs

One of the objectives of our study of the anticancer agent 2ME
was to investigate methods of improving its aqueous solubility
(S, = 0.005 mg/cm? at 25 °C [9]) which might in turn enhance
its poor bioavailability [4,5]. A factor which limited investi-
gation to the relatively simple initial analysis reported here was
the prohibitive cost of synthesis of 2ME and hence the paucity
of material available. This precluded our carrying out, e.g., full
phase-solubility analyses, which would have yielded additional
information such as the values of the association constants for
complex formation in solution. Thus instead, the simpler expe-
dient of determining the solubility of 2ME in a series of
aqueous solutions of both native and derivatised cyclodextrins
of known concentrations (typically 2% m/v) was initially
employed in order to estimate solubility enhancement factors
(Scp/So, where Scp is the solubility of 2ME in the CD solution
at the same temperature). This parameter has been used previ-
ously to gauge the ability of a range of CDs to solubilise drugs
with poor aqueous solubility [27]. The cyclodextrins employed
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O(host) hydrogen bonds highlighted. To distinguish the host and guest,

and the resulting apparent solubilities relative to that of 2ME in
water are summarised in Table 2.

Interestingly, with the exception of TriEtBCD, all of the CDs
tested yielded some improvement in 2ME solubility. Of the
native CDs, y-CD was the most efficient solubiliser for 2ME, a
result which is consistent with earlier studies for a variety of
steroidal guests [28]. However, the best enhancement was
achieved with the derivatised CDs DIMEB, RAMEB, HPBCD
and TRIMEB. As y-CD, RAMEB and HPBCD are more phar-
maceutically acceptable [29], they therefore appear to be media
with potential use in medicinal applications requiring elevated
concentrations of 2ME.

Comparative dissolution rate studies at 37 °C using the rotating
basket method with samples in gelatin capsules were also
carried out for pure 2ME and various preparations containing
B-CD and 2ME (Figure 8), namely the hydrated 2:1 inclusion
complex obtained by co-precipitation, two physical mixtures
(pm) of B-CD and 2ME (molar ratios 1:1 and 2:1), and the
hydrated 2:1 inclusion complex obtained by kneading (kn). Of
all the preparations tested, 2ME in the form of its f-CD inclu-
sion complex, prepared by both co-precipitation and kneading,
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Table 2: Solubility enhancement factors? for 2ME with various cyclodextrins at 25 °C.

cyclodextrin

a-CD 2
B-CD 2
y-CD 2
RAMEB (randomly methylated (3-CD) 2
DIMEB (heptakis(2,6-di-O-methyl)-3-CD) 2
TRIMEB ( heptakis(2,3,6-tri-O-methyl)-3-CD) 2
HPBCD (hydroxypropyl-3-CD) 2
TRIMEA (hexakis(2,3,6-tri-O-methyl)-a-CD) 0.5
TriAcBCD (triacetyl-3-CD) 0.002
TriAcGCD (triacetyl-y-CD) 0.0025
TriEtGCD (triethyl-y-CD) 0.002

CD solution concentration (% m/v)

solubility enhancement factor Scp/Sy

7.5
10
86
156
256
23
88
4

8

2
0.84

aAll experimental data were compared with those for a control and were based on triplicate measurements.

yielded the most rapid and complete dissolution, the times for
attaining the 100% level being 15 and 45 minutes, respectively.
This performance significantly outweighed that of the untreated
2ME, for which the percentage dissolved attained a maximum
level of only 25-32% after 15 minutes. The dissolution of 2ME
from physical mixtures of B-CD and 2ME was evidently
hindered by the presence of the cyclodextrin, an effect that
increased with the concentration of B-CD present.

Comparative dissolution profiles were also recorded for 2ME in

physical mixtures with the native cyclodextrins - and y-CD as
well as RAMEB and HPBCD (Supporting Information File 1).

120.0

While only 30% of untreated 2ME dissolved in water after
20 minutes, the equimolar y-CD/2ME physical mixture yielded
a value of =55% during the same period. Furthermore, after
three hours, the level had risen to 80%. In contrast, the other
CD/2ME mixtures produced relatively small effects on the
release of 2ME. It was concluded that the y-CD/2ME physical
mixture had potential as a vehicle for formulation of a
controlled release form of 2ME.

Finally, it was considered of interest to compare the dissolution
profile of the inclusion complex (B-CD);-2ME (shown in
Figure 8 to be very favourable) with those for a series of
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Figure 8: Dissolution profiles in water at 37 °C for untreated 2ME and various B-CD-containing preparations of 2ME.
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2ME/CD samples resulting from kneading (kn) (Supporting
Information File 1). This series included the products of
kneading in 1:1 molar ratios each of the combinations 2ME
with a-CD, with B-CD and with y-CD, as well as the 1:1 inclu-
sion complexes HPBCD-2ME and RAMEB-2ME. All of these
preparations led to rapid dissolution of 2ME. In particular, both
the y-CD/2ME and the RAMEB/2ME samples resulted in 100%
of the 2ME concentration being attained 15 min after the
commencement of the dissolution run, as found also for the
complex (B-CD),-2ME. All of these preparations displayed
superior dissolution characteristics to those of untreated 2ME,
only 30% of which dissolved in the same medium within
20 minutes.

Conclusion

Single crystal X-ray diffraction has revealed the modes of inclu-
sion of the potent anticancer agent 2-methoxyestradiol (2ME) in
two representative host CD molecules, one of them (DIMEB)
having restricted conformational flexibility owing to coopera-
tive intramolecular O—H---O hydrogen bonding that maintains
the round shape of the macrocycle, and the other (TRIMEB)
lacking this facility and hence having access to significantly
greater conformational freedom. Accordingly, in the case of the
complex DIMEB-2ME, while the host molecule is relatively
undistorted on inclusion of 2ME, the guest molecule maintains
the conformation that it displays in its own crystal structure.
Instead, in the case of the TRIMEB-2ME complex, the four
independent 1:1 host—guest units in the crystal display a variety
of host distortions as well as guest conformational variation,
reflecting a mutually induced fit accompanying complexation.
The phenomenon of mutually induced fit was highlighted previ-
ously by Mavridis et al. for per-derivatised CDs and especially
in the case of TRIMEB [30]. The TRIMEB-2ME complex is
thus another example of a synthetic system that displays
host—guest adaptation on complexation, complementing our
recently reported analogous observations for inclusion
complexes between methylated CDs and the antioxidant trans-
resveratrol [26]. Hydrogen bonding between the 17-OH group
of 2ME and glycosidic (O4) oxygen atoms within the cavity of
the host CDs generally occurs, while in unit D of the TRIMEB
complex, where there are two 17-OH disorder components, the
major component hydrogen bonds to a host methoxy O6 atom
and the minor to a host glycosidic oxygen atom. The results
presented here are of general interest in the context of
CD-steroid interaction, with special reference to estranes that
contain a 17-OH function (e.g., the estrogen sex hormone 17f3-
estradiol).

Previous studies of the anticancer activities of 2ME have indi-
cated that its low aqueous solubility and rapid metabolism lead

to poor bioavailability [4,5]. However, the effect of various CDs
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on the aqueous solubility of 2ME has hitherto not been
assessed. In this study, we have shown via a variety of in vitro
experiments that CDs can enhance 2ME aqueous solubility very
significantly and conclude that they warrant consideration as
potential vehicles for facilitating both further biological testing
of 2ME in anticancer studies as well as the development of
alternative dosage forms of 2ME.

Experimental

Materials

2-Methoxyestradiol (2ME, C;9H403) was generously provided
by Shimoda Biotech (Pty) Ltd (Port Elizabeth, South Africa).
Synthesis of the sample of 2ME from commercially available
17p-estradiol was reported earlier [9]. The following cyclo-
dextrins (CDs) were purchased from Cyclolab (Budapest,
Hungary) and were used as received: a-CD, B-CD, y-CD,
hexakis(2,3,6-tri-O-methyl)-a-CD, heptakis-(2,6-di-O-methyl)-
B-CD, heptakis(2,3,6-tri-O-methyl)-B-CD, randomly methy-
lated B-CD, heptakis(2,3,6-tri-O-ethyl)-B-CD, heptakis(2,3,6-
tri-O-acetyl)-B-CD and octakis(2,3,6-tri-O-acetyl)-y-CD. All
other materials and solvents used were of analytical reagent

grade.

Complex preparation

The inclusion complex (B-CD),-2ME-12.6H,0O was generated
within 45-60 min via the manual kneading technique with the
host and guest in a 2:1 molar ratio and using only water as
liquid medium. The same crystalline phase was obtained by
co-precipitation, which involved vigorous stirring at 60 °C of an
aqueous solution containing the host and guest in a 2:1 molar
ratio. Slow cooling yielded single crystals of the inclusion com-
plex. Complexation between 2ME and the amorphous hosts
RAMEB and HPBCD was achieved by kneading (as above) but
with a 1:1 host—guest molar ratio.

The crystalline inclusion complex DIMEB-2ME was prepared
as follows. A 44.00 mg (0.033 mmol) sample of DIMEB and
10 mg (0.033 mmol) of 2ME were placed in 3 cm? of distilled
water and the suspension was stirred vigorously over a period of
24 h at ambient temperature (1825 °C). The resulting solution
was filtered (0.45 pum nylon microfilter) and then placed on a
hot plate set at 60 °C. After several days, large block-like single
crystals appeared and were harvested for analysis. Identical pro-
cedures were successfully employed to isolate single block-like
crystals of the TRIMEB inclusion complex of 2ME,
TRIMEB-2ME, the only difference being the mass of the host
compound TRIMEB (44.27 mg, 0.033 mmol).

Thermal analysis

HSM was performed on a Linkam TH MS600 hot stage
connected to a Linkam TP92 temperature control unit. Images

2627



were captured by a real-time Sony Digital Hyper HAD colour
video camera coupled to a Nikon SMZ-10 stereoscopic micro-
scope. The Soft Imaging system, analySIS [31] was used to
process the images.

For TGA a Mettler Toledo TGA/SDTAS851e instrument was
employed with a nitrogen gas purge (flow rate 30 cm3/min).
Indium (mp 156.6 °C) and aluminium (mp 660.3 °C) were used
for all calibrations. Accurately weighed samples (mass range
2-5 mg) were placed in an open porcelain pan and were heated
at 10 K/min.

For DSC studies, a Perkin-Elmer PC-7 series thermal analysis
system was used, with a a nitrogen gas purge (flow rate
30 cm3/min). Temperature calibration was achieved using the
onset temperatures of fusion of indium (156.6 °C) and zinc
(419.5 °C). The heat flow calibration was based on the value of
AH of fusion of indium (28.62 J/g). Samples in the form of fine
powders (mass range 2—5 mg) were sealed in crimped, vented
aluminium pans and were heated at 10 K/min, with a sealed,

empty pan as reference.

FTIR spectroscopy

A Perkin-Elmer 100 FTIR instrument fitted with UATR and
controlled with Spectrum® software for sample analysis was
used to record the infrared spectra of crystalline and amorphous
powders in the range 400-4000 cm ™!

UV-visible spectrophotometry

Spectra were recorded on a Beckman DU® 640 series UV-vis
spectrophotometer operating at a scan rate of 1200 nm/min over
the range 190-450 nm with solutions for analysis placed in
2 mm quartz cuvettes. For CD inclusion compounds of 2ME,
host—guest stoichiometries were determined at the absorption
maximum for the bioactive compound (Apax = 198.5 nm) in
methanol/water (1:1 v/v) solution. This instrument was also
used for solubility and dissolution rate assays (details below).

Single crystal X-ray diffraction analysis
Intensity data were collected on a Nonius Kappa CCD diffrac-
tometer using graphite-monochromated Mo Koa-radiation
(A = 0.71073 A), with each crystal coated in Paratone oil
(Exxon Chemical Co., TX, USA), mounted on a cryoloop and
cooled to 173(2) K in a constant stream of nitrogen vapour
(Oxford Cryostream, UK).

Due to the fact that both the DIMEB-2ME and the
TRIMEB-2ME inclusion complexes had no previously
published isostructural counterparts [16], their structures were
solved using ab initio direct methods (program SHELXD [22])
and their refinement by full-matrix least-squares followed with
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program SHELXH-97 [22] operating under the X-Seed inter-
face [32]. For the DIMEB-2ME structure, with a single com-
plex formula unit DIMEB-2ME in the asymmetric unit, all
non-H atoms refined anisotropically except O19 on the D-ring
of the 2ME molecule, two disordered methyl groups and several
partial water molecules that resulted from the 5.3 water mole-
cules per complex unit being located over ten sites. The former
showed excessive thermal motion that was not amenable to
standard anisotropic treatment while the disordered water
oxygen atoms did not warrant anisotropic treatment. A minor,
but unexpected feature of the DIMEB inclusion complex, was
partial methylation of the O3-H hydroxy group of the host
glucose ring G1 (s.o.f. = 0.5 for the resulting —CH3 residue).
While this contribution did not lead to any abnormally short
intermolecular contacts, such a contact was observed elsewhere,
specifically between a disordered methyl group component
(s.0.f. 0.5) on residue G6 and a methyl group on glucose residue
G7 of a neighbouring host molecule. This necessitated reduc-
tion of the s.o.f. of the latter methyl group from 1.0 to 0.5. The
net effect was that despite partial methylation of O3—H on G1,
appropriate modelling of disordered residues resulted in reten-
tion of the nominal formula for the DIMEB molecule, namely
Cs56HggO35. The structure of TRIMEB-2ME, with four distinct
complex units in the asymmetric unit, was modelled with
anisotropic thermal parameters for all atoms except (a) the
carbon atoms of the glucose rings, which refined with rela-
tively low values for their Uy, values (range 0.024-0.053 A?)
and showed no evidence of anisotropic motion in difference
Fourier syntheses, and (b) ten atoms of the 2ME molecules with
partial occupation. Despite the resulting significant reduction in
the number of Uj; least-squares parameters, the final structural
model was based on full-matrix refinement of as many as 3644
parameters. Hydrogen atoms were sought in difference Fourier
syntheses and a large proportion of these could be located. All
of the H atoms were included in idealised positions in a riding
model with Uy, values in the range 1.2—1.5 times those of their
parent atoms. Further details of the data-reduction and least-
squares refinements for the complexes appear in the CIF files.
CCDC 1428344 and 1428345 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free
of charge at http://www.ccdc.cam.ac.uk/products/csd/request/
[or from the Cambridge Crystallographic Data Centre (CCDC),
12 Union Road, Cambridge CB2 1EZ, UK; fax: +44(0)1223-
336033; email: deposit@ccdc.cam.ac.uk].

Solubility and dissolution rate measurements

Aqueous solutions of a series of native and derivatised CDs
with pre-determined fixed concentrations were prepared at
25 °C. Following their saturation with 2ME, assaying of the
2ME concentration in the filtered solutions was performed

using UV spectrophotometry at 198 nm, with solutions appro-
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priately diluted to ensure that the absorbance values were in the
range 0 to 1. A standard calibration curve of absorbance as a
function of 2ME concentration was employed. Solubility
enhancement factors for the steroid were calculated as Scp/S,,
where Scp is the maximum concentration of 2ME in each CD
solution in mg/cm? and S, is the aqueous solubility of 2ME in
water at 25 °C (viz. 0.005 mg/cm3 at 25 °C).

Dissolution studies were carried out using the rotating basket
method with samples in gelatin capsules and employing the pro-
cedures and instruments we described previously [9]. Recording
of dissolution profiles was performed in triplicate. UV spec-
trophotometric anaysis of 2ME followed the procedure already
described above. Analysis of variance (ANOVA) methods were
used to discriminate dissolution profiles.

Supporting Information

Supporting Information File 1

Additional data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-281-S1.pdf]
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Abstract

Two alternating polyfluorene polyrotaxanes (3-TM-BCD and 3-TM-yCD) have been synthesized by the coupling of 2,7-dibromo-
fluorene encapsulated into 2,3,6-tri-O-methyl-B- or y-cyclodextrin (TM-BCD, TM-yCD) cavities with 9,9-dioctylfluorene-2,7-
diboronic acid bis(1,3-propanediol) ester. Their optical, electrochemical and morphological properties have been evaluated and
compared to those of the non-rotaxane counterpart 3. The influence of TM-BCD or TM-yCD encapsulation on the thermal stability,
solubility in common organic solvents, film forming ability was also investigated. Polyrotaxane 3-TM-BCD exhibits a
hypsochromic shift, while 3-TM-yCD displays a bathochromic with respect to the non-rotaxane 3 counterpart. For the diluted
CHCIj; solutions the fluorescence lifetimes of all compounds follow a mono-exponential decay with a time constant of =0.6 ns. At
higher concentration the fluorescence decay remains mono-exponential for 3-TM-BCD and polymers 3, with a lifetime T = 0.7 ns
and 0.8 ns, whereas the 3-TM-yCD polyrotaxane shows a bi-exponential decay consisting of a main component (with a weight of
98% of the total luminescence) with a relatively short decay constant of 7; = 0.7 ns and a minor component with a longer lifetime of
1) = 5.4 ns (2%). The electrochemical band gap (AEg) of 3-TM-BCD polyrotaxane is smaller than that of 3-TM-yCD and 3, res-
pectively. The lower AE, value for 3-TM-BCD suggests that the encapsulation has a greater effect on the reduction process, which
affects the LUMO energy level value. Based on AFM analysis, 3*-TM-BCD and 3-TM-yCD polyrotaxane compounds exhibit a
granular morphology with lower dispersity and smaller roughness exponent of the film surfaces in comparison with those of the

neat copolymer 3.
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Introduction

Over the last decades, conjugated polymers (CPs) have
been actively investigated as an alternative to conventional inor-
ganic materials in many electronic applications due to their low
cost and easy processability [1-6]. Among the various CPs,
polyfluorenes (PFs) have been intensively studied as emitting
materials owing to their pure blue emission [7-11]. However,
some major drawbacks for their use are their high ionization
potential associated with low photoluminescence (PL) effi-
ciency, their rather large band gap and facile photochemical de-
gradation [12,13]. Different strategies have been employed in
view to reduce these undesirable effects, e.g., the synthesis of
copolymers [14-17], block copolymers [18], the introduction of
donor (D) and acceptor (A) moieties [19-21], or bulky
substituents at the C-9 position of the fluorene units [22-24],
incorporating PF moieties into zeolites [25], nanochannels [26],
or by wrapping with amylose [27]. The past decade has
witnessed remarkable innovations and progress in polymer
science, including the field of supramolecular science as a
complementary field, which offers great opportunity for new
concepts, new materials with unique properties, and novel
practical applications. The construction of polyrotaxane archi-
tectures has an impact on the polymer-chain behavior and
subsequently generates smart functional polymeric materials
[28-31]. Polyrotaxanes with conjugated polymers have attracted
considerable attention over the last decades due to their archi-
tectures and topologies, but mostly because they provide an
efficient strategy to achieve an “insulation” of individual molec-
ular wires [30]. Additionally, the synthesis of such structures
makes it possible to tune a large number of physicochemical
properties of conjugated polymers [16-20,26-38]. The first step
in the preparation of conjugated polyrotaxanes is the threading
of macrocyclic compounds (hosts) onto linear chains (guests),
when a thermodynamically unstable inclusion complex (IC) is
obtained. A wide variety of host molecules have the ability to
encapsulate the m-conjugated backbones into their cavities
based on intermolecular interactions, and thus leading to ICs.
Cyclodextrins (CDs) are by far the most intensively investi-
gated macrocyclic molecules in the synthesis of such supra-
molecular architectures [39]. The second most investigated
group of host molecules in the synthesis of conjugated polyro-
taxanes is comprised of chemically-modified CDs. They are
less hydrophilic than native CDs, and should exhibit a sig-
nificantly increased ability to bind aromatic guests through
ionic, ion-dipole, as well as hydrophobic interactions. CD
liphophilic derivatives are more soluble in non-polar solvents
and water and exhibit lower propensity to aggregate than native
CDs [40-42]. Considering that larger hydrophobic CD surfaces
can lead to increased interactions with the hydrophobic
aromatic guest, several types of permodified CD derivatives,
such as 2,3,6-tri-O-methyl-3CD (TM-BCD) or 2,3,6-tri-O-

Beilstein J. Org. Chem. 2015, 11, 2677-2688.

methyl-yCD (TM-yCD) have been synthesized in the course of

our investigations.

With a view to better understand the influence of TM-BCD and
TM-yCD encapsulations on the photophysical properties of PF,
poly[2,7-(9,9-dioctylfluorene)-alt-2,7-fluorene/TM-BCD)]
(3:TM-BCD) and poly[2,7-(9,9-dioctylfluorene)-alt-2,7-fluo-
rene/TM-yCD)] (3:-TM-yCD) polyrotaxanes have been
synthesized. Thus, 3-TM-BCD and 3-TM-yCD have been
obtained through the Suzuki cross-coupling reaction of
2,7-dibromofluorene (1) encapsulated into TM-BCD or
TM-yCD cavities (1:'TM-BCD and 1:TM-yCD) with
9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol)
ester (2), as bulky stopper units [43]. The thermal, surface
morphology, optical as well electrochemical characteristics of
both polyrotaxanes were compared to those of the non-threaded
3 counterpart, Scheme 1.

Results and Discussion

In continuation of our interest on the exploration of photophys-
ical properties of PF copolymers by supramolecular encapsula-
tion, we have performed the present study by using liphophylic
CD derivatives, such as TM-BCD and TM-yCD instead native
B- or yCD [43-45], or TMS-yCD [46]. Therefore, 3-TM-BCD
and 3-TM-yCD polyrotaxanes were synthesized by Suzuki
coupling of 1 being in the form of its IC (1-TM-BCD or 1-TM-
vyCD) with 2 followed by the termination of the growing chains
by bromobenzene, Scheme 1. To have the reference the neat
copolymer 3 was also synthesized by coupling 1 with 2 under
similar reaction conditions (Scheme 1).

TM-BCD and TM-yCD macrocyclic molecules were prepared
according to previously reported procedures [47]. 1-TM-BCD
and 1-TM-yCD were synthesized in water by using a 2:1 molar
ratio of macrocycles and monomer 1. The synthesis of
1- TM-BCD or 1'TM-yCD in polar protic solvents is driven
by hydrophobic interactions in combination with electrostatic,
van der Waals or m—x interactions. In comparison, in polar
aprotic solvents such as DMF, THF relies mostly on host—guest
specific interactions, such as dispersion or dipole—dipole inter-
actions.

As results of the encapsulation into TM-BCD and TM-yCD
cavities compared to native CDs [43-45], i.e., the use of toluene
as solvent medium instead of a 3:1 v/v toluene/DMF mixture
led to compounds soluble in toluene, THF, CH,Cl, (DCM), and
CHCIl3. 3-TM-BCD due to its higher coverage showed 7%
water solubility. In addition, better optical quality films could
be prepared by spin-coating from 3-TM-BCD and 3-TM-yCD
THF, DCM, and CHClIj solutions.
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Scheme 1: Synthetic route of 3-TM-BCD and 3-TM-yCD polyrotaxanes, and the non-rotaxane counterpart 3.

The investigated guest 1 proved binding ability to the hosts
TM-BCD and TM-yCD, according to our determination of
constant stability (K;), which was performed by UV—vis absorp-
tion in CHCl;. Changes in the absorption intensity of 1 at
321 nm in the presence of increasing concentrations of
TM-BCD or TM-yCD provides the values of K, Figures S1 and
S2 in Supporting Information File 1. The analysis data shows
that Ky could be approximately around 580 + 100 and
160 + 30 M™! for 1-TM-BCD and 1-TM-yCD, respectively. K
values of TM-BCD encapsulation were higher than that of
TM-yCD, due to its more favorable dimensional compatibility.

Characterization of these compounds has been performed using
FTIR and NMR spectroscopy. Figure S3 in Supporting Infor-
mation File 1 gives the FTIR spectra of both polyrotaxanes and
the reference 3. FTIR of encapsulated compounds 3-TM-BCD
and 3-TM-yCD reveals a distinct vibration peaks located in
1159-1042 cm™! region due to the presence of TM-BCD or
TM-yCD, whereas the reference 3 does not show any absorp-
tion peaks in this interval. Consequently, the disappearance of
the characteristic peaks in 1159-1042 cm™! region in the FTIR
spectrum of reference 3 evidences the presence of macrocycles
on 3*TM-BCD and 3-TM-yCD, well consistent with 'H NMR
results.

As expected, the '"H NMR spectrum of 3*TM-BCD polyro-
taxane exhibits correlation peaks of both H3 and HS5 protons of

TM-BCD with those methylene protons (Hg) protons of mono-

mer 2, and all the characteristic protons have been identified,
Figure 1. Figures S4-S7 in Supporting Information File 1 show
the 'H NMR and '3C NMR spectra of 3-TM-yCD and the refer-
ence 3.

The resonance peak of the d proton from monomer 2 is upfield
shifted by more than 0.06 ppm in the polyrotaxane 3-TM-BCD
compared to those of the non-rotaxane 3 counterpart, as shown
in Figure 1 and Figure S4 in Supporting Information File 1. The
resonance peaks of a—c and a’—c’ protons of 3-TM-BCD
rotaxane copolymer are also upfield shifted by 0.05 ppm as
compared to those of the non-rotaxane homologue, while all
protons of the TM-BCD macrocycle are shifted by more than
0.07 ppm. Comparing the integrals of d' protons from monomer
1 to those corresponding to H1 protons of TM-BCD, the average
number of coverage per repeating unit has been calculated. By
using the ratio of the integrated area of the HI from TM-BCD
(5.13-5.12 ppm, Iy.;) and the methylene proton peaks of the
monomer 1 (4.11-4.09 ppm, 1y°); (Ig.1/7)/(14:/2) the coverage
ratio was found to be of about 0.26 (i.e., ca. 26% coverage)
suggesting that about every three structural unit was threaded
with TM-BCD macrocycle. However, compared with native CD
[43,45], 'H NMR results suggest poor hydrophobic—hydro-
phobic interactions of molecule 1 towards TM-BCD. Unfortu-
nately, as a consequence of the low K of 1:-TM-yCD, the
polyrotaxane 3-TM-yCD presented only 11% coverage. The
physical properties of the investigated copolymers are listed in
Table 1.
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Figure 1: "H NMR spectrum of the polyrotaxane 3-TM-BCD copolymer in CDCl5.

Table 1: Physicochemical characteristics of 3, 3-TM-BCD and
3-TM-yCD.

Sample Mp@  My/M.P  Coverage® (%) To¢ (°C)
3 27900  1.83 — 88
3TM-BCD 24300  1.94 26 104
3TM-yCD 20100 224 11 96

@Number average molecular weight determined by GPC, THF, Poly-
styrene (Pst) standards. PPolydispersity index. ¢Average number of
macrocycles /structural units, determined from 'H NMR analysis.
dGlass-transition temperature estimated from the second-heating DSC
measurements.

The polydispersity index (M,,/M,) and molecular weight distri-
butions (M,,) of polymers obtained by gel permeation chroma-
tography (GPC) analysis using Pst standards and THF as eluent,
are presented in Table 1. Two things should be noted here
concerning the lower M}, of 3*-TM-BCD and 3-TM-yCD polyro-
taxanes than that of the neat copolymer 3. Firstly, the less
ability of ester groups from molecule 2 to partially penetrate the
macrocyclic cavities in the condensation reaction due to the
sterical hindrance of methyl groups [48]. Secondly, could be
assigned to the differences of the hydrodynamic radii of the

polyrotaxane rod-like backbones and standards. Furthermore,

the polarity and backbone stiffness of polyrotaxanes can deviate
strongly from those of Pst. The higher M/M,, of 3-TM-BCD
and 3-TM-yCD polyrotaxanes than that of 3 non-rotaxane
sample was assigned to the different content of threaded
TM-BCD or TM-yCD on the copolymer chains (see incomplete
coverage determined by 'H NMR).

The thermal properties of the copolymers were evaluated by
differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). All copolymers showed only glass-transitions
(Ty) and not any exothermal crystallization peak characteristic
of polymers containing 9,9-dioctyl-2,7-fluorene units (PFO)
[49], Figure 2.

The non-rotaxane copolymer 3 has a T at 88 °C. The T, value
increases for 3*-TM-yCD and 3-TM-BCD to 96 °C and 104 °C,
with respect to that of the non-rotaxane counterpart. The
threading of 1 backbone through the cavities gives a more rigid
copolymer structures with increased T, as results of its encap-
sulation, Table 1. It should be mentioned, that increased
threading leads to a higher T}, of the resulting 3*TM-BCD poly-
rotaxane. The thermal stability of the copolymers was also
investigated by TGA (not shown) and the TGA data revealed
that all polymers were stable up to about 300 °C.
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Figure 2: DSC traces on second heating scan of 3, 3-TM-BCD and 3-TM-yCD compounds.

The absorption spectra of 3-TM-BCD and 3-TM-yCD polyro-
taxanes and the unthreaded 3 counterpart at a concentration of
107! mg:mL~! in CHCl; are reported in Figure 3a. The non-
rotaxane 3 copolymer shows a featureless band peaking at
374 nm. Upon encapsulation with the TM-BCD, we note a
hypsochromic shift of about 7 nm that can be attributed to a
reduction of intermolecular interactions and/or a variation of the
polarity when the PF core is inside the macrocycles’ cavity. The
3-TM-yCD polyrotaxane copolymer, instead, displays a red-
shift of about 8 nm thereby suggesting the presence of some
intrachain species. We consider such a red-shift however, not to
be sufficient to infer the presence of fluorenone defects [24],
although clear spectroscopic signature of the presence of such
species can be gleaned from time-resolved photoluminescence
efficiency (PL) experiments.

The PL spectra of the copolymers in CHClj solutions at a
concentration of 10~! mg-mL™! are reported in Figure 3b. The
emission of the non-rotaxane 3 copolymer shows three vibronic
components at about 418, 435 and 460 nm. The intensity of the
0-1 fluorescence band (435 nm) for diluted CHClj; solution is
the most intense. At the same concentration, 3-TM-BCD exhib-
ited a slight blue-shift (2 nm) of the emission. The ratio of the
emission intensity of the 00 transition for 3-TM-BCD is higher
than that of the 0—1 transition, contrary to what we observe for
the non-rotaxane 3 counterpart. Such trends suggest that the en-
capsulation with the macrocycle TM-BCD acts to reduce inter-
molecular interactions, in agreement with previous reported
results [50]. Interestingly, 3-TM-yCD shows a much stronger
0-1 transition than the 0-0 one, as the non-rotaxane copolymer
3, which might be indicative of some aggregation even though

a) b) c)
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Figure 3: Optical properties of 3:-TM-yCD (dotted line), 3-TM-BCD (dashed line) and 3 (solid line) polymers: absorption spectra at 10~ mg-mL~" in
CHCl3 (a), and normalized emission spectra at 10~! mg'mL~" and 1073 mg-mL~" in CHClI3, (b) and (c), respectively.
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we do not observe a strong tail in the 500-600 nm regions
(apart from the minor red-shift mentioned earlier). We also note
that such TM-yCD threaded polyrotaxanes and the unthreaded
polymer have a similar PL emissions with the 0—0 the most
intense transition for diluted solutions (1073 mg:mL™! in
CHCl3), as reported in Figure 3c. It appears that TM-BCDs are
much more effective than TM-yCD at suppressing intermolec-
ular interactions upon an increase of the polymer concentration.
Such interpretation is also corroborated by the time-resolved PL
spectroscopy. Indeed, we find that the temporal decays for the
diluted solutions are mono-exponential with a time constant of
~0.6 ns for the polyrotaxanes and the non-rotaxane polymer at a
concentration of 1073 mg-mL™! in CHCl;. However, at a
concentration of 107! mg'-mL™! in CHCls, while the decay is
still mono-exponential for 3 and 3-TM-BCD polymers
(t= 0.7 ns and 0.8 ns, respectively), 3-TM-yCD polymer shows
a bi-exponential decay with t of 0.7 ns and 5.4 ns, with relative
weights of 98 and 2%, respectively. The longer t for the
3-TM-yCD polyrotaxane is consistent with “interchain states”.
While these do not dominate the luminescence of the materials
(the longer lifetime only accounts for 2% of the total PL
weight), they are plausible, considered the significantly bigger
size of the yCD, which might favor both unthreading of the
cores, or even accommodation of more than one core unit
within the macrocycles cavities. Poor suppression of interchain
interactions by yCD had already been observed in the case of
diphenylenevinylene rotaxanes, and it is therefore not surprising

that we observe similar effects [33].

Interestingly, we measure a photoluminescence quantum effi-
ciency (PLQE) of 66 + 7% for the 3-TM-yCD, 56 + 6% for the
3-TM-BCD and 46 + 5% for the reference 3 polymer. Given the
relatively large errors in these measurements the only conclu-
sion we can draw is that the unthreaded materials is slightly less
efficient than 3-TM-yCD, but we consider we should not try to
read too much into the difference in PL efficiency between
3-TM-yCD and 3-TM-BCD.

With a view to understand the factors that control the charge
transport within and between conjugated macromolecular
chains and the macrocycles, 3, 3-TM-BCD and 3-TM-yCD
were electrochemically investigated by cyclic voltammetry
(CV), Figure 4 and the results are summarized in Table 2. The
Ep onset and Ey gnset values allow the estimation of the ioniza-
tion potential (IP), electron affinity (EA) and energy band gap
(AE) using ferrocene (Fc) as reference [51]. The IP, EA energy
levels and AE, were calculated according to Equations 1-3
[52,53].

Epomo (~IP) = —e(Ep’Onset— 0.44) ~ 480 (eV) (1)
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Epumo (~EA) = —¢(E, 0.44) - 480 (V) (2)

,onset

AE, =

(EA- 1P) (eV) 3)
where: —4.80 eV represents the position of the Fc/Fc redox
couple in the energetic diagram [51]; +0.44 V is the redox
potential of Fc*/Fc vs Ag.

As indicated in Table 2, during the n-doping process, polyro-
taxane 3-TM-BCD is reduced at a lower potential (—1.71 V)
compared to the neat copolymer 3, and the polyrotaxane
3-TM-yCD, whose reduction potentials are attained at —1.79 V,
and —2.02 V, respectively. The encapsulation of monomer 1
into TM-BCD or TM-yCD cavities appears to have a greater
effect on the LUMO energy levels of 3-TM-BCD and
3-TM-yCD polyrotaxanes. Furthermore, these results suggest
that TM-BCD may impose a more constrictive environment for
the monomer 1 than TM-yCD, due to its smaller inner cavity
diameter. Consequently there is the possibility for TM-yCD to
move along on the monomer 1 backbone, until the stopper
groups and these displacements to affect the LUMO energy
level of the resulting 3-TM-yCD polyrotaxane, see Table 2. By
contrast, TM-BCD which is more localized on the monomer 1
backbone do not influence the LUMO energy level of 3-TM-
PCD compared to the reference 3. Obviously, the LUMO
energy value is responsible for the low value of AEg in the case
of 3*-TM-BCD polyrotaxane. Note that the redox behaviors of
the investigated polyrotaxanes have a similar origin with those
of the reference copolymer 3. Close inspection of the electro-
chemical results suggest that all three investigated compounds
exhibit typical semi-conducting properties, i.e., an insulating
behavior in a wide range of potential between n- and p-doping
processes.

As shown by the CV in Figure 4, 3-TM-BCD exhibited three
reduction peaks in the first CV scan at 0.0 V (very small),
—1.0 V and at —1.8 V, respectively. The last one corresponds to
the n-doping process. The peaks from 0.0 V and —1.0 V could
be associated with the trapping of ionic charges into the
polymer when the polymer returns to its neutral (insulating)
state after the first CV scan, as previously reported [20].
Furthermore, these results suggest that the reduction process of
3-TM-BCD displays a semi-reversible behavior.

The HOMO/LUMO energy levels in combination with the elec-
tronic potentials of the anodic indium tin oxide (ITO) glass sub-
strate (—4.75 eV) and cathodic aluminum (2.2 eV), prove that
the investigated compounds are electrochemically accessible as
electron-transporting materials for fabrication of organic light-
emitting diodes (OLEDs) [54], Figure 4d.
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Figure 4: CV of 3 (a), 3-TM-BCD (b) and 3-TM-yCD (c) in 0.1 M tetrabutylammonium perchlorate (TBACIO,4)/ACN solution at scan rate 20 mV-s~' and
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Table 2: The electrochemical data for 3, 3-TM-BCD and 3-TM-yCD copolymers.

Sample 3
Oxidation? (Ep onset) (V) 1.5
Reduction® (Enonset) (V) -1.79
Etomo = IP€ (eV) 580
ELumo = EAd(eV) -2.57
AES#(eV) 3.29

3-TM-BCD 3-TM-yCD
1.45 1.42
-1.71 -2.02
-5.81 -5.78
-2.65 -2.34
3.16 3.44

aOxidation onset potentials. PReduction onset potentials. °Eomo = —e(Ep onset — 0.44) — 4.80. 9E umo = —€ (En,onset = 0.44) — 4.80 (eV).

eElectrochemical band gap (AEg = ELUMO - EHOMO)-

To gain further insights into the effect of macrocyclic encapsu-
lations, it is also important to investigate the influence of the
nature of host molecules on the induced chemical changes of
the 3-TM-BCD and 3-TM-yCD polyrotaxane surfaces.
Advancing contact angles (0) values of water (polar) and
diiodomethane (apolar) have been obtained for spin-coated
copolymer films, Table 3. The smaller value of 6 in water for

3-TM-yCD (87°) with respect to the non-rotaxane counterpart 3

(100°) reflects its higher hydrophilicity attributed to TM-yCD
encapsulation. A different behavior is observed for 3-TM-BCD
which prevented any contact angle measurements. This
phenomenon should be attributed to the better dissolution of the
spin-coated film of 3-TM-BCD in water. As can be seen from
Table 3, quite similar values were obtained in diiodomethane
for the reference 3 and 3-TM-yCD polyrotaxane. These results
are typical of surfaces covered with a close packing of hydro-
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l5 83 A el et el el e e e Hed el carbon chains [55]. In contrast, a lower 0 value is observed for

measured on spin-coated film of compounds. 3-TM-BCD. Such phenomenon represents a significant contri-
bution of TM-BCD high coverage.

Sample a(°)2 a(°)P

3 1001 +1.9 49.9+0.3 To further explore the effect of the TM-BCD and TM-yCD
3-TM-BCD —° 435+0.7 encapsulations, the surface topography of the copolymers was
3-TM-yCD 87.3+1.7 48.4+0.8 also investigated by atomic force microscopy (AFM) analysis.
aWater advancing contact angle. PDiiodomethane advancing contact Some representative images obtained for the non-rotaxane 3,
angle. °Due to the dissolution of the spin-coated film, water advancing 3-TM-BCD and 3-TM-yCD polyrotaxanes over 3 x 3 umz

contact angles prevented any contact angle measurements. L . i
areas, are shown in Figure 5 and the results are summarized in

Table 4.
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Figure 5: Representative AFM images obtained over 3 x 3 ym? areas of the non-rotaxane 3 (a), 3-TM-BCD (b) and 3-TM-yCD (c) polyrotaxanes.
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Table 4: Roughness and grains parameters collected from 3 x 3 pm?2
AFM images of 3, 3-TM-BCD and 3-TM-yCD thin films.

Sample Surface roughness
Sy (nm)2 Sq (nm)P Sa (nm) ©
3 43.7 3.73 2.73
3-TM-BCD 213 1.76 1.35
3-TM-yCD 23.2 1.85 1.42

@Peak to valley height. PRoot mean square roughness. Average
roughness.

As can be seen from Figure 5, the polyrotaxane film surfaces
displayed granular morphologies with lower root mean square
roughness (Sq) and average roughness (Sa) surface parameters
compared to that of the non-rotaxane counterpart 3. It should be
note that the lower Sg and Sa values provide microscopic evi-
dence of the changes in the surface topography of the encapsu-
lated compounds.

Taking into account all the information obtained from AFM
analysis, it can be concluded that the lower surface parameters
clearly evidenced that the encapsulation with chemically-modi-
fied CDs leads to better film forming ability with a smoother
surface.

Conclusion

TM-BCD or TM-yCD encapsulations of PF backbones lead to
distinct improvements in the solubility and transparency of the
solid films, increased glass-transition temperatures, enhance-
ments of the surface characteristics. The optical investigations
confirmed that the encapsulated compounds exhibited higher
PLQE and fluorescence lifetimes. These complex architectures
showed interesting electrochemical characteristics, which were
consistent with optical and surface morphological results. The
slightly lower AEg value for 3-TM-BCD suggests that the en-
capsulation have a greater effect on the reduction process,
which affects the LUMO values. In addition, HUMO/LUMO
energy levels proved that all copolymers are electrochemically
accessible in an electroluminescence configuration cell. The
present study is significantly valuable and informative as a
method to built new conjugated polyrotaxanes by using
permodified CD derivatives. Development of new polyrotaxane
architectures should be beneficial especially in the field of ma-
terials for the generation of active layers in organic electronic

devices.

Experimental

Materials and methods

1, 2, tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs)4], B-
and yCD, bromobenzene (Br—Ph), dimethylformamide (DMF),

Beilstein J. Org. Chem. 2015, 11, 2677-2688.

dimethyl sulfoxide (DMSO), and quinine sulfate dehydrate in
0.5 M sulfuric acid were purchased from (Sigma-Aldrich) and
used as received. TBACIO4 for electrochemical analysis
(99.0%) (Fluka) was used without further purification.
Acetonitrile (ACN) (Fischer), DCM, CHCI3, toluene and all
other solvents were purchased from commercial sources
(Sigma-Aldrich, Fisher) and used without further purification.

TH NMR spectra have been recorded on a Bruker Avance DRX
400 MHz instrument equipped with a 5 mm QNP direct detec-
tion probe and z-gradients. Spectra have been recorded in
CDCl; at room temperature. The chemical shifts are reported as
4 values (ppm) relative to the residual peak of the solvent. The
FTIR (KBr pellets) spectra were obtained on a Bruker Vertex
70 spectrophotometer. The molecular weights of copolymers
were determined by GPC in THF by using a Water Associates
440 instrument and polystyrene (Pst) calibrating standards. DSC
was performed with a Mettler Toledo DSC-12E calorimeter
with two repeated heating—cooling cycles at a heating rate of
5 °C-min~! under N, atmosphere. TGA analysis was performed
under constant nitrogen flow (20 mL-min”!) with a heating rate
of 10 °C-min"! using a Mettler Toledo TGA/SDTA 851e
balance. UV—vis and fluorescence spectra in CHCl3 solutions
were performed using 3, 3-TM-BCD and 3-TM-yCD with the
same concentration (either 10~ mg:mL™! or 1073 mg:mL™!) of
the 3 cores without macrocyclic molecules. Time-resolved
photoluminescence (PL) measurements were performed with a
time-correlated single photon counting (TCSPC) spectrometer
previously reported [17]. The PLQE was estimated by compari-
son with a solution of quinine sulfate dehydrate in 0.5 M
sulfuric acid of known quantum efficiency, 56 + 5%.

CVs were carried out in a three-electrode cell in which Pt
(1 mm diameter) was used as a working electrode, a Pt wire as
counter-clectrode and an Ag wire as pseudo-reference electrode.
A TBACIOy4 solution (0.1 M) in anhydrous ACN was used as
the supporting electrolyte. The set-up was introduced into a
glove box and controlled by AUTOLAB PGSTAT 101
(Ecochemie) using NOVA software. The pseudo-reference was
calibrated with a 1073 M of Fc solution in ACN. The polymer
samples were drop-casted onto the working electrode from a
concentrated DCM solution and studied in the interval —2.5 and
+2.0 V vs Ag wire. Cathodic and anodic scans were performed
independently.

The surface profiles of copolymers films were evaluated by
AFM measurements. AFM were performed in the tapping
mode, using a Solver PRO-M scanning probe microscope
(NTMDT, Russia) with commercially available NSG10
cantilever. Films were prepared onto mica substrates by spin-

coating from CHCIlj3 solution at 3000 rpm for 60 s on a
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WS-400B-6NPP-Lite Single Wafer Spin Processor (Laurel
Technologies Corporation, USA). Scan areas of 3 x 3 pm?2,
were analyzed with a resolution of 512 x 512 pixels. Advancing
and receding contact angle measurements were performed by
using the drop shape analysis profile device equipped with a
tiltable plane (DSA-P, Kruss, Germany). Ultrapure water (Milli-
pore, resistivity = 18 MQ-cm) or a diiodomethane drop was first
deposited on the sample using a variable volume micropipette.
The drop volume was set to 15 pL for water and 10 pL for
diiodomethane. In order to perform dynamic contact angle
measurements, the sample surface sustaining the drop was tilted
at a constant speed (1 deg's™!) and the images of the drop
simultaneously recorded. The advancing contact angle was
measured at the front edge of the drop, just before the triple line
starts moving. The angle was obtained using the tangent of the
drop profile at the triple line. For each sample, contact angles
were measured on four samples and three drops per sample. The
reported contact angle values correspond to the average of all
measurements with an error bar corresponding to the standard
deviation.

Synthesis of 2,3,6-tri-O-methyl-CD (TM-BCD) and 2,3,6-tri-
O-methyl-CD (TM-yCD): TM-BCD and TM-yCD as macro-
cyclic molecules were synthesized according to previously
reported procedure [47,48].

Synthesis of 1 TM-BCD: To prepare 1:TM-BCD inclusion
complex, 0.572 g (0.4 mmol) of TM-BCD were dissolved in
water (5.0 mL) and 0.067 g (0.2 mmol) of 2 were added. The
mixture was stirred at room temperature under nitrogen atmos-
phere for 48 h to give a turbid dispersion. The water was
removed by lyophilization and the complex, as a white powder
was used for the preparation of 1'TM-BCD. The synthesis of
the inclusion complex 1-TM-yCD was performed under similar
experimental conditions as those used for the preparation of the
1-TM-BCD inclusion complex, except (0.654 g, 0.4 mmol) of
TM-yCD was used instead of TM-BCD.

Synthesis of 3-TM-BCD and 3-TM-yCD polyrotaxane
copolymers: 1:TM-BCD (0.639 g, 0.2 mmol) and 2 (0.115 g,
0.2 mmol) were dissolved into 6 mL of toluene in a flask under
argon (Ar) protection. The mixture was flushed with Ar several
times, and then 1.5 mL of a 3 M solution of sodium carbonate
(NapCO3) and 18.2 mg of (Ph3P)4Pd(0), as catalyst dissolved in
4 mL of degassed toluene were added into the flask. The solu-
tion was flushed with Ar again for another three times, and the
reaction mixture was protected against light. The oil bath was
heated to 90 °C, and the reaction mixture was stirred for 72 h.
Then, an excess of 0.005 g (0.01 mmol) of monomer 2
dissolved in 3 mL of toluene was added and the reaction was
continued for 12 h. Finally, 1.0 uL of Br-Ph was added as end-
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capper of the copolymer chain and the reaction was continued
overnight. After cooling, the mixture was poured into water and
extracted with toluene. The organic extracts were washed with
water and dried over magnesium sulfate (MgSQOy). The toluene
solution was concentrated by rotary evaporation and precipi-
tated in CH3OH. The solid was filtered, dried and purified by
Soxhlet extraction with methanol and acetone in succession to
remove the oligomers. The polymer was further purified by
reprecipitation from concentrated CHCIl3 solution with
methanol, collected by centrifugation and vacuum dried at
60 °C to afford 3-TM-BCD (128 mg, 18.8% yield) as a yellow-
brownish solid. 'H NMR (400 MHz, CDCls) 7.92-7.55 (m,
Ha—d and a’-d’), 6.85-6.81 (m, Ph), 5.13 (d, J = 3.6 Hz, 7H,
C(1)H), 4.11-4.09 (m, Hg’), 3.88-3.80 (m, 14H, C(5)H,
C(6)H), 3.65 (s, 21H, O(3’)-CH3), 3.62-3.58 (m, 14H, C(4)H,
C(6)H), 3.54-3.49 (m, 28H, C(3)H, O(2’)-CHj3), 3.39 (s, 21H,
0(6°)-CH3), 3.19 (dd, J = 3.6 Hz, 7H, C(2)H), 2.10-1.93 (m,
Hh), 1.26-1.11 (m, Hi-n), 0.83-0.71 (m, Ho); FTIR (KBr,
em™1): 3433, 2027, 2853, 1724, 1614, 1459, 1410, 1357, 1159,
1091, 1042, 968, 875, 813 cm™!; GPC (THF, Pst standard):
M, = 24300 g-mol™!, M/M, = 1.94.

3-TM-yCD was synthesized by similar experimental conditions
as described for 3-TM-BCD, except that TM-yCD was used
instead of TM-BCD. 3:TM-yCD polyrotaxane was also
obtained as a yellow-brownish solid in a 24.7% yield. "H NMR
(400 MHz, CDCl3) 7.92—7.38 (m, Ha—d and a’-d’), 6.91 (s, Ph),
5.26-5.02 (m, 7H, C(1)H), 4.1-3.25 (m, Hg’, C(2-6)H,
0(2°,3°,6’)-CHj3), 2.11 (s, Hh), 1.11 (s, Hi-n), 0.81 (s, Ho);
13C NMR (100 MHz, CDCls) 151.79-140.10 (C ¢, ¢, f, ¢’, &,
), 132.18-120.21 (C a, b, d, a’, b, d*), 98.09 (C1), 82.11 (C2,
4),71.04 (C5,6 ), 61.07-59.02 (C 2°, 3°, 6°), 55.41 (C g), 40.49
(Ch), 37.18 (Cg’), 31.79 (Ci), 30.05-29.20 (Cj—m), 22.59 (Cn),
14.02 (Co); FTIR (KBr, cmx 1): 3416, 3058, 2923, 2850, 1634,
1610, 1457, 1405, 1373, 1291, 1095, 888, 810, cm™'; GPC
(THF, Pst standard): M, = 20100 g-mol™!, M/M, = 2.24.

Synthesis of the non-rotaxane 3 copolymer: The non-
rotaxane copolymer 3 was synthesized under similar experi-
mental conditions as those described for 3:-TM-BCD or
3-TM-yCD polyrotaxanes, except that free monomer 1 was
used instead of 1-TM-BCD or 1-TM-yCD. The crude polymer 3
was collected by filtration and then extracted with a Soxhlet
extractor using methanol and acetone. Further the solid was
redissolved in CHCl3 precipitated with methanol, collected by
filtration and vacuum dried at 50 °C. The copolymer was
obtained as an orange solid in a yield of 47.8%. 'H NMR
(400 MHz, CDCl3) 7.98-7.39 (m, Ha—d and a’-d’), 6.93-6.87
(m, Ph), 4.14-4.06 (m, Hg’), 2.16 (s, Hh), 1.16 (s, Hi-n), 0.86
(s, Ho); 13C NMR (100 MHz, CDCl3) 151.77-140.05 (C ¢, e, f,
c’,e’, ), 128.79-120.24 (C a, b, d, 2’, b’, d’), 55.37 (Cg),

2686



40.47 (Ch), 37.18 (Cg’), 31.79 (Ci), 30.04-29.21 (Cj—m), 22.60
(Cn), 14.06 (Co); FTIR (KBr, cm™!): 3438, 3024, 2954, 2922,
2850, 1605, 1457, 1405, 1378, 1261,1196, 1092, 1023,
810 cm™!'; GPC (THF, Pst standard): M, = 27900 g-mol™!,
My/M, = 1.83.

Supporting Information

Supporting Information File 1

Characterization data of the compounds: The stability
constant, FTIR, IH NMR and 13C NMR spectra of the
investigated copolymers.
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Abstract

The aim of this work is to improve physical properties and biological activities of the two flavanones hesperetin and naringenin by
complexation with B-cyclodextrin (B-CD) and its methylated derivatives (2,6-di-O-methyl-B-cyclodextrin, DM-B-CD and randomly
methylated-B-CD, RAMEB). The free energies of inclusion complexes between hesperetin with cyclodextrins (-CD and DM-f-
CD) were theoretically investigated by molecular dynamics simulation. The free energy values obtained suggested a more stable
inclusion complex with DM-B-CD. The vdW force is the main guest—host interaction when hesperetin binds with CDs. The phase
solubility diagram showed the formation of a soluble complex of Ay type, with higher increase in solubility and stability when
hesperetin and naringenin were complexed with RAMEB. Solid complexes were prepared by freeze-drying, and the data from
differential scanning calorimetry (DSC) confirmed the formation of inclusion complexes. The data obtained by the dissolution
method showed that complexation with RAMEB resulted in a better release of both flavanones to aqueous solution. The
flavanones-B-CD/DM-B-CD complexes demonstrated a similar or a slight increase in anti-inflammatory activity and cytotoxicity
towards three different cancer cell lines. The overall results suggested that solubilities and bioactivities of both flavanones were

increased by complexation with methylated f-CDs.
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Introduction

Flavonoids are secondary metabolites found in fruits, vege-
tables, grains, roots, bark, stems, flowers, and especially in tea
and wine [1]. More than 5,000 naturally occurring different
flavonoids have been identified [2], including flavonols,
flavones, flavanones, anthocyanidins, isoflavones, and dihydro-
flavonols. They possess many beneficial biological properties,
i.e., free radical scavenging activity [3], cardioprotective action
[4], antibacterial and antiviral activities [5]. Two flavonoids in
the class of flavanones, hesperetin and naringenin (chemical
structures in Figure 1), can be extracted from citrus fruits such
as lemon, grapefruit and orange. Several reports on biological
effects of hesperetin and naringenin have been found [6],
including blood lipid- and cholesterol-lowering effects [7-9],
anti-inflammatory [10-13] and anticancer [14-16] activities, im-
proved microcirculation, recovery of venous ulcers, inhibition
of chronic venous insufficiency and hemorrhoids, and preven-
tion of post-operative thromboembolism [17]. Hesperetin can
inhibit chemically induced mammary [18], urinary bladder [19],
colon carcinogenesis in laboratory animals [20-22], and prolif-
eration of breast cancer cells (MCF-7) [23,24]. Naringenin has
the ability to hinder a tumor growth on various human cancer
cell lines [25], and acts as an inhibitor that blocks basal and
insulin-stimulated glucose uptake in breast cancer cells [26].
Additionally, naringenin reduces the incidence of hormone-
responsive cancer [27]. In spite of having several benefits, the
use of these flavonoids is frequently limited by their low water
solubility and stability with a consequence of exerting rather
low biological activity.

(A) hesperetin

(B) naringenin

RO

Beilstein J. Org. Chem. 2015, 11, 2763-2773.

The natural B-cyclodextrin (B-CD) is a cyclic oligosaccharide
consisting of seven D-glucopyranose units linked by a-(1,4)-
glycosidic bonds. It contains a highly hydrophobic central
cavity and the hydrophilic outer surface. The 2,6-di-O-methyl-
B-cyclodextrin (DM-B-CD), a commercially available p-CD
derivative, is obtained by methylation of the hydroxy groups at
C2 and C6 of all glucose units, thus having the degree of substi-
tution of 2.0. While the randomly methylated-B-cyclodextrin
(RAMEB) prepared with the average degree of substitution of
1.8, being fully methylated at C6 but partial at C2 and C3 posi-
tions (Figure 1) [28]. Cyclodextrin complexation is at present
highly relevant to various branches of industry, including phar-
maceutical, medicine, cosmetics, food and agriculture [29].
B-CD and its derivatives have been widely used to increase the
water solubility, stability, and consequent bioavailability of
poorly water soluble drugs [30-32], such as B-CD in complex
with piroxicam [33] and etodolac [34] and DM-B-CD in com-
plex with camptothesin [35], chloramphenicol [36] and pacli-
taxel [37]. DM-B-CD has been found to improve the insulin
absorption via pulmonary administration [38], and to stimulate
nasal insulin absorption with a reduction of the serious nasal
toxicity [39].

In the present work, we aimed to improve physical properties
and biological activities of hesperetin and naringenin through
complexation with cyclodextrins. Computational tools (molec-
ular dynamics simulation) were adopted to first predict the
stability of flavanones/CDs inclusion complexes. Consequently,

(C) B-CD/DM-p-CD

OR
(@)
ORo
OHO HO
OR

OR
o) o]
OR
o)
OH oH
"OR
OR OR
o] OH OH 0—£©
o) %
RO o

OR

Figure 1: Structures of (A) hesperetin, (B) naringenin and (C) the two cyclodextrins: B-CD and DM-B-CD with the —H and —CH3 substitutions on —R
groups, respectively. For DM-B-CD, substitution by —CH3 is at OH of C2 and C6 while for RAMEB, full substitution is found at OH of C6 but partial at

C2 and C3 of each glucose unit.
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the experimental phase solubility and dissolution study of
flavanones were studied. The formed inclusion complexes were
analyzed by DSC. The anti-inflammatory activity of inclusion
complexes and the free flavanones were determined by investi-
gating the secretion of certain cytokines in lipopolysaccharide
(LPS)-stimulated macrophages. In addition, the cytotoxic
activity on CaCo-2, HeLa and MCF-7 carcinoma cell lines of

inclusion complexes was also determined.

Results and Discussion

The binding free energy of inclusion complexes between narin-
genin with B-CD and DM-B-CD has been previously reported
by our group [40]. In the present work, we reported the binding
study of hesperetin with the two cyclodextrins. Furthermore, the
physical properties of both flavanones when complexation with
B-CD and RAMEB were investigated, the RAMEB was used in
this part to save the experimental cost and with the anticipation
that RAMEB and DM-B-CD should not give much difference to
these properties. However, in the third part whereby biological
activities were examined, the two flavanones complexing with
B-CD and DM-B-CD were used since the different degree of
methylation might exert significant effect on the result as previ-
ously reported [28].

Binding free energy of inclusion complexes

Root mean square displacements (RMSDs) for all atoms of the
complex, cyclodextrin and hesperetin in respect with those of
initial structures (Figure S1, Supporting Information File 1)
suggested that the three independent simulations of B-CD
(A1-A3) and DM-B-CD (B1-B3) complexes had reached equi-
libration at 25 ns. The 30 MD snapshots from the last 55 ns of
each simulation was selected for binding free energy calcula-

tions in accordance with the naringenin/CDs complexes [40].

In this study, we applied a molecular mechanics and continuum
solvation method to estimate the binding free energies, or calcu-
late the free energies of molecules in solution (AGp;pq) using the
MM-PBSA/GBSA method. The free energy decomposition of
each complex in terms of gas phase energy (AEypy) including
AE. and AE,4y, energies, solvation free energy (AGo)) and
entropic term (7AS) is shown in Table 1. It seems that both
flavanones interacted with cyclodextrins through van der Waals
(vdW) force 2 to 5-fold stronger than electrostatic interaction.
The AE, 4y and AEe of hesperetin/B-CD and hesperetin/DM-f3-
CD were —23.58 and —31.30 kcal'-mol™!' and —9.95 and
—5.90 kcal'mol™!, respectively (Table 1). For naringenin/B-CD
and naringenin/DM-B-CD, the AE,qw values were —25.69 and
-29.71 kcal'-mol™! while AE.. values were —4.09 and
—4.73 kecal'mol™!, respectively [40] (Supporting Information
File 1). Thus, the vdW interaction played an important role in

forming the inclusion complex. The obtained information was
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in good agreement with previous studies in which the
hydrophobic interaction was found to be the main driving force
for flavanones—CD inclusion complexes [40,41]. For the
summation of entropic and solvation terms, both MM/PBSA
and MM/GBSA methods predicted that the binding free energy
of hesperetin/DM-B-CD was by ~7.6 kcal-mol™! lower than that
of hesperetin/B-CD, and a better binding of naringenin in the
cavity of DM-B-CD than in that of B-CD by ~4.6 kcal-mol ™!
was suggested [40]. Nevertheless, the MM-PBSA/GBSA
binding free energies of the two inclusion complexes might be
overestimated due to MM energy. To correct this energy
section, the same set of 25 to 80 MD snapshots was carried out
by the single point DFT M062X/6-31+g (d,p) calculation in this
study. The results of QM/PBSA and QM/GBSA binding free
energies were in agreement with MM/PBSA and MM/GBSA
energies. The experimental AG values showed the same trend
with values from molecular dynamics simulation that
complexing with DM-B-CD was more effective than with §-CD,
and the values obtained were in good agreement with the
previous report [42]. These results suggested that both
flavanones bind to and interact with DM-3-CD stronger than
with B-CD.

Table 1: MM-PBSA/GBSA binding free energies (kcal/mol) and energy
components between hesperetin and 3-CD/DM-B-CD complexes in
comparison to experimental values.

energy (kcal/mol)  hesperetin/B-CD hesperetin/DM-3-CD

AEgje -9.95+0.73 -5.90 + 0.46
AE,qw -23.58 +2.97 -31.30+0.44
AEymm -33.86 +3.23 -38.23 £ 0.60
AEgm -28.80 £ 0.03 -31.33+0.03
TAS -12.46 £ 0.37 -11.27 £ 0.07
AGsol (PBSA) 15.08 £ 1.78 12.42 £2.73
AGgq) (GBSA) 1414 £1.71 12.79£2.10
AGMM-PBSA -6.32 + 1.08 -14.54 + 2.06
AGMM-GBSA -7.25+1.15 -14.17 £1.30
AGQM-PBSA -1.26 +1.38 -7.64 +2.69
AGam-GBSA -2.20 £1.37 -7.27 £2.06
AGexperiment -3.50 -4.27

Phase solubility studies

The phase-solubility diagrams for the hesperetin/CD and narin-
genin/CD complexes at different temperatures are shown in
Figure 2. The linear relationship of the plots for all complexes,
suggested the typical Ay -type of the phase solubility profiles
with the 1:1 molar ratio of soluble guest and host inclusion
complexes [43]. This finding agrees with the previous study
which reported complexation between these two flavanones
with B-CD [42]. We here found that the aqueous solubility of

hesperetin and naringenin were remarkably increased approxi-
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Figure 2: Phase solubility study of hesperetin (upper panel) and naringenin (lower panel) with -CD or RAMEB in water at 30 °C, 37 °C and 45 °C.

mately 10 and 40 times by the solubilizing effects of -CD and
RAMEB. Thus, the solubility of both flavanones in the pres-
ence of CDs followed the order of RAMEB > B-CD, reflecting
an enhancement of binding and solubility of both flavanones.

A previous report by Yang et al. showed a similar result,
methylated-B-CDs gave a much better solubilization effect on
naringenin than $-CD [31]. The solubility of the naringenin/CD
complex was increased to approximately 1.34, 1.60 and
1.52 mg/mL by complexing with f-CD, DM-B-CD and TM-B-
CD (trimethyl-B-CD), respectively, while the solubility of free
naringenin was 4.38 pg/mL. The methyl substitution plays an
important role in balancing the CD water solubility and its
complexing ability [44].

It was previously reported that increasing the degree of methyl-
ation up to an optimum level improves the CD aqueous solu-
bility, and the binding of guests to CDs is increased by
increasing the surface area of binding [41,45-47]. However,

Table 2: Stability constants (K

beyond the optimum level, the steric hindrances of the host
molecule impair CD complexing efficiency or capacity. The
summarized data for stability constants (K.) of the hesperetin/
CD and naringenin/CD complexes at different temperatures are
shown in Table 2. The stability constant (K.) was determined
from the linear part of the phase solubility diagram assuming a
1:1 complex. The solubility of flavanone in the absence of
cyclodextrin can be estimated from the intercept of the plot
between the concentration of flavanone and cyclodextrin. It was
observed that the stability constant (K;) of the complexes was
affected by temperature, the decrease in temperature resulted in
the increase in the K value. These findings are in accordance
with the work of Tommasini et al. which reported the stability
of hesperetin and naringenin complexes with B-CD at different
temperatures in the range of 15—45 °C [42]. The temperature
parameter contributes to the strength of the interaction between
the host and guest molecules in complex formation. Size
matching of the host and guest molecules also dominates com-
plex stability. Our results showed that the binding constants for

) of hesperetin/CD complex and naringenin/CD complex at different temperature.

Ke (M1
temperature (°C ) . ) oM7) . . . .
hesperetin/3-CD hesperetin/RAMEB naringenin/p-CD naringenin/RAMEB
30 339.2 1289.3 425.0 1015.5
37 249.9 1030.5 367.8 999.9
45 195.6 1000.2 203.0 892.7
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the complexation of both flavanones with RAMEB were higher
than those for B-CD. This suggested that the RAMEB complex
was more stable than the B-CD system; the result showed the
same trend of advantage of the methyl derivative as in the
binding free energy obtained from calculation using the compu-
tational method (Table 1). From the result on the binding
energy, the vdW energy was about six-fold greater than the
electrostatic energy in both of the CDs complexes (Table 1 for
hesperetin and Table S1, Supporting Information File 1 for
naringenin). This implied that the complex stability was mainly
governed by the vdW interaction.

DSC analysis

To investigate the solid inclusion complex obtained by freeze-
drying (Figure 3D and E) and kneading methods (Figure 3F and
G), DSC measurements were performed. The thermogram
revealed information about the thermal properties of the starting
free materials (flavanones, f-CD and RAMEB) compared with
those inclusion complexes. The melting endothermic peaks are
characteristic of each of the free compounds: hesperetin at
234.5 °C (Figure 3C), B-CD at 117.7 °C (Figure 3A), RAMEB
at 73.8 °C (Figure 3B) and naringenin at 256.7 °C were deter-
mined. In case of the complexes obtained from freeze-drying,
the endothermic peaks of free hesperetin and naringenin disap-
peared, simultaneously with the appearance of a new peak at
157.4 and 141.9 °C for hesperetin/f-CD and hesperetin/
RAMEB, respectively (see also Figure 3D and E, left panel).
Naringenin/B-CD and naringenin/RAMEB systems showed a
new peak at 145.5 and 150.5 °C, respectively (Figure 3D and E,
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\/‘—“—/_
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()

(D) 234.5°C
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right panel). The complete inclusion complexes were thus
observed for the system obtained by freeze-drying. In contrast,
the kneading method resulted in a shift to lower temperatures of
the flavanones’s melting points in the thermogram of the
complexes. In addition, there were peaks that could be ascribed
to some flavanones/CD interaction [48]. The result suggested
that the kneading method yielded incomplete inclusion

complexes.

Dissolution study

Reports of release studies of several guest/drug molecules, e.g.,
ampelopsis, simvastatin, ketoconazole and famotidine can be
found in literature [49-52]. For dissolution studies of the two
flavanones, Tommasini and co-workers reported the dissolution
profiles of hesperetin, naringenin and their f-CD complexes in
buffer solutions at different pH [42]. They found that the disso-
lution of the hesperetin complex rapidly increases within
30 minutes at pH 1.5 while the highest amount of dissolved
drug was observed at pH 8.0. It was also found that naringenin
showed almost the same behavior.

The dissolution of the solid complexes of the two flavanones
and cyclodextrins formed by freeze-drying at a 1:1 molar ratio
was determined in this study. The dissolution diagram of the
free guests, hesperetin and naringenin, and their inclusion
complexes in water at 37 °C are shown in Figure 4. The free
form of hesperetin or naringenin exhibited poor dissolution
owing to their hydrophobicity. It can be observed that the disso-
lution of the two flavanones was enhanced significantly when

(A)

117.7°C
(B)

73.8°C
(©)

256.7 °C
N

(D)
T\

145.5°C
(E)

150.5 °C

(F)

250.7 °C

150.7 °C
(G)
183.2°C

50

100 150 200

Temperature, °C

250 300

Figure 3: DSC thermograms of hesperetin (left) and naringenin (right) (A) B-CD, (B) RAMEB, (C) Free flavanones, (D and E) flavanones/B-CD and
flavanones/RAMEB complexes, respectively, prepared by freeze-drying, (F and G) flavanones/B-CD and flavanones/RAMEB complexes, respectively,

prepared by the kneading method.
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Figure 4: The dissolution diagram at 37 °C in water of the free flavanones and their complexes. (A) hesperetin and (B) naringenin. Complex forma-

tion was by freeze-drying.

they formed complexes with cyclodextrins. Both free and inclu-
sion complexes of hesperetin and naringenin were dissolved
with high rate for the first 10 minutes. When compared the
dissolved amounts of free hesperetin, B-CD complex and
RAMEB complex after 10 minutes, the amounts of dissolved
hesperetin were 0.11, 0.33 and 0.63 mg/mL, respectively. For
free naringenin, naringenin/B-CD and naringenin/RAMEB
complexes, the amounts of dissolved naringenin were 0.13, 0.13
and 0.42 mg/mL. As effect of the type of the carrier host, it was
concluded that the RAMEB system showed a dissolution rate
higher than the inclusion complex with f-CD. The dissolved
amount of both free and hesperetin complexes increased signifi-
cantly within 30 minutes. Naringenin showed almost the same
behavior, as the greatest solubilization occurs within 30 minutes
as well. These results were in good agreement with a previous
report [42] in which the dissolution of hesperetin and narin-
genin complexed with B-CD was studied. The improved disso-
Iution rate observed may be due to the increase in solubility, as
well as a decrease in the crystallinity of guest molecules,
brought about by complexation with CDs [53].

-
N}
o

Cytokine levels in response to treatment with

inclusion complexes of flavanones

To investigate the anti-inflammatory effect of the inclusion
complexes compared to free compounds, we used LPS-stimu-
lated macrophages for testing the change of interleukin (IL)-6
secretion. The anti-inflammatory effects of flavanones and their
inclusion complexes are shown in Figure 5. Secretion of the
IL-6 was significantly inhibited by naringenin, naringenin/pB-CD
and naringenin/DM-B-CD (at least 30%) at 0.1 and 0.05 mM,
however, the free and complex form gave a similar result. These
findings support previous studies of Mueller and co-workers
[54], who showed a comparable effect of naringenin. Bodet and
co-workers [55] studied the anti-inflammatory effect of narin-
genin in macrophages and ex vivo in human whole-blood
models. They found that naringenin at high concentrations (25
and 50 pg/mL) significantly reduced the amount of secreted
IL-6. In case of hesperetin and their complexes, a reduction of
IL-6 secretion by at least 20% at 0.1 and 0.05 mM concentra-
tion was found. It is clearly seen that the inclusion complexes of
hesperetin at 0.1 mM were more effective than free hesperetin,
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Figure 5: The influence of flavanones and their complexes on IL-6 secretion from LPS-stimulated macrophages.
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but only at low concentration, the -CD complex showed a
slightly better effect than the DM-B-CD complex. Complexa-
tion of nonpolar drugs with cyclodextrins is known to be benefi-
cial for pharmaceutical research due to the possibility to
increase water solubility, stability and bioavailability of those
drugs [56,57]. In such a way, the bioavailability of genistein
was found to be increased by complexation with CDs [58].

Cytotoxicity to cancer cell lines

The cytotoxicity of flavanones and their inclusion complexes
against three cancer cell lines (CaCo-2, HeLa and MCF-7) has
been determined by MTT assay which measures the metabolic
activity and thus viability of cells based on their ability to
reduce the tetrazolium substrate to formazan. For the breast
cancer cell line (MCF-7), naringenin and their complexes
exhibited cytotoxic effects when compared to the control
(Figure 6A). This result is consistent with a previous study of
Harmon et al. who suggested that naringenin inhibits the prolif-

(A)
160
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eration of MCF-7 cells via impaired glucose uptake [26]. Krish-
nakumar et al. showed the cytotoxic effects between naringenin
and naringenin-loaded nanoparticles which exhibited signifi-
cant cytotoxicity at high concentrations (30, 40 and 50 pg/mL)
[59]. At low concentration (0.025 mM), naringenin complexed
with DM-B-CD exerted a higher effect on MCF-7 and HeLa
cells than free naringenin. However, for CaCo-2 cells, the effect
of the naringenin complex was similar to that of the free form
(Figure 6C). In case of hesperetin and its complexes, a signifi-
cant effect on the cell viability on MCF-7, HeLa and CaCo-2
cells was shown at concentrations of 0.1 and 0.5 mM
(Figure 6A-C).

Conclusion

A more stable complexation of hesperetin/DM-B-CD over the
B-CD complex was supported by binding free energy calcula-
tion, with the vdW force as the main interaction for the inclu-
sion complex. RAMEB gave a higher increase in aqueous solu-
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Figure 6: Cytotoxicity of free flavanones and their inclusion complexes on different cancer cell lines.
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bility and stability of hesperetin and narengenin than B-CD. The
stability constant of the inclusion complexes decreased with an
increase in temperature. The dissolution of the complexes was
increased with a faster dissolution rate than the free flavanones,
the RAMEB complex was better dissolved. Naringenin,
hesperetin and their inclusion complexes exhibited anti-inflam-
matory activity as indicated by the reduction of the secretion of
the pro-inflammatory IL-6. No significant difference was found
in the activity of free and complexed naringenin whereas for
hesperetin the anti-inflammatory effect could be slightly
increased. The flavanones and their inclusion complexes effec-
tively exerted cytotoxic effects towards cancer cell lines. Com-
plexation mostly leads to a slightly increased effect.

Experimental

Materials

Hesperetin was purchased from Cayman Chemicals (Ann
Arbor, MI, USA) and B-CD and RAMEB were purchased from
Wako Pure Chemical Industries (Osaka, Japan), respectively.
Naringenin, DM-$-CD, dimethyl sulfoxide (DMSO), sodium
dodecyl sulfate (SDS), thiazolyl blue (MTT), compounds for
phosphate buffer saline (PBS) and lipopolysaccharides (LPS)
from Escherichia coli O111:B4 were obtained from Sigma-
Aldrich (Darmstadt, Germany). Dulbecco’s Modified Eagle’s
Medium (DMEM) was obtained from Life Technologies
(Carlsbad, CA, USA). Anti-Mouse IL-6 was purchased from
eBioscience Inc. (San Diego, CA, USA). Human colon cancer
(Caco-2) cells, breast cancer (MCF-7) cells and human cervical

Beilstein J. Org. Chem. 2015, 11, 2763-2773.

carcinoma (HeLa) cells were obtained from the American Type
Cell Culture Collection (ATCC), USA.

Methods

Binding free energy calculation

Molecular dynamics (MD) simulations with periodic boundary
condition were performed on the three best docked structures of
the hesperetin/CDs complexes (Figure 7) similar to our previous
studies on naringenin/CDs complexes [40,60] using the Amber
12 software package [61]. Note that the docked structures were
resulted from the CDOCKER module implemented in Accelrys
Discovery Studio 2.5 (Accelrys, Inc.). The Glycam-06 bimolec-
ular force field was applied on the cyclodextrins, while the
partial atomic charges and parameters of hesperetin were devel-
oped by the standard procedure [32,62,63]. Using a truncated
octahedral box, the SPC water molecules were solvated with a
spacing distance of 12 A from the complex surface. Each
system was heated up to 298 K within 100 ps and followed by
the 80 ns simulation with NPT ensemble at the same tempera-
ture, 1 atm and time step of 2 fs. The non-bonded interaction
was truncated within a 12 A cutoff distance. The particle-mesh
of Ewald’s method [64] was used for adequate treatment of the
long-range electrostatic interactions with 12 A cutoff. All bond
lengths involving hydrogen atoms were constrained by SHAKE
[32]. The coordinates were recorded every 500 steps for
analysis. The MM- and QM-PBSA/GBSA calculations were
conducted to estimate the binding free energy of the inclusion
complex [40,60]. For QM calculation, the single point M06-2X/

(B)

Figure 7: The docked orientations of hesperetin in the hydrophobic cavity of (A) -CD and (B) DM-B-CD and top views of the CD hydrophobic cavity
and H-bond showing (C) phenyl ring inserted into B-CD’s cavity (D) phenyl ring inserted into DM-B-CD’s cavity.
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6-31+G** level of theory including the empirical dispersion
correction energy [46] was treated on the same set of structures
of inclusion complex, cyclodextrin and hesperetin using
Gaussian09 program package [65].

Phase solubility studies

Phase solubility studies were carried out according to Higuchi
and Connors [43]. Excess amount of flavanones were added to a
series of 0—14 mM concentration of cyclodextrin (f-CD and
RAMEB) solutions. The mixtures were shaken at 30 + 0.5,
37 + 0.5 and 45 £ 0.5 °C for 72 hours in a water bath shaker.
After equilibrium, the samples were centrifuged at 12,000 rpm
for 15 minutes; then the solubility was determined by
measuring the absorbance at 256 nm using a DU650 UV visible
spectrophotometer. The apparent stability constant K.
was calculated from the phase solubility diagram by means of
Equation 1.

_ Slope
¢ [So (l—slope)] M

Inclusion complexation preparation

The inclusion complex of flavanones/CDs (f-CD and RAMEB)
in a 1:1 molar ratio was prepared by freeze-drying. Each com-
pound was accurately weighed, then dissolved in distilled water
(10 mL) and sealed in a flask. The mixture was stirred magneti-
cally at room temperature for 24 hours. Subsequently, the solu-
tion was filtered through a 0.45 um pore size filter, frozen
overnight and then lyophilized (LYO-LAB, Lyophilization
Systems, Inc USA) over the period of 24 hours. The dried

powder was stored in desiccators for further use.

Differential scanning calorimetry (DSC) analysis

The differential scanning calorimetry (DSC, Netzsch, 204 F1
Phoenix) was used for recording DSC thermograms of the free
hesperetin and naringenin and the inclusion complexes with
B-CD and RAMEB. The thermal behavior was studied by
heating samples (2—-5 mg) in closed aluminum crimped pans at a
rate of 10 °C min~! between a temperature range of 25 to
250 °C for both hesperetin and naringenin [42].

Dissolution study

Dissolution studies of all samples were carried out in 20 mL of
distilled water. Hesperetin or naringenin and its solid complexes
with B-CD and RAMEB (5 mg) were added in distilled water,
and shaken at 37 °C, 1 mL was withdrawn for analysis of the
hesperetin or naringenin content at different time intervals (0, 5,
10, 20, 30, 60 and 120 minutes). The sample was diluted to
appropriate concentration, and analyzed for absorbance at

286 nm by high-performance liquid chromatography (HPLC,
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Waters 600, USA). The dissolution studies were performed in

triplicate.

Determination of biological activity of flavanones

Preparation of free compound and their complexes: Stock
solutions of 100 mM of free compounds were prepared in
water. Inclusion complexes of hesperetin and naringenin with
B-CD and DM-B-CD were prepared by freeze drying and
diluted with distilled water to a final concentration of 100 mM.

Anti-inflammatory assay: Macrophages (RAW 264.7, ATCC)
were used to examine the effect of free compounds and their
inclusion complexes on inflammation as described previously
[59]. Cells were seeded at a density of 2 x 10 cells per well in
24 well plates, and incubated at 37 °C for 24 hours. After that,
samples were added to obtain a final concentration of 0.1, 0.05
and 0.025 mM preincubated for 3 hours and then a final concen-
tration of 1 pg/mL of LPS was added. The cells were incubated
for a further 24 hours at 37 °C. On the following day, the media
supernatant was removed, centrifuged and stored at —20 °C
prior to analysis by ELISA. The negative control experiments
were cells untreated with LPS and the positive control experi-
ments were cells incubated with LPS only. An enzyme linked
immunosorbent assay (ELISA) was used for the determination
of the concentration of secreted IL-6 of the cells in the super-
natant. All incubation steps were performed at room tempera-
ture according to the manufacturer’s protocol (eBiosciences,
Santa Clara, CA, USA). The absorbance was measured at
450 nm and corrected by background absorbance at 570 nm,
using a Genios Pro microplate reader (Tecan, Crailsheim,
Germany). After removing the supernatant for ELISA analysis,
the cells were incubated with MTT (0.5 mg/mL) for 3 hours at
37 °C. Then, the cells were lysed using 10% SDS in 0.01 N
HCI. To monitor cell viability, secreted cytokine levels were
measured at the suitable cell density. The absorbance at 570 nm
was measured for the formazan product and corrected by the
absorbance at a reference wavelength of 690 nm, using a
Genios Pro microplate reader. Positive control was performed
using cells incubated with LPS only and was set at 100%. All
experiments were performed in three separate measurements
and the results are shown as mean with error bars representing
the standard deviation.

Cytotoxicity towards cancer cell lines: An MTT assay was
performed to determine the cell viability and thus the cytotoxi-
city of the test compounds towards three different cancer cell
lines (HeLa, CaCo-2, MCF-7). Cells were seeded into 96-well
plates at a density of 2 x 10° cells/mL and incubated for
24 hours under normal culture conditions. On the next day, test
substances were added and the cells were incubated for another
24 hours. Then, 10 pL MTT solution was added, incubated for
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2 hours and cells were lysed. The absorption was measured at

570 nm with correction for background at 690 nm as described

above, using an Infinite M200 microplate reader. The amount of

cells of the positive control (cells only incubated with DMEM)

was defined as 100%. The results from the test substances

were calculated as a percentage of the positive control. All

experiments were separately performed in triplicate and the

results are shown as mean with error bars representing the stan-

dard deviation.

Supporting Information

Supporting Information File 1

Additional data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-297-S1.pdf]
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Abstract

The polymerization of partially methylated B-cyclodextrin (CRYSMEB) with epichlorohydrin was carried out in the presence of a
known amount of toluene as imprinting agent. Three different preparations (D1, D2 and D3) of imprinted polymers were obtained
and characterized by solid-state 13C NMR spectroscopy under cross-polarization magic angle spinning (CP-MAS) conditions. The
polymers were prepared by using the same synthetic conditions but with different molar ratios of imprinting agent/monomer,
leading to morphologically equivalent materials but with different absorption properties. The main purpose of the work was to find
a suitable spectroscopic descriptor accounting for the different imprinting process in three homogeneous polymeric networks. The
polymers were characterized by studying the kinetics of the cross-polarization process. This approach is based on variable contact
time CP-MAS spectra, referred to as VCP-MAS. The analysis of the VCP-MAS spectra provided two relaxation parameters: Tcy
(the CP time constant) and T, (the proton spin-lattice relaxation time in the rotating frame). The results and the analysis presented
in the paper pointed out that 7y is sensitive to the imprinting process, showing variations related to the toluene/cyclodextrin molar
ratio used for the preparation of the materials. Conversely, the observed values of T, did not show dramatic variations with the
imprinting protocol, but rather confirmed that the three polymers are morphologically similar. Thus the combined use of Ty and

T, can be helpful for the characterization and fine tuning of imprinted polymeric matrices.
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Introduction

Cyclodextrin polymers are a subject of great interest because of
their use in pharmaceutical industry [1,2], analytical chemistry
[3-5], wastewater treatment [6] and food industry [7-9]. Water-
insoluble B-cyclodextrin (B-CD) polymers [10] have been
widely described to remove organic pollutants [6,11-13] and
heavy metals [14] from water. The most efficient method for
the synthesis of insoluble polymers is to use di- or polyfunc-
tional linkers with monomers of cyclodextrins. Different effec-
tive crosslinkers have been reported in the literature such as epi-
chlorohydrin [15,16], isocyanates [17,18], polycarboxylic acids
[19,20] and anhydrides [21]. Following a slightly different ap-
proach, Trotta [18] and his group demonstrated that polymeriza-
tion of cyclodextrins with a variety of synthetic equivalents of
di- and tetracarboxylic acids provides an easy, efficient and
environmentally sustainable route to highly cross-linked,
nanoporous polymers commonly referred to as cyclodextrin
nanosponges.

One of the most frequently used crosslinker for insoluble poly-
mers is epichlorohydrin (EP). In this case, the reaction of -CD
with EP requires very strong alkaline conditions to achieve
deprotonation of the hydroxyl groups. Then, EP reacts with the
alkoxide to form intra- or inter-ether linkages.

We previously proposed the synthesis [22] of soluble and insol-
uble polymers of a partially secondary rim methylated $-CD
(DS = 4.9) commonly called CRYSMEB. In this previous
paper, we described the synthesis of imprinted polymers. The
imprinting technique is based on interactions between a
template and a suitable functional monomer during the prepoly-
merization process. Once the template is removed, the resulting
product is a cross-linked copolymer matrix with specific recog-
nition sites for the template molecule.

CHy CH
CHs CHs i
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As a matter of fact, high-resolution solid-state NMR is a
powerful tool to characterize the structure of polymers [23,24]
and to study their dynamics [25,26]. Crini has reported previ-
ously a solid-state NMR spectroscopy study [27,28] of B-cyclo-
dextrin polymers. At this time, no discussion concerning the
NMR spectroscopic characterization of insoluble imprinted
CRYSMEB polymers has been reported.

The main purpose of these measurements was to explore
possible applications of solid-state NMR spectroscopy for the
characterization, at the atomic level, of polymers obtained from
polydisperse crystalline methyl B-CD (CRYSMEB) and epi-
chlorohydrin in the presence of a guest molecule. Particular
emphasis is devoted to the determination of possible experi-
mental descriptors able to distinguish polymers obtained with
the same synthetic route but in the presence of different
amounts of imprinting agent, as in the present case. We herein
propose an approach based on solid-state 13C NMR techniques
such as variable contact time cross-polarization magic angle
spinning with dipolar decoupling (VCP-MAS) to describe these
new materials. The dynamics of cross-polarization can be
conveniently exploited to fingerprint the new materials and to
provide information for tailored synthesis.

Results and Discussion

The molecular imprinting technique allows the introduction of a
molecular memory for drugs [29,30] or volatile organic com-
pounds [31,32]. This selective recognition in shape, size and
chemical functionality is achieved due to the presence of the
target molecule during the polymerization process (Scheme 1).

Initially the target molecules form a complex with the cyclo-
dextrin followed by a copolymerization of the imprinted

Scheme 1: Schematic representation of molecular imprinting technique. i) Polymerization process with toluene-imprinted CRYSMEB and epichloro-

hydrin, ii) toluene removal.
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monomers with the crosslinker. The template introduces highly
specific sites into the polymeric network and, after removal of
the target the polymer is able to rebind the molecule with high
selectivity.

Polymers of CRYSMEB were synthesized according to the
procedure of Mallard Favier [22]. Our synthetic protocol was
chosen to employ a larger ratio of crosslinker to functional
monomer to get insoluble polymers. The deprotonation was
carried out in aqueous basic media and imprinting was
performed in toluene for 20 min before the polymerization
process. After the introduction of toluene, a clear solution was
systematically observed. The absence of light diffraction, as
expected in the case of toluene aggregation, was controlled by
recording the UV—vis absorption spectra in the visible region
(400700 nm), outside the absorption range of toluene. As flat-
tened signals with absorbances close to zero were obtained for
all of the mixtures, one can conclude that toluene was dissolved
quantitatively in the aqueous phase. Different molar ratios of
toluene/CD were used as reported in Table 1. Toluene was
chosen as a template for a paradigmatic representative of
aromatic organic compounds. The combination of the two para-
meters such as the value of the binding constant between
toluene and p-CD (K¢= 158 M™1) [33] and the high volatility of
toluene leads to the conclusion that toluene is a good template
for imprinting reactions. According to Ritter [34], the
CD-toluene complex fosters mainly the formation of linear
polymers instead of globular polymers and the linear polymer
network promotes a more efficient guest binding due to a more
effective accessibility of the cavity. These points allow an easy
removal of toluene by simple drying in the oven under vacuum.
Additionally, the control of the polymer growth leading to
linear polymer network provided a sufficiently regular system
for the interpretation of the NMR results.

Table 1: Experimental conditions for the synthesis of polymer.2

Polymer EP/CD Toluene/CD
D1 40/1 1/4
D2 40/1 4/1
D3 401 31

2Ratios are molar ratios.

Due to the experimental conditions such as high NaOH concen-
tration, high EP/CD ratio and high temperature [15,35], the
polymerization process leads exclusively to insoluble cross-
linked polymers after EP addition. It should be mentioned that
the formation of intralinked bonds between hydroxyl groups

and epichlorohydrin was reduced due to the presence of methyl
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groups in the outer CD cavity. Under the reaction conditions
used (33% NaOH, EP/CD= 40 and T = 60 °C), gel formation
[36] was observed, and the template had no effect on the gel
point. Indeed the polymerization process provided insoluble
cross-linked polymers without any apparent interference due to
the presence of the template during the synthesis.

FTIR analysis

A first inspection of the spectroscopic characteristic of D1, D2
and D3 was achieved by FTIR. The infrared spectra of the
samples, including reference CRYSMEB, were recorded and
are depicted in Figure 1. The fingerprint peaks of the gluco-
pyranose rings were reflected specifically in all polymer
spectra: the C—O—C stretching vibration at 1040 cm™!, the
stretching vibration for the aliphatic CH, at 2900 cm™! and the
OH stretching vibration between 3700 and 3000 cm™!. As a
consequence of the crosslinking process with EP, the spectra of
D1, D2 and D3 exhibited a new stretching vibration assigned to
CH, groups at 2970 cm ™!, and a scissoring bending vibration at
1400 cm™ L. The presence of these more intense bands indicates
that EP reacted with the hydroxyl groups. The characteristic
water vibration band at around 1650 cm™!, assigned to the
SHOH bending mode, present in the CRYSMEB spectrum, was
indeed absent in the spectra of the polymers. All spectral
features observed for the polymers D1, D2 and D3 were in
agreement with the results obtained by Orpecio and Evans [37]
for B-cyclodextrin—epichlorohydrin polymers.
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Figure 1: FTIR spectra of (A): native CRYSMEB, (B): D3 (toluene/CD
3:1), (C): D2 (toluene/CD 4:1), and (D): D1 (toluene/CD 1:4) polymers.

Powder X-ray diffraction spectra

The starting monomer, CRYSMEB and all polymers D1, D2
and D3 were analyzed by X-ray powder diffraction. Figure 2
shows, as an example, the X-ray powder diffraction (XRPD)
profiles of CRYSMEB and polymer D1. The upper trace clearly
displays the typical halos of the amorphous material. This
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finding was indeed unexpected, as the starting material was
supposed to show non-negligible crystallinity. Similar patterns
are observed for D1, as shown in the bottom trace. The diffrac-
tion profiles of D2 and D3 were very similar to that obtained for
D1 and are not reported here. In all the cases the polymeric ma-
terial was completely amorphous. However, all the XRPD of
D1-D3 samples show a shape of the amorphous profile modi-
fied with respect to that of pure CRYSMEB.
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Figure 2: Top: XRPD pattern for CRYSMEB. Bottom: XRPD pattern
for D1 polymer. The diffraction peaks denoted with an asterisk at
26 = 27.48° and 31.7° are due to the presence of traces of residual
NaCl. The assignment was confirmed by collecting the XRDP in the
4-100° range of 26 and comparing the experimental profile with the
literature pattern of pure NaCl.

NMR analysis

NMR analysis was carried out by 13C {!H} solid-state CP-MAS
NMR techniques and the experimental spectra of the three
samples are shown in Figure 3. The chemical shift range is
50-110 ppm, which is characteristic for the B-CD moiety. The
assignment of the polymer resonances is based on the reported
values for the crystalline permethylated B-CD. Four carbon
resonances due to the glucose unit are observed for all samples
and are reported from larger to smaller chemical shift values:
C(1), C(4), [C(5), C(3) and C(2)], and C(6). The CH,—CH
signals of epichlorohydrin are overlapped with the $-CD reso-
nances, and only the signal at 64 ppm can be assigned to the
epichlorohydrin moiety [22]. In general all resonances mainly
appear as broad single peaks.

No chemical shift changes were observed in the spectra for D1,

D2 and D3, indicating that no major structural modifications
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Figure 3: 13C {'H} CP-MAS spectra of polymers D1, D2 and D3. Peak
assignment is given in the upper trace.

occurred when the amount of the guest molecule toluene is
varied. The line width of the spectral bands in the 3C CP-MAS
NMR spectra can be qualitatively associated with the crys-
tallinity of the samples: the more crystalline the sample is the
sharper are the peaks. However, in the present case the XRPD
analysis (vide supra) ruled out any crystalline character of the
polymers. Thus, the higher resolution obtained for the sample
D3 with respect to D2 and D1 (see top trace in Figure 3), repre-
sents an empirical finding. Indeed, all signals in the spectrum of
sample D3 are sharper than the corresponding peaks in the
spectra of the other two samples, as can be seen considering the
peak at 64 ppm which is assigned to epichlorohydrin.

For comparison, a sample of native CRYSMEB was also
analyzed. The '3C {!H} CP-MAS spectrum is reported in
Figure 4 together with the spectrum of the D3 polymer. The

D3
C2,C3,C5
C4 C6, OMe
c1
CRYSMEB
T T T T T T T T T T T
140 130 120 110 100 S0 80 70 60 50 40 ppm

Figure 4: 13C {'H} CP-MAS spectra of native CRYSMEB and polymer
D3. Peak assignment is given on CRYSMEB spectrum.
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comparison of the two experimental spectra reveals that no
chemical shift variations are observed. Consequently, no rele-
vant structural modification occurs on the B-CD moiety during
the polymerization process.

Dynamics of cross polarization —
theoretical description

Important features of the dynamic behavior of a material can be
extracted from solid-state NMR data by the analysis of the
dynamics of the cross-polarization process.

Cross-polarization from abundant spins 'H to dilute spins '3C is
a double resonance technique mainly used to improve the lower
13C sensitivity. If the nuclei are close in space, some dipolar
magnetic interactions are established. The nuclei coupled in
such a way may transfer polarization from the abundant to the
dilute spin (cross-polarization, CP) provided the so called Hart-
mann—Hahn matching condition if fulfilled. Under CP condi-
tions, a significant sensitivity enhancement of the dilute spin
(13C) is achieved. The efficiency of CP depends on structural
and dynamic factors, related to the sample under investigation.
In particular, the internuclear distances and the dynamics of the
functional groups are factors affecting the process. Thus, CP
provides both structural information (the chemical connectivity)
and dynamic insights (the overall molecular dynamics in the
solid state). Pines et al. [38] were the first to discuss the effect
of different types of motion — such as molecular con-
formational changes, molecular reorientation and macroscopic
sample rotation — on the CP process. Later, the influence of
molecular motion on the heteronuclear polarization rate was
investigated in several studies [39].

The dynamics of cross-polarization can be explored by
performing several experiments with increasing CP contact time
and usually it is theoretically described in the ‘fast regime
approximation’ according to the thermodynamic model devel-
oped by Mehring [40]. At the early stage of CP, the 3C magne-
tization is polarized, arising from the 'H-!3C heteronuclear
dipolar interactions through 'H reservoirs. Here the growth of
the spin magnetization is governed by the cross-polarization
rate constant, Tcyy L. At long contact times, the 13C magnetiza-
tion follows an exponential decay described by the proton relax-
ation time in a rotating frame, 77,. The combination of these
factors leads to the general law for signal intensity reported in

Equation 1:

I(t)=1, [1 —exp*/Tcn ]expft/TlP 1)

Equation 1 describes the time evolution of the CP intensity /(z)
as a function of the contact time 7 [38]. The intensity behavior is
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dictated by two different time constants: Tcy and Ty, the
former affecting the initial part of the curve, the latter driving
the final decay. When the two relaxation times deviate by at
least two orders of magnitude, it is possible to resolve 77, and
Tcu parameters separately from the logarithmic plot of the CP
intensity against the contact time.

The CP rate constant T~ ! can be easily extracted from the
build-up curves and contains structural and dynamical informa-
tion. This parameter mainly depends on the number of H atoms
attached to a given C atom and on the mobility of the func-
tional group. Thus, a fast cross-polarization process is general-
ly detected in systems containing many H atoms in the prox-
imity of the observed '3C nucleus due to the strong dipolar H-C
interaction. Additionally, the molecular motion influences the
CP rate as well, thus allowing information about molecules that
are entrapped or confined within a porous system. In summary,
both the H-C distances and the flexibility of the functional
groups contribute to the rate of cross-polarization.

Dynamics of cross polarization —

experimental results

The CP magnetization transfer build-up curves were monitored
using a constant CP level at various contact times ¢, ranging
from 35 ps up to 9 ms. The one-dimensional '3C CP-MAS
spectra were acquired at the constant MAS rate of 10 kHz for
all samples D1, D2, D3 (the spectra of D3 is shown in
Figure 5), and native CRYSMEB to test the applicability of this

measurement to the samples.

The CP build-up curves for all carbon atoms of CRYSMEB are
reported in Figure 6 and the results observed for the polymers
D1 and D3 are shown in Figure 7 as an example. In all cases the
typical CP dynamics profile was obtained, where the short-time
exponential rise of the curves is put down to the 'H-13C
polarization-transfer process due to the residual carbon—proton
dipolar interactions, in turn quantified by 7cy. On the other
hand, the intensity decay after reaching the saturation level
mainly originates from the 'H spin—lattice relaxation in the
rotating frame (77,). Both regimes are well-defined within the

contact time range chosen in our experiments.

Tcu Contact times: The CP rate (1/Tcy) under spin-
locking conditions is determined by the 'H and 13C
relaxation behavior and the effective strength of the dipolar
interaction (which is derived from both the C—H distance and
molecular motion). The experimental data at short CP times for
polymer D1 are illustrated in Figure 8. The plot expanded scale
allows to highlight the signals intensities growth in the range of
0-100 ps. A similar behavior is observed for the other poly-
mers D2 and D3.
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Figure 5: 1D '3C CP/MAS spectra of polymer D3 as a function of the contact time varying from 35 s to 4 ms.
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Figure 6: Cross-polymerization (CP) build-up curve of the 13C reso-
nances with variable contact times for the CRYSMEB sample.

The maximum of the curve is observed in the range of 0.8-2 ms
for the native CRYSMEB sample (see Figure 6), while shorter
contact times (<0.9 ms) are observed for all polymers (see
Figure 7). This indicates, in the latter cases, a highly efficient
magnetization transfer. This is consistent with a rigid molecular
frame, as expected in a cross-linked polymer. As a conse-
quence of such molecular stiffness, strong heteronuclear dipolar
interactions are established and facilitate an effective magneti-
zation transfer from the proton to various carbon atoms. A good
line-shape fitting was obtained for all carbons of the sugar ring
(C1-C5) and C6 for CRYSMEB, while for the three polymers

the C6 signal is strongly overlapped with the epichlorohydrin
resonances, consequently this line was not analyzed. The Tcy
values extracted from fitting the exponential rise of the magne-
tization build-up curves are listed in Table 2 for all studied
samples.

First of all we propose analyzing the data for comparing the
monomer with the three polymers. This can be done by
comparing the data present in the columns 3, 5, 7 and 9 of
Table 2. For the CRYSMEB moiety all the carbon atoms show
similar Ty values (Table 2, column 3). Similar results are
observed for the three polymers, as shown by the values of
columns 5, 7 and 9 in the order. For polymers D1 and D3, the
Tcy values of the B-CD sugar moiety are decreased with respect
to that observed for native CRYSMEB, while for polymer D2
the opposite trend is observed. The emerging overall picture is
that the polymerization can significantly change the response of
the cyclodextrin macro-ring C atoms to the cross-polarization
with respect to the pristine CRYSMEB. In detail, the sugar ring
C atoms show Ty values correlated to the molar ratio of cyclo-
dextrin to toluene. The observed trend Tcy (D2) > Tcy
(CRYSMEB) > Tcy (D3) > Tcy (D1) indicates that the
increasing amount of toluene used in the polymerization reac-
tion is likely to generate a progressively more loosely packed
polymer network that requires longer contact times for the
cross-polarization to be effective. It is also interesting to note
that the range of variation of 7y values is sufficiently broad to

allow for an efficient discrimination among polymers imprinted
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Figure 7: Cross-polymerization (CP) build-up curve of the 13C resonances with variable contact time for polymers D1 (left) and D3 (right).
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Figure 8: CP build-up curves of the 13C resonances with cross-poly-
merization in the range 0—100 ps for polymer D1.

with close amounts of the imprinting agent. The polymer
growth in the presence of increasing amounts of toluene leaves
empty voids influencing the cross-polarization rate in terms of
average C—H distances, H atoms density in the proximity of the
observed C and the local dynamics. The data thus point out that
Tcy can be used as a descriptor to differentiate polymers with
the same chemical structure and not showing any spectral
differences, as shown by the spectra of Figure 3 where no
chemical shift variations can be detected, but indeed differently

imprinted by toluene.

T1p Relaxation times: Proton T, via a resolved carbon
resonance provides information on the relative mobility of the
H atoms in the molecular frame and whether regions of
morphological heterogeneity exist or not. At this stage, it is
important to stress two points: i) T, describes the relaxation
time of the 'H nuclei, and thus it is sensitive to hydrogen
parameters only, including, as an example, the hydration state.
Conversely, the previously reported and discussed Tcy
values depend on the mutual C—H distance and H atoms’
density in the proximity of a given C atom; ii) T, and Tcy span
a different time scale, the former in milliseconds, the latter in

microseconds.

We have analyzed the magnetization decay for the three
polymer samples D1, D2, D3 and the native CRYSMEB. The
semi logarithmic plot of //1) against CP contact time in the
range of 1-5 ms shows a linear behavior and 1/71,, is the slope
of the linear fit. The relaxation curves can be represented by a
single exponential indicating that any segmental motion inside
the polymeric frame can be ruled out. The results are reported in
Table 2. All H atoms attached to B-CD carbons of the three
polymers exhibit a rapid 7}, relaxation compared to the corres-
ponding H atoms of the native CRYSMEB. This fact is in line
with the results previously observed in the case of cyclodextrin

nanosponges [41]. A striking feature from the data in Table 2 is

Table 2: 13C Chemical shifts (ppm), Tcy values (in ps) and "H spin-lattice relaxation in the rotating frame (T1p in ms) of the carbon atoms of

CRYSMEB and the polymers D1, D2 and D3.

CRYSMEB Polymer, D1 Polymer, D2 Polymer, D3
Peak Chemical shift (ppm)  Tcy (us) Tip(ms)  Tch(us) Tip(ms)  Tou(Ws) Tip(Ms) Tcn (MS)  Tqp (Ms)
C1 101.4 140.1 6.5 724 3.5 160.9 3.6 96.5 3.3
C4 82.7 105.9 6.5 71.2 3.1 173.7 2.9 88.6 25
C2,C3,C5 723 144.8 6.6 96.5 2.6 160.9 2.4 96.5 1.8
C6 61.1 114.3 6.8 n.d. 3.5 n.d. 1.9 n.d. 2.7
EP 64.2 n.d. 2.5 n.d. 1.7 n.d. 3.6

2791



that the values of T, for all the H atoms of the three polymers
are basically the same, with no particular variation related to
structure or the synthetic route. In particular, it seems that the
imprinting process has no effect on the T, relaxation values.
These findings thus point out that the three polymers are
morphologically homogeneous and do not show con-
formational heterogeneity. As a consequence, the simultaneous
determination of both values Tcy and T, provides complemen-
tary information on the effect of the imprinting process and on
the overall dynamic behavior of the materials.

Conclusion

The current study was carried out in order to investigate the
structure of insoluble imprinted CRYSMEB polymers using 13C
solid-state NMR spectroscopy techniques. The proper charac-
terization of these materials in view of their application as
selective sorbent for aromatic pollutants necessarily passes
through the assessment of the effect of the imprinting process
on the polymeric structure. The CP-MAS NMR spectra showed
that the three polymers share the same chemical structure, as no
apparent chemical shift and line-shape differences are
detectable from the '3C CP-MAS NMR spectra. The study of
the kinetics of the cross-polarization process allowed us to
determine, for a large collection of C atoms of all the systems,
the Tcy and T, parameters. A clear-cut physical interpretation
of the numerical values derived from our experiments requires
the formulation of a dynamic model of the polymers, which is
not attempted here and, more importantly, not crucial for the
main goal of this work: the formulation of an easy and efficient
numerical descriptor accounting for the effect of the imprinting
agent in the final materials. Indeed, the combined analysis of
Tcy and Ty, provides a fingerprinting discrimination of the
three polymeric materials here discussed, D1, D2 and D3. Ty
variations were found to be nicely associated to the molar ratio
of toluene/CRYSMEB (i.e. imprinting agent/monomer), with
longer times related to a larger quantity of toluene and, reason-
ably, to the presence of the imprinted voids in the polymer
frame. Conversely, the values of 77, measured for the H atoms
attached to the observed C of the polymers did not reveal any
significant variation, either within the same polymer or in com-
parison with the homologous H atoms of the other polymers.
This latter point confirms that the polymer synthesis provides
homogeneous materials, without micro-heterogeneities or
remarkable morphology changes. We are currently extending
this methodology — the combined use of Tcy and Ty, — in order
to provide a general approach for the characterization of the
imprinting features of this class of sorbent materials.

CP-MAS NMR spectra of CRYSMEB-EP polymers can be
easily collected providing sufficient resolution for assignment

of C signals. The exploration of the dynamic behavior and the
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molecular morphology of the examined systems is, on our
opinion, the most innovative and original feature of the investi-
gation. Indeed, the solid-state NMR parameters (i.e. chemical
shift, efficiency of cross-polarization and 'H Ty, relaxation
time) indicate that the addition of toluene leads to a swollen
polymer framework and an increase in molecular mobility (as
shown by the increased Tcp).

The Ty parameter for the various C atoms and for the different
batches of polymers could be taken as fingerprint indicator.
Moreover, it would be interesting studying a system in which
the guest molecules are actually entrapped inside the cross-
linked polymer. In this case, the dynamics of the guest could
provide precious information on the state of the included mole-

cule inside the polymer network.

Experimental

Chemicals

Toluene, sodium hydroxide and epichlorohydrin were
purchased from Aldrich and were used as received. CRYSMEB
(DS =4.9) was provided by Roquette Freres (Lestrem, France).

Materials and instruments

Fourier-transform infrared (FTIR) absorption spectra were
recorded using a FTIR Equinox 55 Bruker spectrometer
equipped with an ATR module, in the range of 4000-500 cm™!
and a resolution of 2 cm™!. The dissolution of toluene in the
aqueous phase was analyzed by UV—vis spectroscopy (Perkin-
Elmer lambda 2S spectrophotometer). X-ray powder diffraction
in the 260 range of 4.7—40° (step size 0.02°; time per step 0.04 s,
slits 0.6—8 mm, 30 KV x 10 mA, PSD 3) were collected on a
Bruker AXS D2 Phaser diffractometer equipped with LinxEye
detector and in Bragg—Brentano geometry, using Cu Ko radia-
tion (A = 1.54060 A) with a Ni filter. The data were collected in
open air and with a quartz monocrystal zero background sample
holder with 0.2 mm depth. Solid-state CP-MAS 13C NMR
spectra were recorded on a Bruker Avance 600 spectrometer,
operating at a frequency of 150.9 MHz and equipped with a
MAS probe head. The powder sample was inserted in a 4 mm
zirconia rotor and spun in air at 10 kHz speed. The conven-
tional 13C spectra were recorded with a proton 90° pulse length
of 4 s, a contact time of 1 ms and 4 s as recycle delay time.
Each free induction decay (FID) was acquired with 512 scans
and a sweep width of 250 ppm. The TPPM 'H decoupling
sequence [30] was used during the acquisition period. CP build-
up curves were recorded by increasing the length of the contact
pulse from 35 ps to 9 ms. This was done in steps of 35 us at
short times, while for times longer than 250 ps the value of the
increment was progressively increased. All the experiments
were performed at 298 K. The data analysis was performed

using the OriginPro software (9.0 version). The NMR spectra
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were deconvoluted using OriginPro software (9.0 version).
Each peak was approximated by a Gaussian function curve

fitting analysis.

General procedure for the preparation of the

cyclodextrin polymers

Imprinted polymers were synthesized by a one-step conden-
sation polymerization analogous to that described in [22].
Sodium hydroxide (5 g) was dissolved in water (15 g) and
heated under stirring at 60 °C. CRYSMEB (5 g) was added
slowly to the solution. Toluene was introduced as template and
kept under stirring during 20 min. Then 20 mL of epichloro-
hydrin were added drop wise to the stirred solution at a rate of
about 2 mL every 15 min. At the end of addition, the reaction
mixture was kept at 60 °C for 4 h and the polymers were
obtained in the gel state. After crushing with ethanol and
washing with various solvents, the polymers were dried under

vacuum.
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Abstract

Carvacrol and thymol have been widely studied for their ability to control food spoilage and to extend shelf-life of food products
due to their antimicrobial and antioxidant activities. However, they suffer from poor aqueous solubility and pronounced flavoring
ability that limit their application in food systems. These drawbacks could be surpassed by encapsulation in cyclodextrins (CDs).
Applications of their inclusion complexes with CDs were reported without investigating the inclusion phenomenon in deep. In this
study, inclusion complexes were characterized in terms of formation constants (Ky), complexation efficiency (CE), CD:guest molar
ratio and increase in bulk formulation by using an UV—visible competitive method, phase solubility studies as well as 'H and
DOSY 'H NMR titration experiments. For the first time, a new algorithmic treatment that combines the chemical shifts and diffu-
sion coefficients variations for all guest protons was applied to calculate K. The position of the hydroxy group in carvacrol and
thymol did not affect the stoichiometry of the inclusion complexes but led to a different binding stability with CDs. 2D ROESY
NMR experiments were also performed to prove the encapsulation and illustrate the stable 3D conformation of the inclusion
complexes. The structural investigation was accomplished with molecular modeling studies. Finally, the radical scavenging activity
of carvacrol and thymol was evaluated by the ABTS radical scavenging assay. An improvement of this activity was observed upon
encapsulation. Taken together, these results evidence that the encapsulation in CDs could be valuable for applications of carvacrol
and thymol in food.
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Introduction

Carvacrol (2-methyl-5-(1-methylethyl)phenol, 1) and thymol
(5-methyl-2-(1-methylethyl)phenol, 2) are monoterpenic phenol
isomers (Figure 1) produced by several aromatic plants
(oregano, thyme, savory, marjoram, etc.) [1]. They are general-
ly recognized as safe (GRAS), approved by the US Food and
Drug Administration for human consumption and included by
the Council of Europe in the list of food flavorings [1,2].

Hd3C CHd3 Hd3C CHd3
HO
HO H, Ha
CH3 CHs
Carvacrol (1) Thymol (2)
logP? = 3.81 logP? = 3.34
V =249.53 A3 vV =257.25 A8

Figure 1: Chemical structures, logP values and molecular volumes (V)
of carvacrol (1) and thymol (2). 2http://www.molinspiration.com/cgi-bin/
properties. V = M/dNA, with M: molecular weight, d: density, NA:
Avogadro’s number.

These phenols are traditionally used at low concentrations as
flavoring agents in food [3] and do not have any mutagenic or
genotoxic effects [1]. They are cited by the European Commis-
sion among the essential oils components registered for use as
flavoring in foodstuffs [2,4]. Recently, essential oils have
received a growing attention as natural preservatives [5,6] espe-
cially in active packaging material for increasing the shelf-life
of food products [7,8]. This is due to their potent activity
against a broad range of natural spoilage bacteria, fungi and
foodborne pathogens [9,10] as well as their pronounced antioxi-
dant effect [11,12]. Consequently, they could be employed as
alternatives to synthetic antioxidants such as butylated hydroxy-
toluene (BHT) or butylated hydroxyanisole (BHA), suspected to
be carcinogenic [13,14]. However, the major drawbacks for
their use in food are their low aqueous solubility that limits their
homogenous dispersion and their contact with pathogens [15],
their susceptibility for loss during storage or heat treatement
[16] and their relatively high flavor impact and low flavor
threshold that lead to the deterioration of food organoleptic
quality [4]. Encapsulation in cyclodextrins (CDs) could over-
come these limitations. Indeed, CDs have the ability to increase
the solubility, protect encapsulated guests against a harmful
environment, prevent interactions with food matrix components,
generate controlled release systems, reduce off note develop-
ment and maintain the true aromatic profile of the food [17-20].
CDs are crystalline, homogenous, non-hygroscopic cyclic oligo-
saccharides. The common native CDs contain 6, 7 and 8 D-(+)-

glucopyranose units bound together by a(1—4) linkages and are
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referred to as a-, B- and y-CDs [21]. The chair conformation of
the glucose units results in a truncated shape of CDs with an
external hydrophilic surface and a hydrophobic internal cavity
that allows the encapsulation of hydrophobic guests by the for-
mation of inclusion complexes. The substitution of hydroxy
groups present on the rims of the torus leads to the production
of CD derivatives with increased solubility and enhanced com-
plexation ability [22-24].

Despite that several studies attempted to examine CD/1 and
CD/2 inclusion complexes [25-33], little is known about the
strength of interactions and the difference in the recognition
ability of CDs for both isomers. Indeed, only the formation
constant (Ky) of the inclusion complex HP-B-CD/2 (hydroxy-
propylated-B-CD/2) has been reported in literature [28].

Therefore, the present study aimed to determine the ability of
CDs to encapsulate and solubilize 1 and 2. The stoichiometry
and K¢ values of CD/1 and CD/2 inclusion complexes were
determined using a competitive UV—visible method, phase solu-
bility studies as well as '"H and DOSY 'H NMR titration experi-
ments. An algorithmic treatment was applied to NMR results to
calculate K¢ values. This algorithm is the first attempt that asso-
ciates numerous signals (chemical shifts and diffusions coeffi-
cients variations) from several entities of the guest molecule
(different guest protons) simultaneously to calculate one K¢
value. Then, 2D ROESY NMR was carried out to prove the en-
capsulation as well as to investigate the geometry of inclusion
complexes. NMR studies were completed by molecular
modeling investigations to illustrate the most energetically
favorable conformation of inclusion complexes. Finally, the
effect of encapsulation on the antioxidant properties of 1 and 2
was evaluated using the ABTS radical cation assay.

Results and Discussion
UV-visible competitive studies

Stoichiometries and Ky values of inclusion complexes of 1 and 2
with six CDs (0-CD, B-CD, y-CD, hydroxypropylate