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Supramolecular Nanomachines for Sugar Responsive Insulin Release Systems
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Cyclodextrins (CyDs) are cyclic oligosaccharides composed of 6, 7, or 8 glucopyranoside units, named -, -, or y-
CD, respectively. CyDs consist of a hydrophobic cavity in which hydrophobic molecules are encapsulated to form an in-
clusion complex. CyDs are widely used in pharmaceutical applications because they function as nanocapsules to improve
the stability and solubility of drugs. Recently, CyDs have attracted much attention as for use as components of
supramolecular nanostructures that are particularly attractive because of their unique structures. We modified CyDs
with phenylboronic acid (PBA), which forms covalent bonds with the diol groups of sugar, and used the resulting PBA-
CyDs to prepare supramolecular nanomachines that undergo structural transformation in the presence of a chemical sig-
nal in the form of a sugar. PBA-a-CyD formed a supramolecular polymer that showed consecutive intermolecular inter-
actions between PBA and the cavity of another PBA-o-CyD, whereas PBA-£-CyD formed head-to-head dimers in which
one PBA moiety was encapsulated in the other. These supramolecular nanostructures disintegrated in the presence of su-
gars because of the structural change in the PBA moiety and loss of the driving force of the supramolecular assembly.
These features of disintegration can be potentially used to prepare a nanomachine that would act as a sugar-responsive
insulin release system. Currently, we are studying sugar-responsive nanomachines composed of PEGylated insulin and

PBA-y-CyD.
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TV EERRELZDOTIE, BOTRYY—0
TERR EFRRIC, DS TR X —DWAK 21 2 A
WETFIERDZEBHREINTNS. O s
T IBHEER R DB TR U =1, EERIIC
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TRUSY—IIHET S, ZHEEET A NDBEES
b, Thbblb¥s 7 FIVERAML THSHET S
B2, Bo1F /x> E0nA, 5%, ki
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NTWBF EED 1 DI, T3y T L ADNET
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2. PBA@#}*’R* BED
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THRMEND D, Bt LB OTEITIA
<HWSLENTWS, 1) PBA [Z—FD )L 1 AT
HO, WEREERES CEEE TN EREITHRD > T
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Fig. 1. Equilibrium of PBA and Sugar
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ZEBEZSND. PBAECYDNEDLD/RHEA
ERZT 20 ElET 572912, PBA @ pK, 7N
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100 mm @ CyD W77 L7288, £ D pK,13 9.1 1
ERUZ, ZO#HRIE, 1742 PBA A CyD &
IATFIHEEGZEZERT 2D TR, 271K PBA
MCyD EMEEHALEDDEZEZ SN, T
5, CyD 8 PBA Oy FEEGEL L EMNT 2 2
LINT&E % (Fig. 2). 17 43 PBA 78 CyD O A
h&E78% T EafERR L 2%, PBA % CyD L&
fifid s EEidAr.

4. PBA-CyD Of& & ZD N FRMEEER

HFEYE & LT o-CyD, B-CyD, y-CyD O 3 i
ZHW, p-roof)RZIV 7 Z)bRO VEEE
WT, PBA %% CyD O/KEEEEIZE A L 7= (Fig. 3).
CyD 132 < O/KEEH % F5 D 7= £ B Hilk B Sk
BIRHPICA SN, —REMEROAZ TS L0
X NI T T4 —ITTHEL, '"HNMR, FAB-MS (Z
KO EEHR L. 155 N7z PBA-o-CyD,
PBA-B-CyD, PBA-y-CyD ICDWT, AfRIEZFE
L7z, FKf&ffi o-CyD, B-CyD 12X, PBA-a-CyD,
PBA-B-CyD 133 L <{EWIEM#E Z /R L /= (Table
D. ZHUIB TR Z &5 2 & THRMmIEIc/2-
27 EHERHIE Nz, —F, PBA-y-CyD DIRRE
135 <, PBA-y-CyD Bl T /r FHEE R KIS 5

HO___OH OH HO,

B Ho\ B/
@ £l @
_— F—

Fig. 2. Equilibriums of PBA and CyD

NRNbOEEZ SN

HYRMRIEDE S THEZ &2 2 EAURBEINTZ
PBA-a-CyD, PBA-B-CyD IZDWT, /7 THIMHAELE
MANERET 20 EFHET 2720, 2RIt NMR 12
K B HIEZENML =, Figure 4 13 PBA-o-CyD @
rotating Overhauser enhancement and exchange spec-
troscopy (ROESY) A7 ML TH%. AFHEZ
nuclear Overhauser effect spectroscopy (NOESY) &
[ U< ZEICiiE L2770 b > 2iild&d 5 FiEkE
73, NOESY TIRHHIEMNHE LD HWnwy &
1000 RED 37 TH, HIEZWRRICTL2FETD
D, T8 1121 ® PBA-a-CyD OfEHTiZ# L T
7z. PBA ONXE B AILARZIVEL, Ao
MO 2FEEOY — 7 NER D 7.9 ppm T
HLNTE. 2 & 3.8ppm 5D CyD @ 3 S D
T NOE 23l /. ZOfERIE, PBA L&
CyD 3 fu2%ii# L TH D, PBA M CyD 1Tk < @
LTWBZLEERTHDTHD., ZOIENS
PBA-o-CyD [Rl D7 TR E/EH O E1E, PBA

Table 1. Solubility (mM) of CyDs in the Presence and Ab-
sence of Sugar (10 mm) at 37°C

CyD no sugar with Glu with Fru
a-CyD 270 — —
S-CyD 37 — —

PBA-o-CyD 3.0 3.8 6.3
PBA-B-CyD 0.23 0.26 1.2

Reproduced with permission from Chemical and Pharmaceutical Bulle-
tin Vol. 61 No. 11. Copyright 2013 The Pharmaceutical Society of Japan.!?

a-CyD

B-CyD
v-CyD

Fig. 3. Synthesis of PBA-CyDs

PBA-a-CyD, 11%,
PBA-B-CyD, 12%
PBA-y-CyD, 15%
(%: yields as mono-PBA-CyD)
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Fig. 4. The 2D ROESY Spectrum (600 MHz) of PBA-a-CyD (1.0 mM in D,O at 25°C, mixing time 500 ms) , and the Proposed Inter-

action between the PBA Moiety and the Cavity of a-CyD
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Fig. 5. The 2D DOSY Spectrum (600 MHz) of PBA-o-CyD (1.0 mMm in D,O at 25°C, diffusion time 0.1 s, grad 2.0 ms), and the

Proposed Structure of a Head-to-Tail Trimer of PBA-o-CyD

MIEWZELLTH % 2 PoKBREMN S aiES Nz, AN
vy —=FAINORETTHLZ EZEALNT.

Figure 5 |3 PBA-o-CyD @ diffusion ordered NMR
spectroscopy (DOSY) ZAXRZ KL THD. ZDF
RIS IR DiEWE LI, W DO L ERN Y >
TNWHICHEET 2DONERETHIENTES.®
ZDANT B 3FADILFHHENFET 2 2 &
NOND, FLHBREDORE NS D) S5JHIC PBA-o-
CYDDOE/X—, ¥M43—, NIX—Th3I &
MWREN/Z. NI —DHFEEDHRINZZ N5
b, pTFHHEAEERHOMEIEANY Ry —F 1)L T

HdEEZENT.

Figure 6 |3 PBA-B-CyD ® NOESY A ~X%” k)L T
»%. PBAOHIIARZ)IfloTOr>E CyD D3
fr, SAEo7 Ok > EDORIC NOE WERINTH
D, £/, PBAOROVEMOTOR>H CyD D
34, SO0 THEBED NOE WEHEINT
W5, ZOFKEEIT PBA A CyD ZEfLICEL @iEL
TWBZEERTHDTHS. Figure 7 1213 PBA-
B-CyD @ DOSY AXR”7 NV ThH D, 2FEDIT
AR PICHEET S 2 LRI NE. 1 D1F
PBA-S-CyD £ /X —TdHD, 5 1 DIFF 17—
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Fig. 6. The 2D NOESY Spectrum (600 MHz) of PBA-B-CyD (Saturating concentration in D,O at 25°C, mixing time 1500 ms), and
the Proposed Interaction between the PBA Moiety and the Cavity of S-CyD
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Fig. 7. The 2D DOSY Spectrum (600 MHz) of PBA-B-CyD (Saturating concentration in D,O at 25°C, diffusion time 0.1 s, grad 2.0
ms), and the Proposed Structure of a Head-to-Head Dimer of PBA-S-CyD

ThHHEEAONZ. HFEMHEERDOREIEAN Y
Rbhw—Av K, ANy by —71)LD2FEHENE
ABLNBHM, N6 KL NMR OfERNMNS1F, &
55HEOMEEMNTH SN, HWTHIENTE
Mmooz,

& (& 4RE T D PBA-CyD D5 FHiE DBIR %17
D 7= O R X k&R (powder X-ray diffraction;
PXRD) O#lE % FEN L 7= (Figs. 8 and 9). PBA-
a-CyD @ PXRD /\N% — > Zkk & Is ks 2 £ D o-
CyD #E AR o-CyD wiER D /)Ny — > L g L
. T5L, ANy Rby—TAINOBH TR —
EBBE/-6-TFF-6-7 Pfb-0-CyD L b ity
N —> %~ L7~ (Fig.8).19 2D Z &5 PBA-

a-CyD IZEKRBEEICBNWTAY Rhy —F )LD
BOTRYRY =825 2 EAUREB I N/, Figure 9
% PBA-B-CyD @ PXRD /X% —> TdH 5. 11.8°&
183°DFNE — 71, "Nwv Kby —Av ROME
TBCYyD DAaEE o7, Frr)IHED/INy—>
E—HTHHBDTHH7/7.20 ZOF v )V AR
EAED7-0I121E, PBA-S-CyD O HEAREIZA v
Rbhw—FAIVOMEEMTHSHDEMEmDT
7. N Rbhy—F1INOHFRMHEERTHS Z
L1E DOSY ZARZ RMLIZBNWT, MU —DEHZ
ENBMoZEEBFELIRW. PBA-CyD IZ&X
L1 / #iE oA % Fig. 10 1IR3, Zh
SIEFEIRED A A MERT CyD Th > > TH CyD 224l
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Fig. 8. The PXRD Patterns

(a) PBA-a-CyD, (b) mono-6-deoxy-6-azido-a-CyD. Reproduced with
permission from Chemical and Pharmaceutical Bulletin Vol. 61 No. 11.
Copyright 2013 The Pharmaceutical Society of Japan.!?)
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Fig. 9. The PXRD Patterns of PBA-4-CyD

Reproduced with permission from Chemical and Pharmaceutical Bulle-
tin Vol. 61 No. 11. Copyright 2013 The Pharmaceutical Society of Japan.!?

o O HINTHIT
- BABAA

Fig. 10. Proposed Supramolecular Structures of PBA-CyDs
in Solid State
(a) Had-to-tail supramolecular polymer based on PBA-a-CyD, (b)
head-to-head dimer based on PBA-B-CyD. Reproduced with permission
from Chemical and Pharmaceutical Bulletin Vol. 61 No. 11. Copyright 2013
The Pharmaceutical Society of Japan.!?
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Fig. 11. Sugar-dependent Turbidity Change of PBA-CyDs in
PBS (pH 7.4) at 37°C
(a) PBA-a-CyD, (b) PBA-B-CyD; solid line (Glu), dashed line (Fru).
Reproduced with permission from Chemical and Pharmaceutical Bulletin
Vol. 61 No. 11. Copyright 2013 The Pharmaceutical Society of Japan.!®

PFETHIEE L BINEMEZ, PBA-CyD &
WHICRE S, ZZJITHEZBRNL & EOEELE
{ETHELZ. IRy 3y e AR (PBS,

pH7.4, 2.0mL) %37 CICfEBbAY—F—I2&>
THEHL/Z., £ 212 PBA-o-CyD (11 umol) & 3%
WiZ PBA-B-CyD (3.9 umol) ZHNA7-. EEN—
ENZIR> /1%, BEORA by Uik (1.oM) =D&
A, FiE OEHRERIKICIES X D12 L7, Figure
11(a) 13 PBA-a-CyD ®Z )L A —Z, T b—2R
EINAT-E ZOEEERERT. 77 b—Z T3,

SmM ZIRMUZE A TEENIF 0% £ T
L, EF57E2IC PBA-o-CyD ERNEML 2. 7))
7R =237 a3 =X 0 Hik< PBA FEK &
BEEDZENHSENTNS, 4EO PBA-CyD iZ
BWTHIIT F—ATLOEBRISENES N
Z &iE, PBAHfINARDOEEAREEZAL TWS
Z &%RT. PBA--CyD OEER D DEEWT,
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PBA-a-CyD [Tl R/NE W H D TH o /= [Fig. 11
(b)]. PBA-a-CyD & PBA-S-CyD OB it & 1 D 7%
#HECDERNZEZRET 2725, PBA-CyD OB Ik
ITOREANZAMTAHIEELE. EHEITHT S
PBA-o-CyD & PBA-B-CyD IZBWT K& ET
< (Table 2), PBA {7 DG J713 8 B KBk D 2
2HEAHTERTIERWHDEEZEZ SN, TN T
PBA {#ffiz & CyD Z¢fLOMHEANH O S ZH#HET
729012, PBA-CyD & AKf&fifi CyD IZ XK % 7 F[itH
HEAZM AR NIV THEL . FBHERO
NS, TOMEEREHML /=LA, PBA-
B-CyD & B-CyD Ofl&aHE (K=258M ) ITHBWNT,
PBA-a-CyD & o-CyD O#l &8 (K=58M~1) THh
N, KDBWHEERDHREI N, 202 EMS
PBA-p-CyD [Al LT\ FRIMEEAEH DN EET %
HOEFHEINS. PBA-S-CyD TlE, MW7
MHAEAERIC K SE /S THEZDS D, BRE
MEL72D, BEZRML 2 & EOEME LS g
B/NSRBDTHoEEZBZENS.
INETOREMENS, LFITRT DR
PBA-CYD OB I EZEME AN Z A LNIRIE I NS

Table 2. Binding Constants (M~!) of PBA-CyDs (60 uM) in
PBS (pH 7.4) at 37°C

CyD Glu Fru
PBA-o-CyD 22 740
PBA-3-CyD 29 720

Reproduced with permission from Chemical and Pharmaceutical Bulle-
tin Vol. 61 No. 11. Copyright 2013 The Pharmaceutical Society of Japan.'®

(Fig. 12). PBA-CyD R HPIZH#IN5S &,
PBA-CyD |3 [EAIRRE S VAR L 72 IREE, 78D B
RVHICET D, ZZITHENRINSNS &, ERL
72 PBA-CyD Wi LB 2. ZOEEEHKRD
PBA-CyD | PBA 7% CyD Z2fLiICEBEDON TV S /-
D, BEESITIEBES LR, ML 7= PBA-CyD /8
PG AT 2T D &, BfE L 7z PBA-CyD 2%
VgD, ZOWEPEMOTZD, Vv M) ZOFEE
X D [ERD PBA-CyD ) TREEDAREE L, 15R
L7z PBA-CyD &755%. ZORENEEA = XL
PBA-B-CyD IZHEHTED EEZEATVNS.

6. PBA-y-CyD Z W= F v 7 L XRARD
ENe

PBA-y-CyD Tl3, Z D> PBA-CyD &3 #E 7z
D, BRECKTAASNZND . T PBA-
y-CyD OATHIFFEEEZ R LSRN &, 5
WIiX PBA-y-CyD @ CyD ZE{L 2NV T WS Z &%
RIDBDEEATZ., I T, brbiid PBA-y-
CyD EARUITFL>ZUa—)L (PEG) ZFIHL
¥ty 7 L AOHEEHA AT, PEG IS >N
7 EEGOEMICH WS, PEGILL 7z 2N
7T, PUEHEOKT, meEtomEikES
SHIERHBEN, W DD PEGILY > INTEIE
NI EEhTng, ABESE3RUITFL >
7Y a—)L &1 > AV > (PEG-Ins) & CD Ik
L0FFy U L AtEiEEZDESH (PEG-Ins/CD)
OFHZHEL TS, 9 ZD PEG-Ins/CD /513
PEG-Ins 2N EFRERHICH 2 0 i S 4, i &)
ELTHEETAZENRINE., Db,

Dissolved Free Form

DT = *0) *0) *C

Solid State of
Supramolecular Structure

Sugar O A\

Cup o o,

Dissolved Bound Form

Fig. 12. Proposed Mechanism of Sugar-induced Disintegration of Supramolecular Polymer Structure of PBA-o-CyD
Reproduced with permission from Chemical and Pharmaceutical Bulletin Vol. 61 No. 11. Copyright 2013 The Pharmaceutical Society of Japan.!?
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Fig. 13. A Concept of Sugar Responsive Molecular Necklace
Composed of PEG-Ins and PBA-y-CyD

PBA-y-CyD 2 HHWA Z & T, ZORTRrv 7L A
ERWERENC, X SICmEENEEEMN5T 52
EIMTEDEEZ (Fig. 13). Titgat& LT,
ARfEHi PEG & PBA-y-CyD &l &80 T % v 7
L' X (PEG/PBA-y-CD) ZF#d 2% Z LITRIIL,
ZDHFRy 7 L ADRERIMCENEREN LR
H5ZEEHRWHLTWS, LL, PEG/PBA-y-
CD OFABIZIZ 60°C, 1 1 A DRENBETH D,
NI BEELNOERISIR#EEEZEZ 5N £
xR ERmL IR E, INETON
TRy LV AEFRRZENEL, £/, PEG/
PBA-y-CD OREREMEA N Z X LA BMRHI N TN
72\, 4%, PEG/PBA-y-CD O K& 0 fi{# /2%l
FEORE, T OWERBEIREEA T Z A LZHS
MIZTHIENFETH .

ZNSiEE 27 ) 7 L2, PEG-Ins & PBA-CD
EHAET, Ty VAEEERDA X >
HHEZFHHT 5 FETH5 (PEG-Ins/PBA-CD).
PEG-Ins/PBA-CD 3 4 {& N C ifi ¥ fiEl 2 B2 & Jk A1
L, H5 PEG-Ins Zz i L0, S /3>
DOHREZRIEN LI N THEICIR S EHIFF S NS,

1. F&EH

A TRLUZZ PBA-CYD 2E )5« > 770y
7 &Ly TREER, SRS ERAILT, 3
S5Z DB TGRS EEF /v &L THE
REL7z. ZOXIBBREEES T/ v 2%,
DELA AN VEMAEDES I LT, HAENR
A DAY TFUNY =T AT AIRBROEDEEZEZXT
W53, £/, AMFRICEI>TERTLZIENTE
7z, 7 A MEMLOMIEZGITER T 50 TS D
{EFRIBON BTN, Fr7z 7 OS SR BE 5 0 O
T RNELT, ZHETHRETZHOEMAEL T

N3,

SE T TORURIRIE R T
bdbDOTHD, HRICTHHENZHRANEE
+, B ®EFLicBilEHRELETET. £/, =
KTt NMR OREIZ T HTHW s kN B
ORFZErT, 1L 3 L, NHEE I
U B E9. ARHZET ISPS BLEFE 25860027 DB
EZT =D TY.
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