TN S E
RYU AR w gl KM m S RO BEAER 25 M3 2 FZ8R% &
Tx WA e VERERA AU ORI ORI BT 2 HEEROAFSE

B T
AEDORPL & » THEME AL SETEYDOa > ha—L RV —XZ AT HMEHE, A>TV
Pz T U TADIEHAD 1 oE LTHER S, A BAHIE - BRI T T\, 204 T
Ve T U TNEMBPIANTES AT LEEBT L1202, Z2O~T VT VEKRE ZNEMAIAL

TR RO I O A 2 K0 ZhSRA D OHREICEREH T 2 Z EAEETH H, EH L, S S RA o
THA R E LTI EE~T U 7 VICER Lz, £22°C, AR T, i —L LTaHTW
LA CRESFRICEBE T R Ao URFERZ G Uiz, Ru o mgix, Tk UMERMET TR
UEIZE RaX U EREN L, VA — S E b OEY & WIS AT 5, Ko T Ar UEEE A
BEAETHILEDIL, RY =7 La— (PVA) DX 570 FHICE Ra XU ia 258 e kR rES

DFEBRETHENTE D, ZDH, RUBE R PVA L5 2 & TEHAMBIZ R L.
LN DEEMEHE, A — A BEEZ AT OHEZIRINT 52 & T, HEDEHRE T Lf%%#é&@
b, £z, BEMNZEELEMZFM LZEEMEIORRBRE SN TVD Z b, b FrX gk
DI 5 Z & TREBMAEROZR) R U RIx, R b F 4 B EERIC L 2 EAMEOR
HLEFFCE D, Lo T, RV AU BHFEREFRY A—1b LIERY B TF A o MoKEMEE DT &
DITEL AR, £ ORBITER S 2 @G OB LR 2 E 3 L OWEISE D2 % |
WS ODRDOFECEVRET S Z & T, IS ENE~T U TV ORFHIBWTH A2 325% & 2 0isH

B L ThE L7, L FICEDERNZRT,

1 ETE, AVARe U BHERE LT, ArYBOEABENRRLOEY) Vo ARar AR U@
(DPrBA), RV B U Y= ARafE (TPBA), ~FV U V=0 AR ua B (HPrBA) #4/k L7, <
T, ZHBHEPVARLRDFAEZFEL . 20X LOHN - BIRKEMERELZITH> 2 LT, KU ARm
VL PVA MO BEAEH QR 2 382 7o, SEOREFRMRE OIS IR AR EIZ BTk, DPrBA/PVA gel
& HPrBA/PVA gel THEMIHIZAR Y T 2 IS N ABLAI S ol o, —HiICR m g L PVA O 5RE 7225655 03
FAAET 2 EHERI L7, BhAREEMERNE O O R8Ol EICB W T, BV =0 AR e U EFHEAR/PVA
TV NP CRIZREI A A LTV D 2 E ARSI, Ae UL PVA OFEEIC XL D ZEe 3 IRITxR v
ﬁv—&ﬁ%%éhrmék%z%hkoé% . BRI E O B b FE L 72, 2 0H|
THLNTRERN G, TPrBAPVAgel [ZZEBEENE <, O3 WILRy NT—27 2T D DTk L
'C+P@Nm%%li%ﬁ&@ﬁ£@% IFEHLAWAR e VEBOFIENRH D T & THREEENMELS, K
SNV 3IRITR Y NI =27 BT 5 EE 2T, ZD X HiC, ME L2 £+ 25 2 & T, EEMEO
27 NEEEE THT 5 & L bIZ, FHAFERICER L~ 7 v eWE ORI 21T Z LN TE T,
%5 2 B ClX. Quartz crystal microbalance (QCM) 5% H\WNTAR U AN g & KM m o 1 O A AEH
DOFHli AT, ZOFEE, B EDO I 7 n i BBOEbE2LIRENHOZ I E LTEBIT 57290, R

URa gL KBRS TN E T DMHAEERORAE LIHRNY TAZ A4 MBI cE b 252, £
7o RETIE, F1E TR Y V=0 bR o VEEHER S PVA ORBFHIINZ T, AU 727 VL7
R7 =R a 8 (PolyPBA) ERU T VLT I (PAA) NS Z LIk, ABMAEO-Ro
Vgl T F A MO KEEM R CTE LA RRFEN M EERICOW T B L7z, 7235, PolyPBA &



PAA ICBIT HBETTIZE DI/ NV a— 24 F o4 —F (GOx, &EMN 42) ZfFESE7-, Zhix, Ao
VEBIZ v a—& (Gle) EAEA L& LTHEMICE TR, FLOBISEEIXK T2 Z &N T
SNTTeHThD, WBELKFIL, 7= a i (PBA) OFRv By %2 e FuXx U iRicEld 5
PEEAYH Y | Gle 7 GOx TRk S TIET Sl {t/k 3 T PolyPBA-PAA [ DFFEERIFH AA/E ] 215k &
HHZ LT, LOMRNR TSN OREISEERELZE L SED 2 LN TE D MR L, R, HHERIE K
DN BE ) Y= AR o UERFER S PVARITAE U TWAHAEERZKRET S 2 LR TE -, FiC,
HPIBA [TIARERE DL EA R E <, PVA LB<HAEMNT 5 Z LAVRS Tz, Zhud, AEsHHE
2B T HPrBA/PVA gel 12 PVA LA L TW AR U IBENOEE MRV S b 6P b L ER 7 IV
IR LT-AE R L BRT D L BEX b b, £7-. PolyPBA/PAA & PAAIGOX [EICH 1T A AR DAL
B CE 7, 2 LT, HRBEEOBMADEEDOE N NS, B =7 Ak e FRIPVA [ & PolyPBA/PAA
W OEER LM AEROBEWEZRET 52 LN TE, Lo T, QCMEZHWT R 7 n A TOE &E
bzt 3 52 & T RY A @BEKEESESFRICKIT DMHEFERORE, 7' 1t 2 OEWZ 5
5 IR LTE,

¥ 3 mCI, FILVOBISEEREREE 2 RE T 572017 n— 2 b—e VIR RBR AR 2 MR L.
BOSEME~ T U 7 VORI T 72 KB CR OS2 R AT, & OFEE. DPrBA/PVAgel 1% Glc OFRINC &
DLEREE L . TV D D DPBA ORUHABLII S 7z, —J5 T, GOx % /7 S H 7= PolyPBA/PAAgel I3, Glc
DTN X D7 N OREE L Z U FES T2 PolyPBA ORSHITBIZE SeinoT, ZHUE, R e VBRI
% < AFAE L. PAA L DZREE N L=, Gle 12 X - TES I Z AL S 23U LT b 2848 S0V L= 7=
WIZEBEZBND, DEV | KEkESFEMAEEH ST o FHNOR e Vigad LERAKIRIZA 722 <
THZEDN Gle ITEELSLTWEAMEIZ KT 5 ECEETHH Z EO0VRB IR, 0L )i, #
FEA DA DR AN RIS B~ 7 U 7 O i 2 -3 5 FZBRRZFIH T 5 2 & T B MDA
IBEAT O 2D DIFWBFION DL EEZ BILD,

FAETIE, INE CTOMERZRA LIHEISEE~T VT AT A DI E LT A AU > (Ins)
iR e UEREEEUER L, Tl PVA NS 725 7 W X 2 i HIENC B L TRt L 72, QCM L5 R )
b\ UTEER Ins & PVA OMEIERIC X 2 EEMEIOTEAL & BEISEVED RN BN T X 72, £z, &
fid oA r BEFHEEROENMNC L DFHEO B LTS 5 Z LN TE L, 71— A —& LR R
E O RN S GOx &ML G 7= PBA-Ins/PVAgel 2> 5 Gle Dt AT L7= PBA-Ins D ik
HABIER SN, 2EV ., Gle B2 %ET D ETCOX BNAENTHDH Z EAvnEhiz, £ LT, Glcil
PAIREIZ PBA-Ins DD ERIZELE T GOX bt SN2 Z &vn . Gle 12 L A RIS MR 23 7
O BREEDBICERT S Z L b THLNE 5T, Lo T, ZNETOERZAZMAA DY
% ET, ZERRIERBE DI, FEBEISENE Ins it~ T U T AVORRE BT LB XD,

Uboz &int, <7 U TV OR 2 B EO 545 B3 282 M ICIEE T 5 720 o, EL
FHREHI LA IR L OMEE T 5 2 e 3T, £, TNOLOFERRZFAL THAAEDES Z
& T, AT LM E A OIS EM~ T ) TV ERR T OO OFHREREGS Z LN TE
7o ZHUE, MORBISENE~ T VT A~OIEH S FATRETH U | R L TR - 2R R 2 IR - &
T2 LicEoT, KRR~ T VT ATHAL U AREICR D B2 bNb, £ LT, ZOHETF
HEE=T VT ATHA L OMGORELRY IR L TN Z &L, BRI HIESEE 2 A4 5 il
FIOBRZIZ STl D EE 2 HD,



Thesis Abstract
Experimental systems to evaluate the interactions between polyboronic acids and water-soluble polymers, and
a basic research for release control of boronic acid-modified insulin derivatives using the systems
Chihiro Takei

Materials that change properties in response to external stimuli to enable controlled drug release have attracted
attention as an intelligent material application, and research and development activities are actively performed daily.
To achieve a system with this intelligent material, it is critical that both the material itself and the drug release
mechanism be designed more efficiently and appropriately. I focused on sugar-responsive material as a design base
for controlled release. Therefore, in this study, I synthesized polyboronic acid derivatives with multiple boronic acids
in their molecules. Boronic acids are known as sugar sensors. Boronic acid is coordinated to boron by OH™ under
alkaline conditions and reversibly bound to a compound with a diol structure. Therefore, a compound with multiple
boronic acids can crosslink a water-soluble polymer with a large number of hydroxyl groups in the molecule such as
polyvinyl alcohol (PVA). Because of that, polyboronic acid can be expected to form a composite material by
coexisting with PVA and disintegrate the material by adding sugar with a diol structure. In addition, formation of a
composite material by electrostatic interaction has been reported, so I can expect that hydroxyl group coordination
will form a polyboronic acid with a negative charge, and that polyboronic acid will form a composite material by
electrostatic interaction with polycations. Accordingly, I studied useful experimental systems and applications for a
stimuli-responsive material design by investigating the interaction between polyboronic acid derivatives and polyol
or polycationic water-soluble polymers, and the physicochemical properties and sugar-responsive behavior of
composite materials composed of them.

In chapter 1, dipyridiniumboronic acid (DPrBA), tripyridiniumboronic acid (TPrBA) and hexapyridiniumboronic
acid (HPrBA) were synthesized as polyboronic acid derivatives with different numbers of boronic acids. I prepared
gels composed of polyboronic acid and PVA and evaluated interaction between them by measuring static and dynamic
viscoelasticity of the gels. In the stress relaxation measurement which is one of the static viscoelasticity measurements,
stress corresponding to the elastic term was observed in the DPrBA/PVA and HPrBA/PVA gels, so it was inferred
that there were strong bonds between the boronic acid and PVA in part. In the strain sweep measurement which is
one of the dynamic viscoelasticity measurements, it was shown that the pyridiniumboronic acid derivative/PVA gels
had a linear region in a wide range, and it seems that a stable three-dimensional network was formed by the bonding
of boronic acid and PVA. Furthermore, a frequency sweep measurement was also performed. These results show that
TPrBA/PVA gel has a high crosslinking density and forms a hard three-dimensional network, whereas HPrBA/PVA
gel has a low crosslinking density and forms a soft three-dimensional network because of the boronic acid which
doesn’t contribute to interaction with PVA. By performing the viscoelasticity measurement, it was possible to predict
the micro internal structure of the composite materials and evaluate the macroscopic properties resulting from the
interaction.

In chapter 2, I evaluated the interaction between polyboronic acid and water-soluble polymer using the quartz crystal
microbalance (QCM) method. Since this method observes micro mass changes on the electrode as a resonance
frequency change, I anticipated that the occurrence and disappearance of interactions between polyboronic acid and
water-soluble polymer could be observed real time. In this chapter, I also investigated the electrostatic interaction
between negatively charged boronic acid and cationic water-soluble polymer using polyacrylamido phenylboronic

acid (PolyPBA) and poly(allylamine) (PAA) in addition to the pyridiniumboronic acid derivative and PVA considered



in chapter 1. I also added glucose oxidase (GOX, isoelectric point 4.2) in the investigation of PolyPBA and PAA. This
is because I anticipated that even binding the boronic acid to glucose (Glc) would not change the boronic acid charge,
and would decrease the sugar-responsiveness of the gel. Hydrogen peroxide has a characteristic of substituting the
boronic acid moiety of phenyl boronic acid (PBA) with OH ™, so I expected to achieve a gel with more sensitive
sugar-responsive disintegration by using hydrogen peroxide derived by oxidation of Glc with GOx to eliminate the
electrostatic interaction between PolyPBA and PAA. As a result, interaction between the pyridiniumboronic acid
derivatives and PVA was detected from a resonance frequency change. In particular, HPrBA showed a large resonance
frequency change and strong interaction with PVA. I thought this result was related to the viscoelasticity measurement
of the HPrBA/PVA gel which formed the most stable gel despite the low proportion of boronic acid moiety bound to
PVA. Interaction between PolyPBA/PAA and PAA/GOx was also detected. From the difference in the resonance
frequency decrease rate, it was possible to detect the speed difference of the interaction between pyridiniumboronic
acid/PVA and PolyPBA/PAA. Therefore, I was able to evaluate the difference in interaction strength and process
between polyboronic acid and water-soluble polymer.

In chapter 3, I prepared a flow-through cell type dissolution tester to investigate the sugar-responsive behavior of
these gels and constructed an experimental system to evaluate stimuli-responsive material. As a result, DPrBA/PVA
gel disintegration and DPrBA release from the gel by adding Glc were observed. On the other hand, in PolyPBA/PAA
gel with GOx, gel disintegration and PolyPBA release accompanying it due to adding Glc were not observed. This is
probably because there were still crosslinking points remaining even though some were cut off by Glc because the
gel has so many crosslinking points between PolyPBA and PAA. This suggests that it is important to minimize the
boronic acid in the molecule to form a highly sensitive Glc-responsive composite material when it interacts with
water-soluble polymers. Thus, information for optimizing responsiveness was obtained with an experimental system
that continuously and visually evaluates the drug release of stimuli-responsive material.

In chapter 4, as an application of Glc-responsive material design using previous evaluation systems, [ examined
controlled-release with a gel composed of insulin (Ins) derivatives with multiple boronic acids and PVA. From the
results of the QCM method, it was possible to observe composite material formation and Glec-responsive
disintegration by interaction between boronic acid-modified Ins and PVA. 1 also evaluated characteristic changes due
to the difference in modified boronic acid derivatives. In release tests using a flow-through cell type dissolution tester,
the release of PBA-Ins from PBA-Ins/PVA gel with GOx was observed by the influx of Glc. In other words, it was
shown that GOx is effective for improving Glc-responsiveness. Since GOx was also released by Glc stimulation
along with the increase in the PBA-Ins release rate, it was also clarified that release in response to Glc stimuli is
caused by a change of the network structure in the gel. Therefore, it seems that various information could be obtained
and the design of a novel sugar-responsive Ins release material could be achieved by combining the experimental
systems tried thus far.

From the above, I selected and constructed a physicochemical evaluation method to confirm accurately the
characteristics to be focused on among the various material properties. Useful information for designing sugar-
responsive materials with the desired drug release characteristics could be obtained by combining these experimental
systems. This can be applied to other stimuli-responsive materials, and a more effective material design can be made
possible by collecting and accumulating various characteristic data. It therefore seems that this will lead to the
development of a drug formulation with an ideal release control function by repeatedly improving both the evaluation

method and the material design.
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