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Thesis abstract
Study on glucose-responsive gels with phenylboronic acid
Yu kojima

Machines are defined as things consisting of a combination of objects able to resist external force, to perform pre-
determined relative motion, and to transform external energy into useful work. Examples include engines and
motors. Most of these are composed of metals or inorganic compounds. On the other hand, in the medical field, a
machine composed of organic compound is desirable from the perspective of biocompatibility and that has been
actively studied. One of the machine elements composed of only organic compounds is stimuli-responsive gel.

Gels are defined as insoluble polymers having three dimensional network structures in solvents, and their swollen
form. A gel modified with stimuli-responsive molecules is called a stimuli-responsive gel. This functions as a
molecular machine that senses and responses to external information such as heat, electricity, light, pH change, and
the presence of specific molecules. For example, it can provide a machine with an ability to respond to stimuli and
disintegrate, or to respond to stimuli and swell, or to respond to stimuli and shrink.

In this study, | used phenylboronic acid (PBA) which is a sugar-responsive molecule to achieve sugar-
responsiveness in gels. PBA reversibly forms an ester bond with a polyol compound, including sugar. By
introducing PBA to a polymer terminal to form a gel, to a main chain to form a gel or to a cross-link point to form a
gel, that gel can be expected to function as a stimuli-responsive gel.

Cyclodextrin (CyD) is a cyclic oligosaccharide composed of several D-glucoses bound by an a-1,4-glycosidic
bond. CyD composed of seven or nine glucose units is called a-CyD or y-CyD. The CyD cavity can hold a
compound. The trapped molecules can be not only small molecules but also a polymer such as polyethylene glycol
(PEG). By trapping the molecules, CyD can form rotaxane (RX) or polyrotaxane (PRX). It has a characteristic that
the cyclic molecules can rotate on the axis molecules and slide along the axis molecules, so that there is no
chemical bond between the cyclic molecules and the axis molecules of the (P)RX. In addition, in the case of
pseudo(poly)rotaxane (p(P)RX) which does not have a bulky moiety on the end, it can reversibly disintegrate and
re-form by the sliding of the cyclic molecules. Higher functionalization of a gel can be expected by incorporating
this kind of structure.

In this study, | prepared glucose-responsive gels that work as molecular machines by introducing PBA to each
moiety of gel network structures. In addition, | tried high functionalization of gels by combining CyD.

In chapter one, | prepared stimuli-responsive materials using PBA-modified PEG (PBA-PEG) aiming for a
preparation of glucose-responsive disintegration machines. The PBA-PEG is a PEG with PBA molecules
introduced to both ends. The gel is obtained by combining PBA-PEG and polyvinyl alcohol which has many
hydroxyl groups. This gel disintegrated by adding glucose. Moreover, pPRX(PBA-PEG/CyD)s are obtained by
combining PBA-PEG and a-CyD or y-CyD. Stimuli-responsiveness of those pPRX(PBA-PEG/CyD)s is evaluated
by turbidity change measurement. Both pPRX(PBA-PEG/CyD)s dissolved by adding glucose. However, gelations
were tried by connecting pPRX(PBA-PEG/CyD)s and pentaerythritol, and a gel was not obtained because it was
difficult to control the solubility of the pPRX(PBA-PEG/CyD)s.

In chapter two, | prepared gels to respond to glucose and swell or to respond to glucose and shrink by introducing
PBA to a main chain to form a gel. Gels were prepared by radical polymerization using a polymerizable and



hydrophilic acrylamide as the main chain molecule. The gel with PBA introduced on the main chain increased its
weight and swelled when immersed in the 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) buffer
with glucose. Moreover, the increase and decrease of this gel weight was observed by repeatedly immersing it in
the HEPES buffer with and without glucose. It was revealed that this gel show repeated responsiveness of swelling
and shrinking. The swelling mechanism of this gel is thought to be as follows. PBA takes on negative charges by
binding with glucose. The negative charges attract counter ions increasing gel osmotic pressure and water flows
into the gel. The gel with PBA and a tertiary amino group introduced on the main chain decreased its weight and
shrank when immersed in the HEPES buffer with glucose. By changing the external solution in the order of an
HEPES buffer with glucose, next an HCI aqueous solution, and then an HEPES buffer, a cyclic decrease and
increase of the gel weight was observed. It was revealed that this gel showed repeated responsiveness of shrinking
and swelling. The shrinking mechanism of the gel is thought to be due to the electrostatic attraction of amphoteric
ions, the decrease of gel osmotic pressure by charge offset, and cross-linking with glucose. By changing the
configuration of the functional groups introduced on the main chain, it was shown that gels can be prepared to
respond to glucose by swelling or to respond to glucose by shrinking. Moreover, it was shown that machines such
as glucose meters and gel valves can be made using these gels.

In chapter three, | prepared a glucose-responsive slide-ring gel (PBA-SRgel) by introducing PBA at a cross-link
point. The PBA-SRgel was prepared by cross-linking a PRX composed of PEG and a-CyD with PBA-modified
cyanuric chloride. The PBA-SRgel increased its weight when immersed in an HEPES buffer with glucose or
fructose. It was shown that a glucose-responsive swelling gel can also be prepared even changing the moiety where
PBA is introduced to a cross-link point. In addition, in structural disorder, it was revealed that unique behavior was
shown that was considered to be relevant to slide-ring cross-linkage.

In chapter four, | prepared gels for a cross-link moiety to slide, and to expand and contract aiming for
improvements of glucose-responsiveness and cyclic responsiveness. By incorporating an RX structure composed of
y-CyD and PEG modified with a vinyl group at one end and a bulky moiety at the other, gels with an expanding
cross-linked structure were prepared. By immersing these gels in an HEPES buffer with glucose, an increase or
decrease of these weights was observed. Moreover, it was shown that the responsiveness (swelling or shrinking)
was improved at a low glucose concentration over the gels of chapter two. Gels having a PRX structure at a cross-
link point were also prepared using vinyl-modified PRX. In these gels, an increase or decrease of the gel weights
was also observed by immersing the gels in an HEPES buffer with glucose. A cyclic increase and decrease of the
gel weights was observed by repeatedly immersing them in the HEPES buffer with and without glucose. It was
shown that cyclic responsiveness was improved over the gels having RX structures at cross-link points by adding
the effect of restoring the strain to its lower value.

Based on these results, it is thought that a stimuli-responsive gel with a higher performance can be prepared by
improving the affinity to glucose and optimizing the cross-link density. The gels obtained in this study are thought
to have applications in pharmaceutical fields as follows by improving their performance. A blood sugar
measurement machine combining a glucose-responsive shrinking gel and swelling gel as a sensor to know the rise
of blood sugar, and a drug release machine including a gel valve composed of a glucose-responsive disintegration

gel or shrinking gel having a hypoglycemic agent such as insulin.
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