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Abstract of presentation of a doctoral dissertation

Sugar-responsive molecular necklaces and their application in sugar-induced release
of PEGylated insulin
Tomohiro Seki

Diabetic patients who lack insulin (Ins) secretion need Ins self-injection treatments. Howeve the Ins self-injection
treatments are associated with difficulties concerning controlled blood sugar levels and risk of hypoglycemia.
Thus, sugar-responsive Ins release systems are highly expected to increase the degree of freedom and convenience
of use of self-injections for diabetic patients. For developing sugar-responsive Ins controlled-release systems,
phenylboronic acid (PBA) constructs are promising. PBA reacts with cis-diol functional groups of sugars. In this
study, | designed an Ins controlled release system by a combination of PBA and a supra molecular assembly.
Molecular necklaces consisting of cyclodextrin (CyD) and polyethylene glycol (PEG) have been known as
biocompatible supramolecular assemblies, in which PEG penetrates many cavities of CyD. It was reported that
a-CyD that has a smaller cavity forms a single stranded molecular necklace where the only one PEG chain is
included and y-CyD that has a larger cavity forms a double stranded molecular necklace where the two PEG
chains are included. Both these molecular necklaces are poorly water-soluble. It is reasonable to use PEG for drug
controlled release systems because PEG itself is biocompatible and is approved as a pharmaceutical additive.
Furthermore, PEGylation technologies have been widely used to improve therapeutic efficacies of some protein
drugs, including Ins (PEG-Ins). Based on these backgrounds, the Ins controlled release system with the
Glc-responsive molecular necklace is designed in this study and is as follows. A lot of PBA derivative-modified
CyDs include the PEG-Ins, then it results the molecular necklace. This molecular necklace remains as a poorly
water-soluble solid in the normal blood Glc level and the release rate of Ins is expected be slow. When the Glc
level increases, the disintegration the molecular necklace is induced due to the reaction between a PBA moiety and
Glc, and the release rate of PEG-Ins change faster.

Following is the chapter-by-chapter summary of this study.

In chapter one, terminal modified PEGs were prepared and their formation abilities were investigated. There was
a problem that a formation ability decreases when using modified CyD. To improve the formation ability, benzene,
naphthalene, or m-dinitrobenzene were modified to both terminals of PEG chain because they were expected to
show the interaction to CyD cavity. In the preparation of molecular necklace with 4-carboxyPBA-modified y-CyD
(PBA-y-CyD), Naphthalene modified PEG (Naph-PEG) showed the fastest formation compared to other modified
PEGs. Then Naph-PEG was selected to use for subsequent preparations. It is interesting to note that structural
analyses using *H NMR showed the Naph-PEG/PBA-y-CyD molecular necklace was single stranded that has
never been reported before, whereas ordinary molecular necklaces using parent y-CyD were double stranded.

In chapter two, the preparations of molecular necklaces using PBA derivative-modified y-CyDs and the
evaluation of their Glc responsiveness were carried out. Moreover, in order to achieve better Glc-responsiveness,
3-carboxy-5-nitroPBA (NPBA) was attached to the y-CyD and NPBA-y-CyD was obtained. Binding constants to
Glc were 8.0 M for PBA-y-CyD and 50.1 M for NPBA-y-CyD. Molecular necklaces of Naph-PEG/PBA-y-CyD
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and Naph-PEG/NPBA-y-CyD were prepared in water and obtained as solid state. | evaluated the sugar responses
of the obtained molecular necklaces. The release rates of Naph-PEG from the both molecular necklaces were
accelerated in the presence of Glc 100 mM compared to that in the absence of Glc. The release profiles also
showed that the molecular necklace with NPBA-y-CyD has a higher response to Glc than that of the molecular
necklace with PBA-y-CyD. This improvement was due to the higher biding affinity of NPBA-y-CyD to Glc.
Moreover, the release profile of Naph-PEG from Naph-PEG/NPBA-y-CyD showed the much faster initial release
of Naph-PEG compared to Naph-PEG/PBA-y-CyD. This was likely to be due to the difference of the spatial
arrangements of a PBA moiety and a NPBA moiety. That is to say, it indicated that a NPBA moiety is not included
in the neighboring CyD and is capable of binding with Glc directly, whereas a PBA moiety is included in the
neighboring CyD and the accessibility to Glc is low.

In order to discuss the observed difference of Glc-responsiveness, | carried out the structural analysis of
molecular necklaces and spatial arrangements of PBA and NPBA moieties. Powder X-ray diffraction (PXRD)
pattern of the Naph-PEG/NPBA-y-CyD molecular necklace demonstrated the same pattern as a molecular
necklace with a native y-CyD where the y-CyDs are stacked in Head-to-Head sequence. In contrast, the crystalline
structure of Naph-PEG/PBA-y-CyD was different from that of the Naph-PEG/NPBA-y-CyD, and is suggested the
Head-to-Tail sequence. From the results of 'H NMR spectra and solid state fluorescence spectra, it was revealed
that Naph-PEG/NPBA-y-CyD molecular necklace was formed as a single strand same as Naph-PEG/PBA-y-CyD
molecular necklace shown in chapter one. In order to investigate molecular interaction between PBA derivatives
and CyD cavities, | carried out the *H-'H NOESY spectra. Correlations between PBA protons and interior protons
of a CyD cavity were observed, whereas there was no correlation between NPBA protons and interior protons of a
CyD cavity. From these results, | concluded that a PBA moiety was included in the neighboring CyD cavity when
forming a molecular necklace and a NPBA moiety was not included in the neighboring CyD cavity in contrast to a
PBA moiety. As structural analysis explained above, it was inferred that Naph-PEG/NPBA-y-CyD having a NPBA
moiety which can binds to Glc directly showed the sharp release of Naph-PEG.

In chapter three, molecular necklace was applied to Glc-responsive Ins controlled release by a combination of
PEG-Ins and molecular necklaces studied in previous chapters. PEG that has naphthoyl group on one terminal of
chain was attached to the Ins (Naph-PEG-Ins) with the degree of PEGylation of 2.2. Relative activity of
Naph-PEG-Ins was determined to be 71.5% by the administration to diabetic model rats. Then molecular
necklaces of Naph-PEG-Ins/PBA-y-CyD and Naph-PEG-Ins/NPBA-y-CyD were prepared. The obtained solid of
molecular necklaces was revealed by PXRD that Ins attached to the terminal of PEG chain has no influence on the
crystalline structure of molecular necklaces. The release rates of Naph-PEG-Ins from both molecular necklaces
were accelerated in the presence of Glc 100 mM, and the Naph-PEG-Ins/NPBA-y-CyD has a higher
responsiveness to Glc. Moreover, in the presence of Glc 30 mM as carried out in terms of clinical use, the release
of Naph-PEG-Ins from Naph-PEG-Ins/NPBA-y-CyD molecular necklace was significantly higher than that in the
absence of Glc. This result indicated the possibility that Naph-PEG-Ins/NPBA-y-CyD molecular necklace release
Naph-PEG-Ins in response to the patients’ blood sugar level who has Glc 30 mM level.

To summarize the above, | have successfully developed Glc-responsive molecular necklaces with a novel

principle, and | demonstrated that the molecular necklaces released Ins in response to Glc.
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