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Herein, we report anomalous glucose (Glc)-responsive gelation/
solation in 3-aminophenylboronic acid-modified hyaluronic acid.
With 5-20 mM Glc, gelation occurred, resulting in the formation of
crosslinks via Glc, which could reversibly bind to the two boronic
acid sites. Solation was induced at Glc concentrations of >80 mM.

In situ gelation materials that gelate in response to body
conditions upon injection have the potential to be applied in
drug delivery systems,' regenerative medicine,” and wound
dressings.® Reportedly, in situ gelation materials gelate in
response to temperature, pH shifts, or ions.* As hyaluronic
acid (HA) has high biocompatibility and utility in biomaterial
research,® it can act as a base polymer in in situ gelation
materials. Millimolar concentrations of glucose (Glc) exist in
the subcutaneous interstitial fluid,””® and Glc is a prospective
target stimulus for in situ gelation materials.

Phenylboronic acid (PBA) acts as a diol-sensor of polyols
such as Glc by reversibly forming cyclic ester bonds with cis-diol
(Fig. 1a).>'° Therefore, PBA has been studied as a sugar sensor
for smart insulin release systems'" and for various applications
in analytical chemistry.">"* Although various Glc-responsive
rheological changes in PBA-modified polymers have been
reported, these polymers show only unidirectional rheological
shifts (e.g. solation with increasing Gle concentration)."*™® Glec
was predominantly present as glucopyranose, with only small
quantities of glucofuranose present in an equilibrium state.*
The glucofuranose form can bind two boronic acid moieties as
it has two binding sites (Fig. 1b)."® Holz et al. reported that
3-aminophenylboronic acid (BA) modified HA (BA-HA) gelates in
response to Gle in basic conditions (pH 10).>° However, the Glc
concentration-dependent gelation/solation phenomenon has
not been reported. Herein, we report unique Glec-responsive
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rheological changes, in which BA-HA turns into gel/sol with
Glc using an injectable viscoelastic fluid.

BA-HA was synthesised using a slightly modified version of
a previously reported method (Fig. 1c).”® BA was modified into
sodium hyaluronate (50-110 kDa) via condensation with 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMT-MM). The degree of substitution was determined using
'"H NMR>' based on the ratio of the integrated intensity of
phenyl protons of BA (7.1-7.7 ppm, -C¢H,) to that of HA methyl
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Fig. 1 (a) Acid—base equilibrium of phenylboronic acid (PBA), and the
binding equilibrium between PBA and cis-diol compounds. (b) Chemical
structures of B-p-glucopyranose and a-p-glucofuranose (for the furanose
form, potential boronic acid binding OH groups are shown in red). (c)
Synthetic scheme of 3-aminophenylboronic acid-modified HA.
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Fig. 2 Visual appearance 30 s after the vials were inverted of 12 mg mL™*
(a) native HA and (b) BA—-HA without/with polyols in 0.2 M carbonate buffer
(pH 10.5). (c) Photograph of the injection of BA-HA without polyols
through a 26G injection needle. (d) Photograph of BA-HA with 5 mM
Glc picked up on the end of a pipette tip. (e) Photograph of BA-HA with
5 mM Glc being pulled from both sides using tweezers.

proton (at 1.85 and 1.40 ppm, -CHj3). The degree of substitution
of BA with HA was 21.8% per repeating unit (Fig. S1, ESIT).
Samples of 12 mg mL~ ' BA-HA were prepared using 0.2 M
sodium carbonate buffer (pH 10.5) as a solvent. The polyols Glc,
galactose (Gal), pentaerythritol (PE), fructose (Fru), and sorbitol
(Sor) were added to the BA-HA solution (Fig. S2, ESIt). Gal*>**
and PE**"® have the potential to gelate when added to BA-HA
to form crosslinks, as these polyols can potentially bind two
PBA moieties.

To study the gelation/solation behaviours, the visual appear-
ance of the samples was observed. Native HA or BA-HA with/
without polyols (1.02 mL of 12 mg mL ") was added to glass
vials, which were then inverted (Fig. 2a and b). The native HA
dropped rapidly, whereas the BA-HA without polyols flowed
downwards slowly. This indicates that modifying BA with HA
increases its viscoelasticity, which derives from the self-
crosslinking resulting from cyclic ester bonds between the
PBA moieties and diol of HA.>>*! BA-HA without polyols could
be injected through a 26G injection needle (outer diameter:
0.45 mm, inner diameter: 0.23 mm) (Fig. 2c). BA-HA without
polyols could not be picked up using a pipette tip (Movie S1,
ESIT). However, BA-HA with 5 mM Glc gelated and did not flow
downward (Fig. 2b). Moreover, it could be picked up using a
pipette tip, and it could be pulled from both sides with tweezers
without breaking (Fig. 2d and e, Movie S2, ESIt). The BA-HA
with 40 mM Glc flowed downward slowly, whereas the BA-HA
with 80 mM Glc and 5 mM Gal, PE, Fru, and Sor dropped
rapidly (Fig. 2b). Interestingly, the BA-HA became a gel or sol,
depending on the Glc concentration. Gelation occurred selec-
tively with Glc and not with the other polyols.

To study the polyol-responsive rheological properties of BA-
HA, dynamic viscoelasticities were measured (Fig. 3a). The
storage modulus (G’) of the BA-HA without polyols was higher
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Fig. 3 (a) Storage modulus (G') or loss modulus (G") as a function of

frequency (w) in 12 mg mL™! BA-HA with/without Glc. (b) G’ or G” at
10 rad s~ as a function of Glc concentration in 12 mg mL™* BA-HA. (c) G’ at
10 rad st as a function of polyol concentration and in 12 mg mL~! BA-HA.

than the loss modulus (G") above 2.6 rad s~ *. The G’ of the BA-
HA with 5 mM Glc was higher than the G” above 0.26 rad s,
and higher than that of the BA-HA without polyols at all
frequencies, indicating that the gel properties of the sample
with 5 mM Glc were stronger than those of the samples without
polyols. Although the G’ of BA-HA with 80 mM Glc was higher
than the G” above 1.2 rad s™*, it was lower than that of BA-HA
without polyols at all frequencies, indicating that the gel
properties of the 80 mM Glc sample were weaker than those
of the samples without polyols. To study the Glc concentration
dependence of BA-HA, G’ and G” at 10 rad s~ ' was plotted
against the concentration (Fig. 3b). Interestingly, G’ increased
in a Glc concentration-dependent manner up to 10 mM Glc and
decreased thereafter. The G’ of the 40 mM Glc was lower than
that of the sample without polyols (below the G’ line without
polyols). To study the concentration dependence of the other
polyols, G’ at 10 rad s~ was plotted against the concentrations
of Gal, PE, Fru, and Sor (Fig. 3c). Polyols other than Glc
significantly decreased G’ in a concentration-dependent man-
ner unlike in the case of Glc. The order of effect on decreasing
G’ at 1.2 mM polyols was Sor > Fru > PE > Gal. This order
almost corresponds to that of the binding constants of PBA
with polyols at pH 7.4,”'° suggesting that polyols other than
Gle form a cyclic ester bond with one PBA moiety, which
competitively inhibits cross-linking between the PBA moiety
and the diol of HA.
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Fig. 4 Proposed mechanisms of rheological change of BA-HA in samples
(a) without polyols, (b) with 5-20 mM Glc, (c) with >40 mM Glc, and (d)
with polyols other than Glc. a-p-Glucofuranose is used to represent Glc in
this schematic diagram.

We propose the mechanism of the rheological changes in
BA-HA caused by the addition of polyols. Without polyols, the
PBA moiety self-crosslinks®>?! via a cyclic ester bond with the
diol of HA because the viscoelasticity of BA-HA is clearly higher
than that of native HA, and the addition of polyols such as Sor
effectively decreased the viscoelasticity (Fig. 4a). In BA-HA with
5-20 mM Glc, gelation was induced to form crosslinks via Glc,
which could reversibly bind to two PBA sites (Fig. 4b). The
actual abundance ratio of o-p-glucofuranose and o-b-
glucopyranose is unknown. Although only o-p-glucofuranose
is depicted in Fig. 4b, a certain amount of a-p-glucopyranose
was considered to be present. However, at Glc concentrations
above 40 mM, Glc was predominantly bound to one PBA
moiety, which competitively inhibited cross-linking, which led
to solation and decreases in viscoelasticity (Fig. 4c). Such Glc-
dependent changes in the binding mode have been reported in
previous PBA-containing densely crosslinked-hydrogels that do
not undergo a sol-gel transition.?’ >° Those gels show a unique
Gleresponsive shrinking and swelling. In these studies, the
complex with boronic acid: Gle = 2:1 predominantly formed at
low Glc concentrations, whereas that with boronic acid: Glc =
1:1 predominantly formed at high Gle concentrations. Taking
those studies into consideration, we infer that the results of
this study are similar; boronic acid and Glc form a 2: 1 complex
up to a certain Gle concentration. At higher Glc concentrations,
boronic acid and Glec form a 1:1 complex. Polyols other than
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Glc (Gal, PE, Fru, and Sor) bind with one PBA moiety at lower
concentrations than Glc, which inhibits cross-linking (Fig. 4d).
Notably, even though Gal**** and PE**2° have two potential
binding sites for PBA moieties, Gal and PE function as mono-
valent ligands, and no cross-link is formed.

In conclusion, we demonstrated that BA-HA viscoelastic
fluid at pH 10.5 gelates at mild Glc concentrations (5 mM =
90 mg dL ") corresponding to normal fasting blood Glc levels,
and BA-HA solates in a Glc concentration-dependent manner
at Glc concentrations above 80 mM (1440 mg dL ™). This is the
first report describing a rheological shift from viscoelastic fluid
to gel to sol in a Glc concentration-dependent manner by PBA-
modified polymers. Such Glc-responsive rheological behaviour
is useful for smart insulin release systems, where gelation in
the subcutaneous interstitial fluid may allow a slow insulin
release at normal blood Glc levels, hence enabling diabetes
patients to autonomously avoid hypoglycaemia. At high blood
Glc levels, the blood sugar level smoothly decreases via rapid
insulin release in a Glc concentration-dependent manner. The
development of this concept into an innovative diabetes treat-
ment requires future research to address the preparation of
viscoelastic HA exhibiting a gel/sol transition in a Glc
concentration-dependent manner under physiological pH con-
ditions using boronic acid derivatives with lower pK,.
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