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Phenylboronate-salicylate ester cross-linked
self-healing hydrogel composed of modified
hyaluronan at physiological pHT

Ryotaro Miki, 2 * Tsutomu Yamaki, Masaki Uchida and Hideshi Natsume

Several hydrogels with boronate/diol ester cross-linking have been reported. However, multiple
synthetic steps or expensive reagents are required to modify some diol moieties into polymers.
Therefore, diol-modified polymers, which are easily and inexpensively prepared via a single-step process, are
required for the formation of boronate esters. This study reports a novel hydrogel composed of phenylboronic
acid-modified hyaluronic acid and salicylic acid-modified hyaluronic acid. This hydrogel is injectable, can self-
heal at physiological pH, and can be easily and inexpensively prepared. The polymer system behaved as a sol
at pH 12.0 and a weak gel at pH 9.4 and 11.2, whereas it behaved as a gel over a wide pH range of 4.0-8.2.
The viscoelasticity of the system decreased in response to sugar at pH 7.3. Thus, salicylic acid can be consid-
ered a promising diol moiety for hydrogel formation via boronate ester cross-linking.

Introduction

Over the past decade, hydrogels have attracted considerable
attention because of their potential applications in various
fields, including in drug delivery systems,' regenerative
medicine,”> and wound dressings.® In particular, when self-
healing hydrogels are extruded from a syringe, they quickly
return to the gel state. This property renders them attractive for
clinical applications as they can be surgically implanted in
patients in a minimally invasive manner." Moreover, dynamic
covalent cross-linking, such as boronate/diol esters, imine
bonds, and disulfide bonds, may be utilised to endow hydro-
gels with self-healing ability.*

Phenylboronic acid (PBA) is a type of Lewis acid; at a pH
higher than its pK, (K,: acid dissociation constant), the hydroxyl
group is coordinated to PBA, resulting in an increase in the
concentration of the negatively charged ionic form. This ele-
vated concentration enables PBA to reversibly form cyclic esters
with cis-diol compounds such as sugars (Fig. 1a).”> The degree of
boronate/diol ester bonding depends on the binding constant
between the boronic acid and diol compounds.® Numerous
flexible hydrogels formed via boronate/diol ester cross-linking
under physiological pH conditions have been developed till
now.”*® In particular, injectable hydrogels based on boronate
esters have good potential in clinical applications.'®'” For
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Fig. 1 (a) Acid—base equilibrium of PBA, and the binding equilibrium
between PBA and a cis-diol. (b) Reaction scheme of phenylboronate/
salicylate ester formation. (c) Schematic of the cross-linking of the PBA-
modified and Sal-modified polymer system.

instance, the hydrogel formed using boronate esters exhibited
effectiveness in the treatment of brain lesions in small animal
models.'® These findings suggest that the hydrogel facilitates
neuronal infiltration and closure of lesions while serving a
viscoelastic function, mimicking the extracellular matrix in
brain injury healing. In the boronate-ester-cross-linked hydro-
gels, diol moieties, such as catechol,”® sugar,”™® and salicyl-
hydroxamic acid,"*'® are modified to the partner polymer of
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the boronic-acid-modified polymer. For example, catechol,’
fructose,'> and p-gluconolactone® derivatives exhibit high
binding constants with boronic acid moieties; thus, they are
applicable in the preparation of hydrogels wherein boronate
esters serve as cross-linking sites. However, these diol moieties
are unsuitable for practical applications and large-scale syn-
thesis for the following reasons. Polyphenols, such as catechol,
are easily oxidised; therefore, their proper storage is essential to
ensure stability."®'® Salicylhydroxamic acid is a promising diol
moiety to bind with PBA;***" a polymer with the salicylhydroxamic
acid moiety can form a hydrogel via boronate ester cross-linking
through PBA-polymer composite formation even at a pH lower
than the pK, of the standard PBA derivative (pK, 8-9)."*'°
However, multiple synthetic steps are required to modify salicylhy-
droxamic acid into a polymer."*'> A multi-step synthesis is typi-
cally more time-consuming than one-step routes, impeding the
synthesis of diol-modified polymers on a commercial scale and
limiting their practical applications. Although bp-gluconolactone
can be modified to aminated polyethylene glycol (PEG) during one-
step synthesis, this synthesis cannot be conducted on a large scale
because of the requirement of expensive aminated PEG.'>"
Amino sugars such as fructosamine can be easily modified into
polymers with carboxyl groups in a single step.”'>'* However,
some amino sugars including fructosamine are too expensive to be
utilised in the synthesis of diol-modified polymers on a practical
scale. Therefore, diol-modified polymers for the formation of
boronate esters are required that can be easily and inexpensively
prepared in one step. Boric acid and PBAs reversibly form ester
bonds with salicylates (Sal) (Fig. 1b).**** Therefore, hydrogels can
be prepared by combining PBA-modified and Sal-modified poly-
mers (Fig. 1c). However, to the best of our knowledge, such
polymeric materials have not yet been reported.

Hyaluronic acid (HA) is a biodegradable and highly biocom-
patible nonsulphated glycosaminoglycan. It has been extensively
studied as a base polymer for hydrogels and is expected to be
applied in drug delivery systems,>* tissue engineering,® and skin-
wound healing.®® PBA-moieties modified HAs have also been
reported, and a hydrogel is produced by self-crosslinking a PBA
moiety with the diol of HA.>’*° However, PBA-moieties modified
HAs also have some limitations. Although standard PBA derivatives
can be modified to HA using a single step synthesis method, a
hydrogel is formed only under the basic condition (pH 9.2-10.5).> >
Some benzoxaborole derivatives-modified HA can form hydrogels
under physiological pH conditions.>* However, multi-step syntheses
are required to synthesize benzoxaborole derivatives.

In this study, a novel hydrogel composed of PBA-modified
HA and Sal-modified HA is reported. This hydrogel is inject-
able, can self-heal at physiological pH, and can be easily and
inexpensively prepared.

Experimental section
Materials and methods

p-Glucose (Glc), p-fructose (Fru), sodium salicylate (NaSal),
alizarin red S (ARS), hydrochloric acid (5 mol L"), sodium

This journal is © The Royal Society of Chemistry 2024

View Article Online

Soft Matter

hydroxide (NaOH) solution (8 mol L"), disodium hydrogen
phosphate, sodium dihydrogen phosphate, N,N-dimethylform-
amide (DMF), and dimethyl sulfoxide (DMSO) were obtained
from FUJIFILM Wako Pure Chemical Co. (Osaka, Japan).
Furthermore, 3-acetamidophenylboronic acid (3AcAmBA) was
purchased from Nacalai Tesque Inc. (Tokyo, Japan), whereas
sodium hyaluronate (NaHA, 50-110 kDa) was purchased from
Kikkoman Biochemistry (Tokyo, Japan). Additionally, 3-amino-
phenylboronic acid (3APBA) monohydrate, 5-aminosalicylic
acid (ASal), fluorescein sodium salt (Flu), and bromophenol
blue (BPB) were obtained from Tokyo Chemical Industry
(Tokyo, Japan). Deuterium oxide (D,O) was obtained from
Kanto Chemical Co., Inc. (Tokyo, Japan); sodium deuteroxide
(NaOD) solution (40% w/w) and 4-(4,6-dimethoxy-1,3,5-triazin-
2-yl)-4-methylmorpholinium chloride (DMT-MM) were pur-
chased from Sigma-Aldrich (Tokyo, Japan). 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), a tetrazo-
lium dye, was obtained from Dojin Chemical Co. (Kumamoto,
Japan). Human lung adenocarcinoma (A549) cell lines were
obtained from Riken Cell Bank (Ibaraki, Japan). Dulbecco’s
modified Eagle medium (DMEM) and fetal bovine serum (FBS)
were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Finally, cellulose tubes (36/32; molecular weight cutoff:
14 kDa) were acquired from Viskase Companies, Inc. (IL, USA).

Synthesis of PBA-modified HA (BA-HA)

BA-HA was synthesised using a slightly modified previous
method.”” Briefly, 3APBA (62.0 mg, 400 umol) was added to
distilled water (70 mL) and ultrasonically dissolved. Subse-
quently, NaHA (1043.2 mg, 2.50 mmol as repeating units) was
dissolved in the mixture, after which DMT-MM (166.0 mg,
600 pmol) was added, and the pH of the solution was adjusted
to 6.5 using hydrochloric acid. A turbid reaction mixture was
obtained after stirring for 24 h at room temperature. Next, an
adequate amount of 8 M NaOH was added to ensure complete
dissolution. Finally, the reaction solution was dialysed against
water in a cellulose tube and freeze-dried.

Synthesis of salicylate-modified HA (Sal-HA)

Sal-HA was synthesised via a condensation reaction. Briefly,
ASal (160.1 mg, 1.25 mmol) was added to DMF (25 mL) and
dissolved ultrasonically. Next, NaHA (1043.2 mg, 2.50 mmol as
repeating units) was dissolved in distilled water (60 mL). The
ASal solution (25 mL) was subsequently added to the NaHA
aqueous solution (60 mL), followed by the addition of DMT-MM
(518.8 mg, 1.88 mmol); the pH of the solution was adjusted to
5.5 using the NaOH solution. The mixture was allowed to react
for 24 h at room temperature. To avoid the precipitation of ASal
during dialysis, an adequate amount of 8 M NaOH was added.
Finally, the reaction solution was dialysed against water in a
cellulose tube and freeze-dried.

'H NMR analysis

"H nuclear magnetic resonance (NMR) spectroscopy was per-
formed using a 600 MHz Bruker AVANCE NEO 600 spectro-
meter (Bruker Japan KK, Kanagawa, Japan). D,O was used as
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the solvent for preparing the samples for the analysis of
modified polymers and 3APBA, whereas the 0.3 M NaOD/D,0O
solution was used for ASal.

The HDO solvent peak (4.63 ppm) was used as a chemical
shift reference. The degree of substitution was determined by
calculating the ratio of the integrated phenyl proton signals
originating from 3APBA (7.3-8.0 ppm, -C¢H,) or ASal (6.8-
8.0 ppm, —-C¢Hj) to signals of the HA methyl protons (1.4 and
1.9 ppm, -CHj3).

Preparation of BA-HA/Sal-HA systems

The BA-HA/Sal-HA systems consist of 16.0 mg mL ' BA-HA
and 16.0 mg mL~" Sal-HA (1:1 wt%), except for the part of
rheological studies and the in vitro biocompatibility test. Phos-
phate buffers (0.20 M, pH 3.4-12.4) were used as solvents.
To investigate the influence of Fru and Glc, 0.20 M phosphate
buffer (pH 7.4) was used as a solvent. Note that the prepared
samples (1.02 mL or 170 pL) were stored at 25 °C for more than
24 h prior to use. To observe the injection and self-healing
property of the BA-HA/Sal-HA systems, samples containing
50 uM BPB or 300 pM Flu were prepared. For injectability
testing, a 30 G injection needle (outer diameter: 0.31 mm; inner
diameter: 0.13 mm) was used. The pH of the BA-HA/Sal-HA
systems was measured using a pH meter (LAQUA act D71,
Horiba Ltd, Kyoto, Japan) with a flat ISFET electrode (0040-10D,
Horiba Ltd).

Dynamic rheological measurements

Dynamic rheological measurements were performed using a
stress-controlled rotational rheometer (MCR-102, Anton Paar,
Ostfildern, Germany) with a solvent trap and cone plate at
25 °C. An oscillatory strain-sweep study was conducted, wherein
strains of 0.1-1000% were applied at a frequency of 2 rad s ™.
An oscillatory step-strain study was performed by repeating
a low strain (1%, 1 min) for healing and a high strain (400%,
1 min) for breaking. Frequency-sweep studies were performed
at a fixed strain of 10%. A 170 pL cone-plate load-volume was

applied to the rheometer stage.

Scanning electron microscopy (SEM)

The BA-HA/Sal-HA systems (8-12 mg) prepared using a 0.20 M
phosphate buffer (pH 3.4, 7.4, and 11.4) were placed in a
microtube and immersed into cold ethanol (—80 °C), followed
by rapid freezing. Thereafter, the samples were stored in a deep
freezer at —80 °C for more than 24 h and thoroughly lyophi-
lised. All samples were coated via Pt sputtering to increase their
conductivity. Field-emission scanning electron microscopy
(FE-SEM) was performed using a field-emission scanning elec-
tron microscope (JSM-IT800 SHL, JEOL Ltd, Tokyo, Japan).

Fluorescence measurements for the determination of apparent
binding constant

Fluorescence spectra were recorded on an Infinite 200 Pro M
Nano+ microplate reader (Tecan Japan Co., Ltd, Kanagawa,
Japan) with an excitation wavelength of 468 nm and an emis-
sion wavelength of 572 nm. The solutions containing 9.0 uM
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ARS and 2.0 mM 3AcAmBA were prepared using 0.10 M phos-
phate buffers (pH 5.4-9.4). Diol compound stock solutions were
prepared using an ARS/3AcAmBA solution as a solvent. Samples
were prepared by mixing the respective stock solutions.
The apparent binding constants (K) between 3AcAmBA and
the diol compounds were determined according to a previously
reported method.*"**

Ultraviolet (UV) spectroscopy

An ultraviolet (UV) spectrophotometer (UVmini-1240, Shi-
madzu, Kyoto, Japan) was used for the determination of pK,
values and analysis of modified HA. For the determination of
the pK, values, absorbance spectra were recorded for BA-HA
(0.10 mM PBA moiety, 1.03 mM HA repeating units), 1.0 mM
3AcAmBA, and Sal-HA (0.24 mM Sal moiety, 0.90 mM HA
repeating units) in distilled water. For absorbance measure-
ment, hydrochloric acid or NaOH solution was used to adjust
the pH. For hydrogel stability testing, the UV spectra of modi-
fied HA in the 0.20 M phosphate buffer (pH 7.4) were recorded.

Hydrogel stability testing

To evaluate the stability of the BA-HA/Sal-HA hydrogel under
physiological conditions, the dissolution of the BA-HA/Sal-HA
system in a bulk phosphate buffer (0.20 M, pH 7.4) at 37 °C was
investigated. The BA-HA/Sal-HA system (170 pL, pH 7.3) with
the phosphate buffer (0.20 M, pH 7.4) was placed in a 1.5 mL
microtube. After centrifugation, the samples were stored at
37 °C for more than 24 h. Before the start of the testing,
680 uL of phosphate buffer (0.20 M, pH 7.4), prewarmed to
37 °C, was gently added to the microtubes. The microtubes
were gently shaken 10 times before sampling 400 pL of the bulk
aqueous solution with time. Subsequently, the microtubes were
refilled with 400 pL of the fresh prewarmed phosphate buffer.
The absorbance of the sampled solution was measured at
320 nm using a microplate reader (Infinite 200 Pro M Nano+
microplate reader). A calibration curve was generated on the
basis of absorbance measurements at 320 nm using a solution
containing Sal-HA and BA-HA (1:1 wt%) with a phosphate
buffer (0.20 M, pH 7.4).

In vitro biocompatibility test

Before biocompatibility testing, A549 cells were seeded in a
48-well plate at a density of 1.0 x 10° cells per cm® in DMEM
supplemented with 10% FBS, incubated at 37 °C in a humidi-
fied atmosphere of 5% CO,, and cultured to be about 90% con-
fluence. Native HA or modified HA was dissolved (2.0 mg mL )
in DMEM and added to each cell, followed by 24 h of incuba-
tion. As a control, cells were incubated only in growth media.
After 24 h of incubation, the medium was replaced with DMEM
containing MTT (0.5 mg mL™"), and the cells were incubated
for 3 h at 37 °C. After removing the medium, DMSO was added
to each well to dissolve the resulting formazan. The absorbance
of the solution was measured at a wavelength of 530 nm using
a microplate reader (Infinite 200 Pro M Nano+ microplate
reader). The cell viability was expressed as a percentage of
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absorbance of the polymer (native HA or modified HA)-treated
cells to that of the untreated cells.

Results and discussion
Synthesis of BA-HA and Sal-HA

BA-HA and Sal-HA were synthesised via condensation reactions
between the amino groups of 3APBA or ASal and the carboxyl
groups of HA (Fig. 2a and b). The BA-HA solution was transparent
and pale yellow-green before the reaction; however, it became
cloudy after 24 h of reaction (Fig. 2c). The turbid solution
turned clear upon adding an appropriate amount of NaOH
(image not shown). Generally, because the PBA-moiety-
modified polymer has low solubility at a pH lower than the
pK. of the PBA moiety, it is inferred that turbidity was induced
by BA-HA. The Sal-HA solution was transparent orange before
and after the reaction (Fig. 2d). The freeze-dried BA-HA and
Sal-HA samples were white and light pink spongy, respectively
(Fig. 2e and f). To estimate the degree of substitution of the
amino compounds to HA, the "H NMR spectrum of each amino
compound was recorded. The peaks ascribed to the benzene
ring appeared at 6.8-7.2 and 6.5-6.9 ppm in 3APBA and ASal,
respectively (Fig. S1, ESIT). In BA-HA and Sal-HA, the peaks
associated with the benzene rings were observed at 7.3-8.0 ppm
and 6.8-8.0 ppm, respectively (Fig. 3a and b). Moreover, the
peaks attributed to the acetyl groups were observed at 1.4 and
1.9 ppm. The degree of substitution of the amino compounds
was determined via "H NMR analysis. The boronic acid and Sal
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moieties were modified to the repeating units of HA by 10.0%
and 26.7%, respectively.

Visual appearance

Given that pH influences the formation of ester bonds between
PBA derivatives and diol compounds,® the pH dependence of
the BA-HA/Sal-HA system was investigated. It has been sug-
gested that the phosphate buffer affects the affinity between
PBA and ARS (a catechol dye), whereas it does not significantly
affect the affinity between PBA and Fru.® In addition, the
phosphate assists viscoelastic properties of boronate-ester-
cross-linked hydrogels.®® In order to eliminate the influence
of buffer salts on viscoelasticity, the pH buffer in this study was
unified to the phosphate buffer. The pH of each sample was
slightly different from the pH of the solvent buffer. The sam-
ples were prepared over a wide pH range of 4.0-12.0 (Fig. 4a).
Evidently, the samples at pH 4.0-8.2 almost did not flow after
inverting the vial, behaving like a gel. In contrast, the samples
at pH 9.4 and 11.2 flowed slowly, behaving like a viscous
solution. The samples at pH 12.0 flowed quickly, acting like
a sol. Note that when diol compounds are added to a polymer
gel cross-linked by a boronate/diol ester, the cross-links are
competitively cleaved, and the polymer gel becomes a sol.
To confirm the sugar responsiveness of the boronate-ester-
cross-linked hydrogels, the samples containing Glc and Fru
were observed at pH 7.3. Both samples with 400 mM Glc and
40 mM Fru flowed more quickly than those without sugar at
pH 7.3 (Fig. 4b). These results indicate that the BA-HA/Sal-HA
system became a sol in response to sugar.

pH4.0 pH4.6 pHS4 pH6.4

pH7.3 pH79 pHS8.2 pHY94 pH11.2 pH12.0
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The injectability and self-healing ability of the boronate-
ester-cross-linked hydrogels were evaluated for the practical
applications."?®** The injectability and self-healing ability of
the BA-HA/Sal-HA system (pH 7.3) were studied through stain-
ing for easy observation. The BA-HA/Sal-HA system could be
injected using a 30 G injection needle (Fig. 5a and Movie S1,
ESIT). Furthermore, each BA-HA/Sal-HA gel piece, stained
purple/yellow-green, respectively, could be stretched from
both sides after contact for a few seconds (Fig. 5b and
Movie S2, ESIT).

Dynamic viscoelasticity measurements

For quantitatively evaluating the two crucial properties of self-
healing hydrogels, namely, gelation and viscosity, dynamic
viscoelasticity measurement is a widely used method.'**3*773%:33
The dynamic viscoelastic properties of BA-HA/Sal-HA were inves-
tigated. The storage modulus (G') and loss modulus (G") were
obtained from the dynamic viscoelasticity measurements, which
showed the solid and liquid properties, respectively. Oscillatory
strain-sweep measurements were performed to investigate the
strain at which the gel broke (Fig. 6a). The G’ value of the
BA-HA/Sal-HA system remained constant (684-712 Pa) at 0.1%
to 147% strain, whereas it began to decrease at 164% strain
(686 Pa). This indicates that the gel broke down at a strain of
160%. Oscillatory strain-step measurements were performed to
investigate the self-healing ability of the hydrogel (Fig. 6b). At a
low strain (1%), the G’ and G” values remained constant (775-
783 Pa and 317-318 Pa, respectively), thus indicating that the gel
property was stronger. In contrast, at a high strain (400%), the
G’ and G” values decreased to 122 Pa and 261 Pa, respectively,

With
400 mM Glc

Fig. 4 Visual observation of 16.0 mg mL™* BA—HA/16.0 mg mL™* Sal-HA system in (a) 0.20 M phosphate buffers at different pH values and (b) the 0.20 M

With
40 mM Fru

phosphate buffer at pH 7.4 with sugars. Images were taken 20 s after inverting the vials.

()

Contact

Stretching

Fig. 5 Images showing the (a) injectability of the BA—HA/Sal-HA system using a 30 G injection needle, and (b) self-healing ability of the 16.0 mg mL™*

BA-HA and 16.0 mg mL™! Sal-HA systems at pH 7.3.
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indicating that the sol property was stronger. Subsequently, when the
strain was reduced, the G’ value quickly recovered to 770 Pa (recovery
rate: 98.3%), demonstrating the self-healing ability of the system.
The G’ and G” values of boronate-ester-cross-linked hydro-
gels are strongly frequency (w) dependent.'>'327730:35 The
frequency dependence of the BA-HA/Sal-HA system was inves-
tigated at a fixed strain of 10% (Fig. 7a). The BA-HA/Sal-HA

(a

103
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system at pH 5.4 and 7.3 demonstrated similar frequency-
dependent dynamic viscoelastic profiles. The G’ value of the
BA-HA/Sal-HA system at pH 5.4, 7.3, and 11.2 was lower
than the G’ value in the low-frequency range but higher at
above 0.80, 0.63 and 0.57 rad s ', respectively. The G’ value
at pH 11.2 was much lower than that at pH 7.3 at all
frequencies.

The pH dependency of G’ and G” in the BA-HA/Sal-HA
system at 10 rad s~ was investigated (Fig. 7b). The G’ values
were similar (minimum: 460 Pa at pH 5.4, maximum: 816 Pa at
pH 7.3) at pH 4.0-7.3. At pH > 7.3, the G’ value decreased to
52.3 Pa upon increasing the pH to 11.2. At pH 12.0, the G’ and
G" values could not be obtained because the viscoelasticity was
too low for accurate measurement. At pH 4.0-8.2, the G’ value
was much higher than the G” value, indicating that the gel
property was stronger. It is interesting that the BA-HA/Sal-HA
system exhibited a strong gel property over a wide pH range—
from acidic to slightly alkaline (pH 4.0-8.2). The hydrogels
formed via boronate ester cross-linking between salicylhydroxa-
mic acid and PBA also exhibited a strong gel property at pH 4.2
and 7.6."* Although the hydrogels formed via the cross-linking
of the boronate ester composed of Fru-modified HA"™ or
maltose-modified HA®® exhibited a high G’ value at pH 7-9,
the G’ value drastically decreased at pH 6. Therefore, the
salicylic acid moiety imparted a pH dependence different from
that of sugars such as Fru and maltose as the diol moiety of
the partner polymer that forms the hydrogel via boronate ester
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Fig. 7 (a) Frequency-sweep study of the 16.0 mg mL™ BA-HA and 16.0 mg mL™! Sal—HA system. (b)—(e) Profiles of G’ or G” at 10 rad s~* plotted for the
BA—HA/Sal-HA system. (b) Profiles of G’ or G" as a function of pH for the 16.0 mg mL™* BA-HA and 16.0 mg mL~* Sal-HA systems at pH 7.3. (c) Profiles
of G’ or G” as a function of concentration of BA-HA and Sal-HA (1:1 wt%) at pH 7.3. (d) Profiles of G’ or G” as a function of the concentration ratio of
BA-HA/Sal-HA at pH 7.3 (total modified HA concentration was fixed at 32.0 mg mL™2). (e) Profiles of G’ or G” as a function of sugar concentrations in the

16.0 mg mL~* BA-HA and 16.0 mg mL~* Sal-HA systems at pH 7.3.
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cross-linking. The boronic acid moiety also forms dynamic
ester bonds with the diol of HA under the basic condition
(pH 9.2-10.5).>”%° In this study, the degree of substitution of
boronic acid was 10.0%, which is excessively low to form a gel
via the cross-linking of a boronate ester between boronic acid
and the diol of HA. Thus, even at pH 11.2, the boronate ester
between boronic acid and the diol of HA did not significantly
affect the G’ value of the BA-HA/Sal-HA system (Fig. 7b).

Because the polymer concentration has a strong effect on
viscoelasticity, the influence of the polymer concentration was
investigated in boronate-ester-cross-linked hydrogels.®"%3>3¢
The modified HA concentration dependency of the G’ and G”
values at 10 rad s~ was investigated in the BA-HA/Sal-HA
system (1:1 wt%) at pH 7.3 (Fig. 7c). The G’ value was higher
than the G” value at all modified HA concentrations (8.0-
16.0 mg mL "), indicating that the BA-HA/Sal-HA system has
a stronger gel property than the sol property. The G’ and G’
values were the lowest (29.7 Pa and 10.2 Pa, respectively) in the
8.0 mg mL ' BA-HA and 8.0 mg mL ' Sal-HA system and
increased in a concentration-dependent manner.

Because the composition of the two cross-linked polymers
considerably affects the viscoelasticity of the boronate-ester-
cross-linked hydrogels, the influence of the composition of the
polymers was investigated.”**® The effect of the concentration
ratio of BA-HA/Sal-HA on the G’ and G” values at 10 rad s~
was investigated for the BA-HA/Sal-HA system at pH 7.3 (total
modified HA concentration was fixed at 32.0 mg mL™"; Fig. 7d).
The G’ value was higher than the G” value at all concentration
ratios of BA-HA/Sal-HA, indicating that the gel property was
stronger. The G’ and G” values were the lowest at the BA-HA/
Sal-HA ratio of 0.33 (BA-HA: Sal-HA = 1: 3) and the highest at a
ratio of 1.0. At the ratio of 0.33, the difference between the G’
and G” values was smaller than that at the ratio of 1.0; thus, the
gel property was weaker than that at the ratio of 1.0. At the ratio
of 3.0, the G’ value slightly decreased from 816 to 335 Pa as the
ratio increased >1.0. These results were reasonable to some
extent because the degree of substitution of Sal-HA (26.7%) was
higher than that of BA-HA (10.0%). For instance, the amount of
the boronic acid moiety is too less to allows its binding with the
Sal moiety at the ratio of 0.33, leading to a low G’ value.

The boronate-ester-cross-linked hydrogels possess the sugar-
responsive ability to transform into a sol; thus, their dynamic
viscoelasticities were evaluated for application to sugar-
responsive drug release.'®?”*%3%37 The sugar concentration
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dependency of the G’ and G” values at 10 rad s~ ' was investi-
gated for the BA-HA/Sal-HA system (Fig. 7e). The G’ value
decreased in a sugar-concentration-dependent manner for both
Fru and Gle. The G’ value decreased to 45.5 and 694 Pa at
10 mM Fru and 10 mM Glc, respectively, indicating that Fru
addition is more effective in decreasing the G’ value than Glc
addition. The binding constant of Fru with PBA at pH 7.4 is
35 times higher than that of Gle (160 M™* and 4.6 M %,
respectively),® justifying the result that Fru addition more
effectively decreases the G’ values. Similar phenomena have
been reported in other boronate-ester-cross-linked hydrogels.*®
It is necessary to incorporate a PBA derivative with a high
binding constant to Glc into the polymer to allow response at
clinical Gle concentrations (5.5-22 mM)."°

SEM results

The SEM images of the freeze-dried hydrogels support the
evidence of the three-dimensional cross-linking of boronate
esters.”’3283839 The porous structures on the micrometre order
are typically observed in the freeze-dried hydrogels. The freeze-
dried samples of the BA-HA/Sal-HA system at pH 4.0, 7.3, and
11.2 were observed through FE-SEM (Fig. 8). Clear micrometre-
sized pores were observed in all samples at pH 4.0, 7.3, and 11.2
(Fig. 8). These results suggest that cross-linking by the boronate
ester occurs in the samples at pH 4.0, 7.3, and 11.2. Although
these results are not quantitative, they partly support the
viscoelasticity of the BA-HA/Sal-HA systems (Fig. 7b).

Hydrogel stability testing

Evaluating the stability of hydrogels under physiological con-
ditions is important for their practical applications. Generally,
hydrogels cross-linked via dynamic covalent boronate esters are
more unstable than gels cross-linked by covalent bonds.
To investigate the stability of the BA-HA/Sal-HA systems under
physiological conditions of pH 7.4 and 37 °C, dissolution
testing was performed using the phosphate buffer at pH 7.4
as the bulk solution. Prior to testing the dissolution of modified
HA, the UV spectra of BA-HA and Sal-HA were recorded (Fig. 9a). At
320 nm, the spectrum of 0.38 mg mL ™" BA-HA showed almost no
absorption peaks, whereas that of 0.38 mg mL ™" Sal-HA demon-
strated absorbance at 0.23. The mixture solution containing
0.38 mg mL~' BA-HA and 0.38 mg mL ™' Sal-HA exhibited
almost the same absorbance (Abs 0.24) as that of Sal-HA alone.
The dissolution of Sal-HA from the BA-HA/Sal-HA hydrogel

(c)

Fig. 8 FE-SEM images of the lyophilised BA-HA/Sal-HA systems at (a) pH 4.0, (b) pH 7.3, and (c) pH 11.2. The white scale bars at the bottom right of the

images are (a) 50 um, (b) 10 um, and (c) 10 pm.
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Fig. 9 (a) UV spectra of modified HA (0.38 mg mL™) at pH 7.4. (b)
Dissolution profiles of modified HA from the BA-HA/Sal-HA system. The
data represent the mean + standard deviation (n = 4).

was quantified at 320 nm, and the dissolution rate was calcu-
lated with time (Fig. 9b). We assumed that almost the same
amount of BA-HA as that of Sal-HA would be eluted from the
hydrogel. Modified HA was rapidly eluted up to 8 h, and the
dissolution rate was 52.4% =+ 6.4% at 8 h. After 8 h, the elution
slowed down, and the dissolution rate reached 91.8% + 1.1% at
96 h. These results indicate that most of the modified HA
composed of the hydrogels was eluted. The hydrogels formed
via cross-linking of the boronate ester between polyphenols
(epigallocatechin gallate or tannic acid) and boronic-acid-
modified polymers are stable for more than 2 months under
similar physiological conditions.” It is difficult to simply
compare these results with the previously reported values
because the test conditions and judgement criteria for hydrogel
dissolution testing are not standardised. Based on the results, it
can be observed that the BA-HA/Sal-HA hydrogel at pH 7.3 is
relatively unstable under physiological conditions. An addi-
tional cross-linking factor using other components is necessary
for practical uses such as long-term in vivo implantation.

Determination of pK, and apparent binding constant

Given that the diol-binding properties of boronate esters are
influenced by both the pH of the solution and pkK, of boronic
acid and diol compounds,*® the pK, values of boronic acid in
BA-HA, 3AcAmBA, and salicylic acid in Sal-HA were investi-
gated through UV spectrophotometry (Fig. 10). Based on curve
fitting between the absorbance and pH, the pK, values of
boronic acid in BA-HA, 3AcAmBA, and salicylic acid in Sal-HA

This journal is © The Royal Society of Chemistry 2024
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(1.0 mM), and (c) Sal-HA (0.24 mM Sal moiety) as a function of pH.

6 7

were calculated to be 9.68, 8.53, and 3.24, respectively. The pK, of
3AcAmBA was reported to be 8.5;°! thus, the obtained value is
reasonable. Although the boronic acid of BA-HA is structurally
similar to 3AcAmBA, a difference of approximately 1 in their pK,
values was observed. The pK, value of salicylic acid in Sal-HA
(3.24) was close to that of salicylic acid (3.0),*' as reported by a
previous study.

The K values between boronic acid and the diol compounds
were determined by fluorometry using the fluorescent dye
ARS.*13242 ARS alone exhibits weak fluorescence; however,
when it forms an ester bond with PBAs, it exhibits strong
fluorescence. The K value between the PBA and ARS was
calculated from the fluorescence intensity shift. Essentially,
when a diol compound is added to an ARS/PBA solution, the
PBAs and diol compounds competitively form ester bonds, and
the fluorescence of the solution decreases. Thus, by analysing
the decrease in fluorescence, the K value between the PBAs and
diol compounds can be calculated. Reportedly, boronic acid
and the diol moiety of HA form an ester bond that self-
crosslinks with boronic-acid-modified HA.”’*° The K value
cannot be accurately calculated using BA-HA as boronic acid
because the boronic acid moiety forms an ester bond not only
with diol compounds but also with the diol moiety of HA. Thus,
herein, 3AcAmBA was used as the boronic acid moiety instead
of BA-HA. Similarly, NaSal was used instead of Sal-HA. The
resulting K values are listed in Table 1. The K value for ARS
increased with pH in the pH range of 5.4-7.4 (2440-3580 M),
beyond which it decreased up to 666 M~ " at pH 9.4. The K values
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Table 1 Apparent binding constants (K) between 3AcAmMBA and diol
compounds at pH 7.4

—1
KM ) Predicted
Diol pH 54 6.4 7.4 8.4 9.4  pKapioo PHxmax
ARS 2440 3280 3580 1167 666 5.5” 7.0
Fru 7.3 67 674 881 804 11.7° 10.1
Gle -4 1.8 11.5 16.0 9.5 12.1¢ 10.3
NaSal 475 286 57.3 126 280 3.07 5.8

% The K was too low to accurately measure and could not be determined.
b From ref. 6. ¢ From ref. 55. ¢ From ref. 41.

for Fru and Glc showed a similar pH dependence, in that the K
values increased with pH except at pH 9.4 (7.3-881 and 1.8-
16.0 M, respectively). In particular, the K value of Fru was 37-85
times higher than that of Glc. The behaviour of the K values in
this study was similar to that of PBA previously reported.®*° These
results support the effective decrease in G’ upon the addition of
Fru (Fig. 7€). The K value for NaSal was the highest (475 M) at
pH 5.4 and the lowest (57.3 M~ ") at pH 7.4. The K value of 3-
fluorophenylboronic acid (pK, 8.4-8.5") for NaSal at pH 7.4
was 166 M~ %;* thus, the K value of 3AcAmBA for NaSal at pH
7.4 (57.3 M) is relatively reasonable. These K values for NaSal
partially explain a wide range of higher G’ than that of G” at pH
4.0-8.2 (Fig. 7b). Although the K value for NaSal was as relatively
higher as 280 M~ " at pH 9.4 than that at pH 7.4, it cannot support
the result that the G’ values at pH 9.4 and 11.2 were much lower
than those at pH 4.0-8.2 (Fig. 7b). The fluorescence properties of
ARS are pH dependent,*” and generally, the K value can only be
measured up to at pH 8.5%*° or 8.7>" even at high pH using the
ARS method. Therefore, it may be inappropriate to estimate K at
pH 9.4 using the ARS method. The hydroxyl groups of HA
dissociate at extremely high pH (pH 12.6), destabilising the
hydrogen bond network and causing a drastic decrease in
viscosity.** Moreover, hyaluronan decomposes faster at pH 13,
and a decrease in the average molecular weight leads to decrease
in viscosity.*> These physicochemical properties of HA may lead
the low viscoelasticity of the BA-HA/Sal-HA system at pH > 9.4.
To tune the pH dependence of the boronate-ester-cross-linked
hydrogels or to increase the K value of boronate esters at physio-
logical pH, the pK, of PBA derivatives is often of interest.”"> There
are several approaches to lower the pK, of PBA derivatives:***’ (1)
highly electron-withdrawing groups such as halogens (e.g. fluoro)
and nitro groups,*® (II) intra-molecular B-N*° or B-O coordination
bonds,”®*" (IlI) benzoxaborole derivatives, cyclic analogues of
boronic acid,”**** and (IV) heterocyclic boronic acids such as
pyridine boronic acid.>*** However, it must be noted that the K
value of boronate esters is influenced not only by the pK, of PBA
derivatives but also by the pK, of diol compounds.’® The pH at
which the highest K value is achieved (pHgmax) is expressed using
the following equation:*°

(pKa-Ba + PKa-Diol)

Predicted pHg 1, = 3 (1)

where pK,pa and pK,pio represent the pK, values of boronic acid
and the diol compound, respectively. The pK, values of ARS, Fru,
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Fig. 11 Cytocompatibility of the native HA or modified HA samples. The
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Gle, and salicylic acid have been reported in the literature as 5.5,°
11.7,® 12.1,® and 3.0,"" respectively (Table 1). As the pK, of
3AcAmBA is 8.53, the predicted pHgmax values are 7.0, 10.1,
10.3, and 5.8 for ARS, Fru, Glc, and NaSal, respectively (Table 1).
These values partly explain the pH dependence of the obtained K
values.

In vitro biocompatibility test

The biocompatibility of the injectable hydrogels is evaluated
for biological applications.'**®>” MTT assay is one of the
commonly used methods to evaluate cytotoxicity.'>**® Based
on previous studies,”®" A549 cells were adopted for the
MTT assay in this study. The concentration of HA applied to
cells was 2.0 mg mL~". The BA-HA/Sal-HA sample contained
1.0 mg mL ' BA-HA and 1.0 mg mL ' Sal-HA (totally
2.0 mg mL~" modified HA). This concentration was lower than
those for other studies on the BA-HA/Sal-HA system because a
high polymer concentration increases viscoelasticity, impeding
the operation of the dispenser. Moreover, in some hydrogel
studies, cytocompatibility tests were performed at polymer
concentrations lower than those used in rheological measure-
ments.'>®"%> The MTT assay results are shown in Fig. 11.
A sample without HA was used as a control and its cell viability
was normalised as 100%. The cell viabilities of native HA,
BA-HA, Sal-HA and BA-HA/Sal-HA were 79.0% =+ 9.8%,
76.2 + 8.1%, 80.7 £ 5.4% and 78.9 £ 7.8%, respectively.
All HA-applied-samples showed a minor biocompatibility
decrease to 76.2-80.7% in relation to the control. A similar
slight decrease in biocompatibility has also been reported
for some HA materials.®*®> In general, native HA has high
biocompatibility.®* Therefore, the high biocompatibility result
of native HA is reasonable. Similarly, we observed that the BA-
HA/Sal-HA system exhibited high biocompatibility (78.9%),
which was almost equivalent to that of native HA (79.0%).

Conclusions

In this study, a BA-HA/Sal-HA hydrogel with injectable and
self-healing properties at physiological pH was successfully
prepared. Sal-HA can be prepared inexpensively via easy one-
step synthesis. The BA-HA/Sal-HA system behaved as a sol at
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pH 12.0, whereas it behaved as a gel over a wide pH range of
4.0-8.2. Moreover, the viscoelasticity of the system decreased in
response to sugar at pH 7.3. Salicylic acid is a promising diol
moiety for hydrogel formation via boronate esters for practical
applications and large-scale synthesis.
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