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Carbonated water facilitates the gelation of alginate and CaCOs
solutions. The rapid release of CO, from the hydrogels after gelation
resulted in a faster pH increase, lower amount of CaCOs dissolution,
and lower crosslinking degree. The CO, release behavior, i.e., “post-
gelation condition,” affects the degree of crosslinking, an essential
parameter for determining hydrogel properties.

Hydrogels—soft materials containing water molecules in a
three-dimensional network structure of crosslinked polymers—are
widely applied in life sciences. In particular, hydrogels composed
of biopolymers such as polysaccharides®® and proteins®’ have
attracted attention owing to their safety, biocompatibility, and
ability to form supramolecular assemblies. These biopolymers
can be physically crosslinked by changing the solution environ-
ment, such as the pH.*° Hydrogels based on physical crosslinking
have been widely studied for biomedical applications. However,
when the pH of the entire solution is reduced by adding acidic
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agents, the acidic agents often remain in the hydrogel and cause
acidification, which can harm living organisms."®

Recently, a new gelation system introducing carbon dioxide
(CO,) gas into biopolymer solutions has attracted attention."'™*®
In this gelation method, CO, functions as an acidic agent that
reduces the system’s pH and is released into the atmosphere
after gelation, preventing acidification of the hydrogel. Floren
et al. successfully gelled silk fibroin without acidification by
introducing high-pressure CO,."*> In commonly used methods,
polysaccharides such as alginate or pectin are crosslinked with
Ca** via physical interactions with the carboxy groups of
the polymer using CaCO; as a Ca®" source;'"™** Gurikov et al.
demonstrated high-pressure CO, into a mixture of alginate and
CaCoO; to reduce the pH of the solution and produce Ca** from
CaCoO; for forming an alginate hydrogel."* Hydrogels prepared
with high-pressure CO, have a controlled porous structure
composed of CO, that can be applied as an effective cell
scaffold"®'” because it aids in nutrient penetration and cell
migration. In addition, this gelation method can be hybridized
with other biopolymers, such as lignin® and carrageenan,'® to
achieve enhanced functionality. The effects of CO, introduction
and release conditions on hydrogel properties have been studied
to broaden the hydrogel application scope but are not fully
understood. In particular, the effect of the CO, release behavior
after gelation, that is, the post-gelation conditions, is unclear
because of the preconceived notion that the hydrogel properties
are controlled by pre-gelation conditions, such as polymer and
crosslinker concentrations. Martins et al. examined the effect of
the CO, depressurization rate on the hydrogel structure, reveal-
ing that faster depressurization corresponded to a higher degree
of CO, gas expansion and complicated the comparison of
hydrogel physicochemical properties, such as the crosslinking
degree.'” In addition, the effects of the depressurization rate on
the mechanical structure of hydrogels remain debatable,'®'” as
pressure changes complicate the physicochemical comparison
of the hydrogel structures. An understanding of the effects of
CO, release conditions on hydrogel properties, especially the
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Fig. 1 The gelation mechanism of alginate hydrogels prepared with CaCO3

crosslinking degree, would greatly expand the hydrogel applica-
tion scope from the materials field to the medical field, because
the crosslinking degree affects both the physicochemical (e.g.,
mechanical strength and swelling ratio) and biological (e.g., cell
migration) properties of hydrogels.

In this study, we prepared the alginate hydrogels (Alg-gel)
with CaCO; and carbonated water and investigated the effect of
CO, release from the hydrogels on the degree of crosslinking.
The gelation mechanism of the alginate with CaCO; and
carbonated water is shown in Fig. 1. In previously reported
gelation methods using high-pressure CO,,"" ™ precise control
of the CO, pressure was essential for controlling the physico-
chemical properties of hydrogels, but this makes comparison of
hydrogel properties difficult. In contrast, our method enabled

Alg-gel sheet
t= 10 min
Alg-gel sheet
(¢ =~90 mm)
Alg-gel disks
(¢ =~17.5mm)

Hollow out the Alg-gel sheet
into disks with ¢ = 17.5 mm

Wire mesh

and carbonated water.

facile hydrogel synthesis under ambient conditions and, hence,
the comparison of the physicochemical properties of the hydro-
gels without the effect of CO, gas expansion. As previously
reported,’®™>" Alg-gels were prepared with carbonated water.
The relationship between the concentration of calcium-binding
units in alginate (concentration of carboxy groups in guluronic
acid) and CaCOj is shown in Table S1 (ESIT). When carbonated
water with the pH of 3.64 + 0.06 (n = 3, mean + standard
deviation)*° was added to the alginate/CaCO; mixed solution,
an Alg-gel was obtained within 4 min (Fig. Sia, ESIY).
A scanning electron microscopy (SEM) image of the cross-
section of the Alg-gel showed a porous structure, indicating
that the alginate was crosslinked by Ca** (Fig. Sib, ESIf).
Furthermore, the phase-contrast image of the Alg-gel revealed
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Fig. 2 Schematic of Alg-gel disks incubated in a Petri dish and on a wire mesh. t = O refers to the time as carbonated water was added.
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the CaCO; crystals in the hydrogel (Fig. Sic, ESIt). To control
the release of CO, from the Alg-gel and CaCO; dissolution, we
adjusted the contact area between the Alg-gel surface and the
atmosphere. Specifically, we prepared two types of Alg-gels with
different air contact areas (Fig. 2). First, Alg-gel sheet was
prepared and incubated in Petri dish such that only the
top surface of the gel was in contact with the atmosphere.
The Alg-gel sheet was cut into 17.5-mm disks for evaluation.
Second, Alg-gel sheet was prepared in the same manner,
hollowed out into a 17.5-mm disk 10 min after preparation,
and incubated on a wire mesh so that the entire surface of the
gel was in contact with the atmosphere.

To visually capture the release behavior of CO, from the Alg-
gel, the Alg-gel was stained with bromothymol blue (BTB) as a
pH indicator, which appeared yellow, green, and blue under
acidic, neutral, and alkaline conditions, respectively (Fig. 3).
The Alg-gel disk incubated in the Petri dish changed slightly to
neutral over 60 min, indicating that CO, was released slowly
into the atmosphere. However, the Alg-gel disk incubated on
the wire mesh became alkaline at ¢ = 20 min, and the entire gel
disk became alkaline at ¢ = 40 min. These results indicated that
the CO, in the Alg-gel disk incubated on the wire mesh was
released quickly into the atmosphere because all the surfaces of
the gel were in contact with the atmosphere. Thereafter, the
Alg-gel disk incubated in the Petri dish turned completely blue.
Interestingly, the color change of the Alg-gel disk incubated on
the wire mesh began around the gel disk. Details regarding the
behavior of CO, release from each surface would be interesting
to investigate in the future.

To quantitatively evaluate the pH change behavior shown
in Fig. 3, the surface pH values of the Alg-gels in the Petri dish
and on the wire mesh were measured over 300 min (Fig. 4).
The difference in surface pH between the Alg-gel surface exposed
to the atmosphere—denoted as the front surface—and that in
contact with the bottom of the dish—denoted as the back
surface—was examined (Fig. S2, ESIt). Unfortunately, the pH
of the side surface of the Alg-gel disk could not be measured,
because the side surface area was too small. The surface pH
values of the Alg-gel disks incubated in a Petri dish are shown in
Fig. 4a. The pH of the front surface increased faster than that of
the back surface. The release of CO, from the Alg-gel disk
incubated in the Petri dish delayed the pH change on the back
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surfaces. Notably, no pH gradient appeared in the mixture of
CaCO; and carbonated water without alginate, implying that
carbonate ions and CO, exhibited different behaviors in the
hydrogels.?® At ¢ = 300 min, the pH values of the front and back
surfaces were almost equal (8.5), indicating that all the CO, in
the Alg-gel disk was released. In contrast, different release
behavior of CO, was observed for the Alg-gel disks incubated
on wire mesh (Fig. 4b). At ¢ = 10 min, the pH of the Alg-gel disks
was higher on the front surface than on the back surface because
the gel disks were incubated in Petri dishes. However, at ¢ =
30 min, the pH values of the front and back surfaces were
identical. Thus, the Alg-gel disks incubated on the wire mesh
immediately exhibited no delay in pH change because the front
and back surfaces of the gel disk were in contact with the
atmosphere. At ¢ = 90 min, the pH values of the front and back
surfaces converged to 8.5, as indicated by the BTB color change
shown in Fig. 3. In addition, the pH of the front surface of the
Alg-gel disks incubated on the wire mesh increased faster than
those of the disks incubated in the Petri dish. This may be due to
the release of CO, from the entire surface of Alg-gel disks
incubated on the wire mesh, as shown in Fig. 3. These results
suggest that the Alg-gel disks on the wire mesh released CO,
faster into the atmosphere than those in the Petri dish.

The incubation method of the Alg-gel disks influences the
release behavior of CO, from the gel disks, which motivated us
to compare the degrees of crosslinking. The rapid release of
CO, from the hydrogels after gelation may result in lower
amount of CaCO; dissolution, and lower crosslinking degree.
As shown in Fig. 3 and 4, for the Alg-gel disks incubated on
the wire mesh, CO, release was complete after only 90 min.
Therefore, the disks were incubated on the wire mesh for
90 min to achieve complete CO, release and then transferred
to the Petri dish to prevent moisture loss. The procedure used
to prepare the Alg-gel disks for mechanical evaluations is
shown in Fig. 5. As shown in Fig. S3 (ESI}), the thicknesses of
the disks incubated in the Petri dish and on the wire mesh were
almost the same. After adjusting the conditions, Young’s
moduli of the Alg-gel disks were measured via a compression
test (Fig. 6a). The Young’s modulus was calculated from the
slope of 3% compressive strain, and the Young’s modulus of
Alg-gel disks incubated in the Petri dish were significantly
higher than those of Alg-gel disks incubated on the wire mesh.

19h

10 min 20 min 30 min 40 min 50 min 60 min

= = A\ Z o
Alg-gel disks incubated i \ ‘ ! . \,
in Petri dish - 3 /

.o
oY = 2| 4 f s

Alg-gel disks incubated | | | | [] 7 |6 f: é
on wire mesh ; - 2 ==

L 1 1- d >, 1

Fig. 3 pH changes of Alg-gel disks incubated in a Petri dish and on a wire mesh containing BTB over time (t = O refers to the time when carbonated
water was added). The diameter of Alg-gel disks was ~17.5 mm, and the thickness was 3.46 + 0.26 mm.
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Fig. 4 Changesin the surface pH of Alg-gel disks incubated (a) in a Petri dish* and (b) on a wire mesh over time (t = O refers to the time when carbonated
water was added). The thickness of the Alg-gel disks was 3.46 + 0.26 mm. Values are expressed as the mean + SE obtained from n = 3—4. * This result has
been reproduced from previous our study.*®
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Fig. 5 Schematic preparation of the Alg-gel disks incubated in the Petri dish and on the wire mesh for mechanical evaluations. t = O refers to the time as
carbonated water was added.
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Fig. 6 The mechanical properties of Alg-gel disks incubated in a Petri dish and on a wire mesh. (a) Young's modulus of Alg-gel disks incubated in a Petri
dish and on a wire mesh. Values are expressed as the mean =+ SE obtained from n = 6. (b) Breaking stress of Alg-gel disks incubated in a Petri dish and on a
wire mesh. (c) Breaking energy of Alg-gel disks incubated in a Petri dish and on a wire mesh. Values are expressed as the mean + SE obtained from n = 3-4.
*p < 0.05, **p < 0.01 versus Alg-gel disks in a Petri dish.

Furthermore, we investigated the mechanical properties of the stress and energy were calculated. All the stress-strain curves
Alg-gel disks incubated in a Petri dish and wire mesh. The Alg- are shown in Fig. S4 (ESIt). The breaking stress of the Alg-gel
gel disks were compressed to 87% strain, and the breaking disks incubated in the Petri dish was significantly higher than
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Fig. 7 Swelling ratio of Alg-gel disks in a Petri dish and on a wire mesh.
Values are expressed as the mean + SE obtained from n = 5-6.

that of the disks incubated on the wire mesh (Fig. 6b). Addi-
tionally, the breaking energy of the disks incubated in the Petri
dish was significantly higher than that of the disks incubated
on the wire mesh (Fig. 6c). These results indicate that the
degree of crosslinking differed between the Alg-gel disks incu-
bated in the Petri dish and on the wire mesh and that the
behavior of CO, release from the Alg-gel affected the degree of
crosslinking. Additionally, the Alg-gel disk incubated on the
wire mesh had a higher swelling ratio than that incubated in
the Petri dish (Fig. 7). These results indicate that the degree of
crosslinking of the Alg-gel disks incubated on the wire mesh
was lower than that of the Alg-gel disks incubated in the Petri
dish. Therefore, the rapid release of CO, from the hydrogels
after gelation resulted in faster pH increase, lower amount of
CaCOj; dissolution, and lower crosslinking degree.

In general, the degree of hydrogel crosslinking is an impor-
tant parameter governing physicochemical properties, such as
the swelling ratio and mechanical strength, and biological
properties, such as the migration of encapsulated cells. The
degree of crosslinking of hydrogels tends to be controlled by
“pre-gelation parameters” such as the polymer and crosslinker
concentrations. However, the crosslinking degree of the hydro-
gels prepared with CO, as the acidic agent and CaCO; as the
crosslinking agent source was affected by post-gelation condi-
tions, namely the contact area between the hydrogel and the
atmosphere after gelation. The rapid release of CO, from the
hydrogels after gelation lowered the system’s pH and reduced
the crosslinking degree. In future studies, the polymer network
structure and potential applications of these hydrogels as
functional materials should be examined in detail. Especially,
the molecular weight of alginate may affect these properties
and applications. In addition, elucidating the mass balance
and kinetics of the gelation reaction may contribute to the
control of gelation reactions.
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