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Abstract

healing applications.

Dual adhesiveness to tissue and implant biomaterials and bioactivity to stimulate tissue regeneration are
interesting properties for developing new generations of tissue-repairing hydrogels with potential new clinical
applications. In this study, we developed a unique bioglass (BG)/oxidized sodium alginate (OSA) composite
hydrogel with adipic acid dihydrazide (ADH)-modified y-polyglutamic acid (y-PGA) as the cross-linking agent, in
which the BG plays a multifunctional role to endow the hydrogel with both dual-adhesive and bioactive
properties. On one hand, the BG could improve the tissue-bonding strength by providing an alkaline
microenvironment to stimulate the bond formation between OSA and the amino groups on the surrounding
tissues. On the other hand, BG endows the hydrogel with adhesiveness to implantable materials by releasing Ca
ions, which might chelate with the carboxyl groups of the hydrogel matrix. In addition, the composite hydrogel
showed excellent bioactivity to promote vascularization and accelerate tissue regeneration. This study
demonstrates that a multifunctional hydrogel can be designed by utilizing the multifunctional ions released from
silicate BG, and the BG/OSA hydrogel shows good potential as an adhesive and bioactive material for wound-

Introduction

Hydrogels are polymeric materials with three-
dimensional cross-linked networks that could act as a
barrier to prevent bacterial infection and create a suitable
microenvironment for tissue regeneration' . Hydrogels
with high adhesiveness to tissues may bind tissues together
and prevent the scar tissue formation that is induced by
conventional sutures®. Furthermore, hydrogels with
adhesiveness to materials may be used as biocompatible
coatings on implantable materials for fixing implants®,
monitoring human activity®, or avoiding implant disloca-
tion during or after surgery’. However, preparing a
hydrogel with adhesiveness to both tissues and implant
materials remains a challenge. The tissue-adhesion
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capability of a hydrogel is attributed to the chemical/
physical linkages formed between the hydrogel and the
surrounding tissues®”. Because there are a large number of
amino groups on the surface of tissues, an amide linkage is
one of the most commonly used linkages between adhe-
sive materials and tissue when the hydrogel contains
aldehyde groups, which can link with the amino groups on
the surrounding tissues™'°. It is known that the formation
of amide and imine bonds between adhesive hydrogels and
tissues requires an alkaline environment'"'%, However, the
pH value in the wound area is generally in the weakly
acidic or neutral range (5.4-7.4)'3, or even acidic in the
case of cancer tissue'®, which will result in a lack of
binding strength to tissues. Therefore, a weak alkaline
environment is of great importance for the improvement
of the adhesive strength of amide linkage-based adhesive
hydrogels to tissues. The adhesion strength of the hydro-
gels to materials may be affected by some factors™*>'¢, and
an improvement in the viscosity of the hydrogels may
result in stronger adhesion to the materials'’.
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In addition to adhesiveness to both tissues and implant
materials, the bioactivity of hydrogels is a critical factor
that may significantly affect the wound-healing process.
A bioactive hydrogel may be able to stimulate cell
migrationls, proliferationlg, and differentiation®®, and
enhance blood vessel formation during the wound-
healing process®', so that the hydrogel can significantly
reduce the healing time*' >, Currently, hydrogels with
bioactivity are mainly obtained by the addition of growth
factors**, which still faces challenges in clinical appli-
cations, such as their controlled delivery and activity
maintenance.

Sodium alginate (SA) is a known biomaterial that can
form hydrogels through divalent ion cross-linking and has
good biocompatibility in biomedical applications™>®*°,
The functional groups of the alginate molecule chains can
be easily oxidized for imine formation'"**, which may be
utilized for the adhesive reaction with tissues. It is also
known that the formation of imine bonds is favored by an
alkaline environment'”. Bioglass (BG) is an inorganic
biomaterial that has shown the bioactivities of accelera-
tion of vascularization and enhancement of tissue regen-
eration through the release of bioactive Si ions*°.
Furthermore, ion exchange on the BG surface could
create an alkaline environment and release Ca>" into
aqueous solution®”, where the Ca®" can also be involved
in chelation with the carboxyl groups in the alginate
polymer chains to improve the adhesion of the hydrogels
onto materials®®, Therefore, our hypothesis is that if BG is
added into an alginate solution, it may result in the for-
mation of bioactive and adhesive hydrogels due to the
multifunctional roles of BG. One role is the rapid ion
exchange on the BG surface, which creates an alkaline
environment to accelerate the formation of an imine bond
for enhanced adhesiveness to tissues. The second role is
the release of Ca®", which physically cross-links the
polymer chains via chelation between Ca>* and carboxyl
groups. This highly reversible cross-link improves the
viscosity and cohesion of the hydrogels, resulting in an
increased adhesiveness to implantable materials. The last
role of the BG is the release of Si ions, which endows the
hydrogel with the capacity to enhance vascularization and
tissue regeneration.

Based on these considerations, we designed a unique
BG/OSA composite hydrogel with adipic acid dihy-
drazide (ADH)-modified y-polyglutamic acid (y-PGA) as
the cross-linking agent, which not only has good adhe-
siveness to tissues but is also adhesive to different
implantable materials. This dual adhesiveness to both
tissues and materials was evaluated, and the application
of the hydrogel for skin wound healing was also eval-
uated in vivo in two different wound healing mouse
models to confirm the adhesiveness and bioactivity of
the hydrogel.
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Materials and methods
Preparation of the hydrogels

First, oxidized sodium alginate (OSA) was obtained by
the periodate oxidation of SA as reported'™*., OSA was
obtained by adding 1.0 g of SA (Sigma Aldrich, USA) and
0.054 g of sodium periodate (Sigma Aldrich, USA) to
100 ml of distilled water in the dark. The reaction was
terminated by the addition of 1.5ml of ethylene glycol
after 2.0 h. The cross-linking agent ADH-modified y-PGA
was obtained by the grafting reaction between ADH and
Y-PGA as reported””*’. Briefly, 0.57 g of ADH (Aladdin,
China), 1.0 g of y-PGA (Beijing HWRK chem Co. LTD,
China), and N-hydroxysuccinimide (Adamas-beta, China)
were dissolved in 100 ml of water. Then, the pH was
adjusted to 5.0 ~5.5, and the reaction lasted for 12.0h
after the addition of 0.60 g of 1-ethyl-3-(3’-dimethylami-
nopropyl) carbodiimide (Adamas-beta, China). The
resulting OSA and ADH-modified y-PGA was then pur-
ified via dialysis (MWCO 30000), followed by freeze-
drying.

The BG/OSA composite hydrogel was prepared as fol-
lows. First, 1.0ml of ADH-modified y-PGA solution
(20 wt%) was homogeneously dispersed into 1.0ml of
OSA solution (20 wt%). Then, 50 mg of glutamic acid
(Aladdin, China) was dissolved in the solution, and the
hydrogel gradually formed. The BG/OSA composite
hydrogel was obtained by the addition of 4555 BG pow-
ders (0.5%, 1.0%, or 1.5% by weight) (Kunshan Overseas
Chinese Science and Technology New Material Co. LTD,
China) into the OSA solution and mixing well before the
Y-PGA solution was added. The gelling solution was
gently stirred until the hydrogel formed. The pH of the
hydrogels was measured with a pH meter (INESA PHS]J-
4F). The gelling time and ion release of the hydrogels were
clarified as in our previous report'>*, A 1.0% calcium
carbonate (CA)/OSA hydrogel was prepared by adding
1.0% CA powder into the gelling solution instead of BG
according to the same procedure as described above for
the preparation of the BG/OSA hydrogels. A 1.0%-
Na,CO3/OSA hydrogel was prepared by adding 1.0%
Na,COj; particles to the OSA/y-PGA gelling solution.
CaCl,/OSA hydrogels were prepared by adding 0.1 ml of
CaCl, solution (5mg/ml) to 1.0 ml of the OSA/y-PGA
gelling solution.

Characterization of the adhesiveness of the hydrogels
The adhesive strengths on tissues were measured by
lap-shear strength tests on porcine skin®'. The adhesive-
ness of the BG/OSA hydrogel and quantitative analysis of
the adhesive strength were carried out according to the
previous method>'. As shown in Fig. 2b, the test method
of tissue adhesion is illustrated in the schematic diagram.
First, fresh porcine skin was cleaned as reported®* and cut
into strips of size 35 mm x 10 mm. Then, 100 pl of freshly
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prepared gelling solution was applied to one piece, and
another piece was brought in contact with the first piece
to form a contact area of 10 x 10 mm?. After applying a
50 g/cm® load for 4.0 h, the adhesion strength could be
measured through a universal testing machine (Shimadzu
Corporation, Japan).

The adhesive strengths of the hydrogels on the implant
materials were also measured by lap-shear strength tests
as reported in dry conditions’’. Some commonly used
implant materials, including silicone, titanium alloy, tri-
calcium phosphate (TCP), and porous TCP, were cut into
strips of size 10 mm x 10 mm. Then, 100 pul of freshly
prepared gelling solution was applied to one piece of
implant material, and then another piece was brought in
contact for 4.0 h. The adhesion strengths were measured
as previously described.

Rheology tests were performed using a compact Anton
Paar modular in oscillation mode. The viscosities of the
newly prepared hydrogels were measured, and all viscos-
ities were obtained by a frequency sweep with a fixed
strain of 1.0%. To further explore possible mechanisms,
the viscosities and adhesion strengths of the 1.0%-BG/
OSA hydrogel, the 1.0%-CA/OSA hydrogel, the 0.5 mg/ml
CaCl,/OSA hydrogel, the 1.0%-Na,CO3/OSA hydrogels,
and the OSA hydrogel on materials or porcine skins were
further compared.

In vitro cell culture experiments

Human umbilical vein endothelial cells (HUVECs) and
human dermal fibroblasts (HDFs) play an important role
in the wound-healing process. In this study, HDFs and
HUVECs were chosen to evaluate the biological effects of
the BG/OSA hydrogels. HDFs were isolated from the
superficial layer of adult human skin and cultured in
DMEM-high (Gibco) plus 10% (v/v) fetal bovine serum
(FBS) and 1% (v/v) penicillin-streptomycin (P/S).
HUVECs were separated from the human umbilical cord
vein and cultured in ECM (ScienCell, USA) supplemented
with 5% (v/v) FBS, 1% (v/v) P/S and 1% (v/v) endothelial
cell growth supplement (ECGS). To determine the cyto-
compatibility of the composite hydrogel, a 100 pl extract
of the 1.0%-BG/OSA hydrogel or the pure OSA hydrogel
was added to 96-well plates, and HUVECs or HDFs were
seeded at a density of 4 x 10* cells/cm®. There were no
hydrogel extracts in the control groups. A quantitative
assessment of cell viability was performed using the Cell
Counting Kit (CCK)-8 assay (Beyotime) as we previously
reported after culturing for 1, 3, and 7 daysls, The
expression levels of the vascular endothelial growth factor
(VEGF) genes of the HDFs and HUVECs were determined
by qRT-PCR analysis®® on day 3 of culture. Briefly, the
total RNA was extracted from cells using TRIzol reagent
(Invitrogen, USA) according to the manufacturer’s proto-
col. After determination of the RNA concentration and
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c¢DNA synthesis, real-time PCR was carried out using a
Step One Plus Real-Time PCR System (Applied Biosys-
tems, USA). The primer sequences used for qRT-PCR
analysis were forward primer sequence (5'-3'):
TATGCGGATCAAACCTCACCA and reverse primer
sequence (5'-3"): CACAGGGATTTTTCTTGTCTTGCT.

Wound closure in vivo

The protocols were approved by the Shanghai Jiao Tong
University animal care and use committee guidelines. The
effects of the hydrogel on wound closure was evaluated in
a mouse model as reported®*. Briefly, a drop of 1.0%-BG/
OSA or pure OSA gelling solution was used on the wound
edge. Then, the two wound edges were brought in contact
for 1 min.

Chronic wound healing in vivo

Female nude mice (BALB/c, 6-8 weeks, n=27) were
randomly separated into three groups. After anesthesia
with tribromoethanol (1.2%, 0.02 ml/g), a full-thickness
excision 10 mm in diameter on each mouse’s back was
performed. For the OSA or 1.0%-BG/OSA hydrogel
groups, hydrogel cylinders 10 mm in diameter were used
on the wound site. For the Blank group, the animals
without any treatment were used as a negative control.
Then, 100 pl of Depo Medrol (20 mg/kg BW, Pfizer) was
subcutaneously injected into all mice to delay wound
healing. Seven, 14, and 21 days later, the mice were killed,
and the tissue explants at the wound site were harvested.
Histological and immunohistochemical analyses were
performed as in our previous report™'.

Results
Preparation of the BG/OSA hydrogels

As shown in Fig. la, the homogeneous composite
hydrogels were obtained with different amounts of BG.
ADH-modified y-PGA is a biocompatible cross-linking
agent that constitutes OSA gels'"*. However, the reac-
tion is too rapid, and there is hardly enough time for the
operation. The injection of the OSA hydrogel is nearly
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Fig. 1 The obtained BG/OSA hydrogels. a Optical images of the
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impossible unless a dual syringe/syringe is used””*”. In
this study, we attempted to prolong the gelling time by
changing the amount of BG. The gelling time increased
with an increase in BG content (Fig. 1b). The gelling time
ranged from <1 min for the OSA hydrogel without BG to
8.0min for the BG/OSA hydrogel with 1.5% BG. It is
known that the cross-linking reaction of OSA and ADH-
modified PGA is fast in weakly acidic environments®.
Before the addition of BG, the hydrogel solution was
acidic (as shown in Fig. 2d), and the gelling reaction was
rapid. After the addition of BG, the pH of the hydrogel
solution became weakly alkaline, which resulted in an
increase in the gelation time.

Dual adhesion
Tissue adhesion is an essential factor for the practical
applications of tissue adhesives®, wound dressing®, and

wearable devices®’. The adhesive properties of the com-
posite hydrogels with various biological tissues were
explored, and the results are given in Fig. 2a. Biological
tissues, including the skin, liver, fat, bone, muscle, and
myocardium, could easily adhere to the 1.0%-BG/OSA
hydrogel. Figure 2c shows the adhesive strength of the
different hydrogels to different tissues, in which the
adhesive strengths of the BG/OSA hydrogels to skin tis-
sues were significantly higher than those of the OSA
hydrogel. As shown in Fig. 2d, the pH value of the
hydrogels increased gradually with the increase in BG
amount in the hydrogels, indicating that the creation of an
alkaline environment by BG addition played an important
role in regulating hydrogel adhesiveness. As shown in
Supplementary Fig. S1A, by comparison of the adhesive-
ness of the BG/OSA hydrogels to skin tissue with that of
the calcium carbonate (CA)/OSA composite hydrogel,
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sodium carbonate/OSA composite hydrogel, and the
hydrogel prepared with calcium chloride solution (CaCl,/
OSA hydrogel), we found that although the CA/OSA
hydrogel showed slightly improved adhesiveness to the
skin compared with the OSA hydrogel, the CA/OSA
hydrogel still showed significantly lower adhesiveness
than that of the BG/OSA hydrogel. The CaCl,/OSA
hydrogel and sodium carbonate/OSA hydrogel also
showed similar adhesiveness to skin tissue as the pure
OSA hydrogel. The pH measurements of the different
hydrogels indicated that, compared with the BG/OSA
hydrogel, the other hydrogels showed acidic or neutral pH
values (Supplementary Fig. S1B), except for the Na,CO3/
OSA hydrogels, which showed a slightly alkaline pH at the
beginning of gel formation, which then decreased to
neutral with time.

In addition to the measurements of the adhesive
strength between the hydrogels and different tissues, the
adhesiveness of the BG/OSA hydrogel to different
material surfaces was also evaluated. As shown in Fig. 3a,
some commonly used implantable materials, including
silicone, titanium alloy, and TCP, were employed to
evaluate the adhesion of the BG/OSA hydrogel on the
material’s surface. The BG/OSA hydrogel showed
adhesion to all these materials, and this adhesion
strength increased with the increase in the amount of BG
in the hydrogel. Considering that the regulation of
adhesiveness of hydrogels to materials might be regu-
lated by the chelation between Ca ions and the carboxyl
groups of the polymer chains of the hydrogels, we fur-
ther explored the possible mechanisms by comparing the
adhesiveness of the BG/OSA hydrogel with the CA/OSA
composite hydrogel, sodium carbonate/OSA composite
hydrogel, and the hydrogel prepared with CaCl,/OSA,
which showed similar adhesiveness to the pure OSA
hydrogel (Supplementary Fig. S2). These results showed
that the CA/OSA hydrogel showed comparable adhe-
siveness to the BG/OSA hydrogel, while the CaCl,/OSA
hydrogel and sodium carbonate/OSA hydrogel showed

lower adhesiveness comparable with the pure OSA
hydrogel (Supplementary Fig. S2). It is known that the
adhesiveness of hydrogels to materials is closely related
to both the surface roughness of the material and the
viscosity of the hydrogel®®. As shown in Fig. 3b, the
hydrogel showed better adhesion to porous TCP discs
than to the smooth TCP discs. To further explore the
adhesion mechanism of the BG/OSA hydrogel to mate-
rials, the viscosity of the hydrogels was also measured.
As shown in Supplementary Fig. S3, the introduction of
BG into the hydrogel resulted in a significant increase in
the viscosity. To elucidate the possible mechanisms of
the adhesiveness to the materials, the viscosities of the
hydrogels with different compositions were measured.
As shown in Supplementary Fig. S4, the BG/OSA and
the CA/OSA hydrogels showed similar viscosities, which
were significantly higher than those of the pure OSA, the
CaCl,/OSA, and the Na,CO3/OSA hydrogel.

Cell proliferation and bioactivity in vitro

BG is known as a bioactive material, and here in our
study, it indeed endowed the composite hydrogels with
bioactivity by releasing bioactive Si ions. As shown in
Fig. 4a, there was a steady and sustained Si ion release.
Figure 4b, c shows the effects of the BG/OSA hydrogel
on the proliferation of HUVECs and HDFs. A stimula-
tory effect on the proliferation of HUVECs and HDFs in
the BG/OSA hydrogel group was observed compared
with the Blank group, but no significant differences
were found between the OSA hydrogel group and the
Blank group.

More importantly, as shown in Fig. 4d, RT-PCR ana-
lyses revealed that the expression levels of vascular
endothelial growth factor (VEGF) in HUVECs and HDFs
loaded with 1.0%-BG/OSA hydrogels were significantly
higher than those of the cells growing in the OSA
hydrogel on day 3 after seeding. These results suggest that
the BG/OSA hydrogel might be able to promote
angiogenesis.
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Effect of the BG/OSA hydrogel on wound closure in vivo

The adhesive performance of the composite hydrogel to
skin wound healing was evaluated by a mouse wound
closure model (Fig. 5a). As shown in Fig. 5b, 3 days after
surgery, no wound leakages or infections were observed in
the rat skins treated with the BG/OSA hydrogel. The
obtained skin closures by the adhesive BG/OSA hydro-
gels, and the results were comparable with that of the
traditional suture method. For the pure OSA hydrogel,
which lacks enough tissue adhesion, the wound edges
were not bonded by the hydrogel. The wound gaps and
the blood scabs were as large as those in the Blank
group. The H&E staining shown in Fig. 5c clearly shows
obvious epidermal gaps in the OSA hydrogel group and
the Blank group, and the defect sites were covered with
large blood scabs. In contrast, in the BG/OSA hydrogel
group and the suturing group, intact epidermal layer
formation was observed at the lacerated sites. The his-
tological morphology at the repaired sites was similar to
the adjacent normal tissue. This result suggests that
wound closure is important for the healing process and
that our adhesive hydrogel is as effective as traditional
suture closure.

Effects of the BG/OSA hydrogel on wound healing in vivo
The effect of the bioactive BG/OSA composite hydrogel
on the enhancement of wound healing was evaluated by a

mouse chronic wound model. Wound closure and neo-
vascularization in the BG/OSA hydrogel group, OSA
hydrogel group, and Blank group were measured and
compared. The gross observation photos of the wounds
are given in Fig. 6a. They correspond to 7, 14, and 21 days
after the different treatments. Almost no repair was
observed in the Blank group after 7 days. In the OSA and
BG/OSA hydrogel groups, the reduced wound area was
obvious after 7 days. A light yellow color was observed,
indicative of the remaining hydrogel on the top of the
wound. At day 14, minimized wound area was observed in
the BG/OSA group, the maximized blood scab area
increased in the Blank group, and the OSA group had
results between those of the other two groups. At day 21,
the wound in the BG/OSA group was completely closed,
and the Blank group still showed a large blood scab, while
the OSA group had a result that was between those of the
other two groups and showed a minimal blood scab.
Quantification of wound sections revealed that the BG/
OSA hydrogel group exhibited the highest percent of
wound closure, which was significantly different from the
OSA hydrogel and Blank groups (Fig. 6c¢).

Figure 6b represents the H&E staining micrographs of
all the groups. It is clear from the results that 7 days after
surgery, there was already epidermis formation in the
wound treated with the BG/OSA hydrogel, while no neo-
epidermis layer was observed in the other groups.
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and 3. ¢ H&E staining of skin wound sections on day 3 post surgery
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According to Fig. 7a, more CD 31-positive staining was
observed in the BG/OSA hydrogel-treated wound area,
whereas less CD 31-positive staining was found in the
OSA group and Blank group. The number of newly
formed blood vessels in the BG/OSA group was sig-
nificantly higher than that in the OSA and Blank groups 7,
14, and 21 days after surgery (Fig. 7b). Furthermore, it is
interesting that on day 21 after treatment, the diameters
of the newly formed blood vessels in the BG/OSA group
were much larger than those in other groups (Fig. 7c).

Furthermore, the effects of the BG/OSA hydrogel to
promote the process of wound healing was confirmed by
immunohistochemical staining of collagen I and K14. As
shown in Fig. 8a, 7 and 14 days post surgery, the staining
intensity of collagen I in the newly formed skin in the BG/
OSA group was the strongest among the three groups,
which indicates that the BG/OSA composite hydrogel
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stimulated collagen I secretion. On day 21, the staining
intensity of collagen I in the BG/OSA group became
weaker, which indicates that the healing process was
almost complete. As shown in Fig. 8b, thicker and more
uniform keratinized layers were found in the wounds
treated with the BG/OSA hydrogel. This finding reveals
that the composite hydrogel may stimulate the migration
and proliferation of keratinocytes during wound healing.

Discussion

Moisture maintenance is necessary for the management
of wounds. The hydrogel dressings could not only provide
a moist environment but could also provide other mul-
tiple functions, such as anti-infective, antioxidative, and
free radical scavenging capacities to promote wound
healing®®*°. However, most hydrogels do not have the
ability to provide wound occlusion and stimulate blood
vessel formation, which are important for chronic wound
healing. In this paper, we proposed a novel approach
utilizing the multiple functions of the BG, which resulted
in a hydrogel with both tissue adhesive and bioactive
properties. Our results demonstrated that the BG/OSA
composite hydrogel was not only adhesive enough for
wound closure in vivo but also stimulated angiogenesis
in vitro and enhanced in vivo blood vessel formation
during wound healing.

SA is a biocompatible natural polymer that is suitable
for the preparation of hydrogels through chemical cross-
linking after periodate oxidation®>?°. However, the OSA
hydrogel obtained by the conventional cross-linking
method has limited adhesive ability to tissues because
the pH value in the wound area is generally in the weakly
acid or neutral range (5.4-7.4)* or even acidic in cancer
tissues'®, which does not favor the adhesive interaction
between the hydrogel and tissues. A weak alkaline envir-
onment is required for amide formation between the
hydrogel and tissues'®. Therefore, we utilized the function
of BG in our material design, in which the BG particles
slowly released alkaline ions to create a mild alkaline
environment in favor of the amide-forming reaction. The
results confirmed the effectiveness of our design and
demonstrated that the introduction of BG significantly
improved the tissue-bonding ability of the OSA hydrogel
and the BG/OSA hydrogel provided complete wound
closure in vivo. Moreover, our BG/OSA composite
hydrogel not only showed high tissue adhesiveness but
also revealed good adhesiveness to different medical
implantable materials, such as titanium alloy, silicon, and
calcium phosphate bioceramics.

In comparison with the pure OSA hydrogel, the
increased adhesiveness of the BG/OSA hydrogel to
materials can be explained by the enhanced viscosity of
the hydrogel, which was caused by the physical cross-
linking via chelation between the Ca®" released from the
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BG and the carboxyl groups of the polymer chains of the
hydrogel. By comparing the adhesiveness and viscosities
of the BG/OSA hydrogel with the CA/OSA and Na,CO3/
OSA hydrogels, we can conclude that Ca ions are the
main factor determining the adhesiveness of the hydrogel
to the material. Furthermore, the low adhesiveness and
viscosity of the CaCl,/OSA hydrogel suggest that the
sustained release of Ca ions from BG or calcium carbo-
nate particles is critical for chelation cross-linking. Direct
addition of the CaCl, solution results in the rapid reaction
between Ca*" and the guluronate blocks of alginate
chains, which does not favor uniform gel formation and
significantly affects the hydrogel properties. Moreover, the
increased adhesiveness of BG/OSA might also be partially
explained by the interlock effect, in which a rougher
surface and a more viscous adhesive enable easier fluid
penetration, producing more mechanical interlock joints
and hence better adhesion'®”. All of this evidence
demonstrated that BG played a multifunctional role in the
BG/OSA composite hydrogel due to its unique dual-
adhesive property, which was not only adhesive to tissues
but also to implantable materials.

Another important property of hydrogels for wound-
healing applications is their bioactivity to wound-dressing
materials to enhance the healing process. Incorporating
the BG particles into hydrogel systems will endow the
hydrogel with bioactivity for enhanced angiogenesis and
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Fig. 9 Summary of the dual-adhesive and bioactive BG/OSA
hydrogels. a The rapid ion exchange on the BG surface makes an
alkaline environment to promote imine linkage formation between
the tissues and the hydrogel. b The BG promotes adhesion between
the hydrogel and materials via chelation between the carboxyl groups
and Ca’" released from BG. ¢ The released Si ions promote
vascularization in the wound area

wound healing by releasing Si ions*"*°. Here, we also
confirmed that in our novel adhesive hydrogel system, BG
maintained its bioactivity and endowed the composite
hydrogel with excellent activity to stimulate wound
healing by enhancing angiogenesis. According to all the
results obtained, we confirmed our hypothesis that BG
plays multiple roles in the formation of the bioactive and
dual-adhesive hydrogel as a bifunctional material for
wound healing. The possible mechanisms of the BG/OSA
composite hydrogel for the formation of adhesiveness to
both tissues and implantable materials and the bioactivity
to stimulate wound healing are illustrated in Fig. 9. First,
the rapid ion exchange on the BG surface creates an
alkaline environment, which accelerates the formation of
an imine bond for enhanced adhesiveness of the hydrogel
to the tissues. Second, the release of Ca>" from the BG
chelates with the carboxyl groups in the OSA and y-PGA
chains to endow the hydrogel with adhesiveness to
implantable materials. Furthermore, BG releases Si ions,
which enhances angiogenesis and accelerates the wound
healing process in vivo.

Conclusion
In summary, we developed a novel dual-adhesive and
bioactive BG/OSA hydrogel for wound closure and
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enhancement of wound healing. The adhesiveness of the
OSA hydrogel to tissues was significantly enhanced by the
introduction of BG with the release of alkaline ions,
which was confirmed by the wound closure test in vivo.
Furthermore, the adhesive hydrogel showed good adhe-
siveness to different implantable biomaterials due to
chelation of Ca ions with the carboxyl groups in the
hydrogel matrix, which might be useful for preventing
implant dislocation. In addition to the dual adhesiveness
to both tissues and implantable materials, the BG/OSA
hydrogel has also been demonstrated to be bioactive to
stimulate angiogenesis and promote chronic wound
healing in vivo.
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