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A B S T R A C T

Biocompatible hydrogels have potential applications as scaffold materials for repairing bone defects. However, 
they lack strength suitable for bone tissue and are easily damaged. Therefore, the development of hydrogels with 
high mechanical strength and self-healing properties is strongly desired. Poly(γ-glutamic acid) (PGA), a poly
saccharide derived from natto, and hyaluronic acid (HA), a major component of the extracellular matrix (ECM), 
are both biocompatible and biodegradable, and thus expected to be used as potential biopolymers. In this study, 
self-healing hydrogels using PGA modified with adipic acid dihydrazide (PADH) and oxidized HA (OHA) with in 
situ hydroxyapatite (HAp) formation were developed via the Schiff base reaction. The hydrogel was easily ob
tained at room temperature by blending the two polymer precursor solutions and was injectable using a syringe 
with a short gelation time. The resulting hydrogels showed a significant increase in the mechanical strength as 
the amount of HAp in the hydrogels increased. The hydrogels demonstrated self-healing properties through 
reversible acylhydrazone bonds, although the self-healing efficiency was reduced in hydrogels with a high HAp 
content. Moreover, the hydrogels exhibited a low swelling ratio, 3D porous structures, and adhesion to chicken 
bone, suggesting that they are suitable for treating bone defects. In summary, our results indicate the potential of 
PGA/HA/HAp hydrogels given their injectability, superior mechanical strength relative to typical hydrogels, self- 
healing properties, and adhesion to bone.

1. Introduction

Bone grafting is often used to treat bone defects and fractures caused 
by disease or injury. However, these methods involve a heavy surgical 
burden and high risk of inflammation [1,2]. Various alternative mate
rials such as metals, bioceramics, and biodegradable polymers have 
been considered, but challenges remain in developing materials with 
sufficient strength, morphology, osteoinductivity, and compatibility 
[3–7]. Therefore, bone regeneration via tissue engineering using 
hydrogels has attracted significant attention in recent years [8]. 
Hydrogels are polymeric materials with three-dimensional structure 
formed of hydrophilic polymer chains that can absorb water. Its porous 
structure and high biocompatibility promote bone regeneration by 
facilitating cell growth. In addition, injectable hydrogels can conform to 
various bone-defect shapes owing to their flexibility [9–11]. However, 
conventional hydrogels often lack mechanical properties and are easily 
damaged, limiting their applications as hard bone repair materials [12]. 
Therefore, a method for implanting a combination of hydroxyapatite 
(HAp) and hydrogel into bone has been investigated. HAp, which is 

composed of Ca5(PO4)3OH, is the main component of bone and has 
attracted attention as a biomaterial owing to its stability against tem
perature and pH, and high biocompatibility. HAp exhibits excellent 
osteoconductive properties, thereby supporting bone regeneration [3,
13,14]. Injection of HAp-containing hydrogels into the bone may 
improve mechanical strength and promote the repair of bone defects. 
Kuang et al. reported an injectable nanocomposite hydrogel for bone 
regeneration by in situ growth of calcium phosphate nanoparticles using 
dimethylaminoethyl methacrylate (DMAEMA) and 2-hydroxyethyl 
methacrylate (HEMA) for bone regeneration [15].

Furthermore, to enable long-term use of the material in the body, this 
study focused on self-healing hydrogels. Self-healing hydrogels that can 
spontaneously repair damage have attracted considerable interest [16,
17]. Self-healing mechanisms can be divided into physical and chemical. 
Physical self-healing occurs through non-covalent interactions, such as 
hydrophobic interactions, host-guest interactions, and hydrogen 
bonding. In contrast, chemical self-healing occurs through the formation 
of covalent bonds such as disulfide bonds, acylhydrazone bonds, and 
Diels-Alder reactions [18,19]. These self-healing hydrogels have 
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applications in wearable electronics, biosensors, and drug delivery 
because they do not lose their functionality once damaged, thereby 
improving the safety and lifetime of these materials [20–22]. We 
focused on acylhydrazone bonds, reversible covalent bonds formed by 
the Schiff base reaction, and attempted to fabricate self-healing hydro
gels using naturally derived biopolymers Hyaluronic acid (HA) and poly 
(γ-glutamic acid) (PGA).

HA is a major component of the extracellular matrix (ECM), and 
possesses biocompatibility, biodegradability, and low immunogenic 
activity [23]. These features render it a promising material for use in 
tissue engineering, drug delivery, and wound repair [24,25]. Li et al. 
reported that hydrogels consisting of hydrazide-modified HA, 
aldehyde-modified HA, aldehyde-modified cellulose nanocrystals, and 
platelet-rich plasma exhibited excellent self-healing properties and 
promoted wound healing [26]. However, many conventional hyaluronic 
acid hydrogels have weak strength and insufficient stability in the body, 
so introducing cross-linking or combining them with other materials has 
been considered [27,28].

PGA is a highly biodegradable, biocompatible, and nontoxic 
biopolymer derived from natto [8]. PGA is synthesized in nature by 
Bacillus subtilis and formed by amide bonding of α-amino and 
γ-carboxyl groups of two glutamic acids [29,30]. PGA has carboxyl 
groups on its side chain, which allow for hydrogen bonding and elec
trostatic interactions with other polymers, as well as the easy intro
duction of various functional groups, making it suitable for further 
applications like drug delivery [31,32]. In addition, PGA is degraded 
into glutamic acid, a component of collagen that promotes the nucle
ation of hydroxyapatite [8]. Several injectable hydrogels using PGA 
have been developed and are expected to be used in vivo as scaffold 
materials for tissue engineering and drug delivery [33]. Clarke et al. 
reported that β-sheet peptides grafted poly(γ-glutamic acid) hydrogel 
exhibits self-healing, tailor-made mechanical properties and can be a 
promising platform for future tissue engineering scaffolds and biomed
ical applications [34]. However, previous study has reported that it 
takes approximately 14 days for HAp to form in PGA-only hydrogels 

[35]. In addition, hydrogels containing dynamic covalent crosslinking 
formed by a thiol-aldehyde addition reaction between thiol-modified 
PGA and oxidized HA self-repaired in 8 hours but were prone to 
degradation in phosphate-buffered saline (PBS) [36]. Therefore, we 
focused on introducing acylhydrazone bonds to create more stable and 
stronger PGA-based hydrogels at low cost.

In this study, we successfully fabricated poly(γ-glutamic acid)/ hy
aluronic acid/ hydroxyapatite hydrogels through rapid, simple, and 
mild gelation method. The hydrogels were prepared by mixing 
hydrazide-modified poly(γ-glutamic acid) (PADH) and oxidized hyal
uronic acid (OHA) in the presence of calcium and phosphate ions. 
Within a few minutes, gelation occurred via Schiff base reaction and 
hydroxyapatite (HAp) formation in situ (Fig. 1), requiring no harsh re
action conditions, such as high temperature or extreme pH, nor expen
sive reagents. This method allows for easy fabrication of mechanically 
robust hydrogels, thanks to both covalent acylhydrazone cross-linking 
and the uniform dispersion of HAp crystals formed within the hydro
gel matrix. The introduction of HAp not only improved the osteo
conductivity but also led to a marked enhancement in compressive 
strength, making the hydrogels suitable for bone repair applications. 
Moreover, the flexibility and injectability of the hydrogels allowed it to 
fit into the irregular shape of damaged bone areas, and short gelation 
time reduce the risk of leakage of the precursor solution. Furthermore, 
the introduction of the covalent acylhydrazone bond not only increased 
the strength of the hydrogel, but also gave the hydrogel self-healing 
properties due to its reversibility. This study achieved a rapid and sim
ple method of gelation PGA/HA hydrogels including HAp, and evaluated 
the mechanical properties and self-healing capacity.

2. Materials and methods

2.1. Materials

Poly(γ-glutamic acid) (PGA) (Mw = 1.6 ×105 g mol− 1) was provided 
by Kookmin University (Seoul, Korea). Hyaluronic acid sodium salt, 

Fig. 1. Schematic representation of hydrogel formation.
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sodium periodate (NaIO4), 2-morpholinoethanesulfonic acid (MES), 
diammonium hydrogen phosphate ((NH4)2HPO4), calcium nitrate tet
rahydrate (Ca(NO3)2ཥ4H2O) were purchased from Wako Chemicals 
(Osaka, Japan). 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hy
drochloride (EDC), N-hydroxysuccinimide (NHS), and adipic dihy
drazide (ADH) were purchased from Tokyo Chemical Industry (Tokyo, 
Japan). All the reagents were used without further purification.

2.2. Synthesis of PADH

Poly(γ-glutamic acid) (1.3 g, 10 mmol) was dissolved in 100 mL of 
MES buffer solution prepared to 0.01 mol/L (pH 5.5). Following which, 
EDC (1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride) 
(2.3 g, 12 mmol) and NHS (N-hydroxysuccinimide) (1.2 g, 12 mmol) 
were added, stirring at 25 ◦C for 30 min to activate the carboxylic 
groups. Then, ADH (adipic dihydrazide) (2.6 g, 15 mmol) was dissolved 
in 10 mL of deionized water, which was added to the flask and reacted at 
25 ◦C for 24 h. The solution was precipitated with ethanol and acetone 
and dialyzed with deionized water using a 10 kD membrane for 3 days, 
followed by lyophilization to obtain PADH as a white solid.

2.3. Synthesis of OHA

Sodium hyaluronate (0.4 g, 1 mmol) was added to a round-bottom 
flask with 100 mL of deionized water and stirred overnight at 25 ◦C. 
Following which, NaIO4 (0.3 g, 1.5 mmol) was dissolved in 6 mL of 

deionized water and added to a flask and reacted for 6 h in dark con
dition at 25 ◦C. Subsequently, ethylene glycol (0.093 g, 1.5 mmol) was 

added and stirred for 30 min to stop the reaction. The reaction solution 
was dialyzed with deionized water using a 10 kD membrane for 3 days. 
A white solid was obtained after lyophilization.

2.4. Preparation of hydrogels

Phosphate and calcium ion solutions were prepared by (NH4)2HPO4, 
Ca(NO3)2ཥ4H2O using 0.1 M Tris buffer (pH 8). The synthesized PADH 
and OHA were dissolved in a phosphate ion solution (0.5 mL) and cal
cium ion solution. Hydrogels were obtained by mixing the solutions at 
37 ◦C. In this study, hydrogels were prepared by varying the concen
tration of the ion solutions. The prepared hydrogel was named PADH- 
OHA-CaPx, where x is the concentration of the calcium ion solution. 
The vial inversion method was used to determine the gelation times of 
the hydrogels.

2.5. Characterization

The structure of PADH was characterized by 1HNMR (JMN-ECS400) 
using D2O as the solvent. Attenuated total reflection Fourier transform 
infrared (ATR-FTIR) spectroscopy (Nicolet iS5 spectrometer, Thermo 
Scientific) was measured to determine the introduction of carbonyl 
groups of OHA in the range 500–4000 cm− 1. The degree of OHA 
oxidation was examined by titration with hydroxylamine hydrochloride 
using Eq. (1).  

The XRD patterns of the obtained hydrogels were analyzed using a 

Fig. 2. (a) 1H NMR spectra of PGA and PADH (b) FT-IR spectra of HA and OHA.

Amount of aldehyde groups of OHA (mmol / g) =
the concentration of NaOH (mmol/L) × volume of NaOH (L)

weight of OHA (g)
(1) 
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SmartLab (Rigaku) instrument with a Cu K-beta X-ray source. Mea
surements were performed in the range of 10◦–60◦ at a scanning rate of 
5◦/min. PDXL2 (from the ICDD database PDF-2 2011) was used for 
identification.

Rheological tests were performed using a Hakke Rheostress 6000 
(Thermo Scientific) equipped with a 20 mm diameter parallel plate. 
Hydrogels were placed on the plates, and oscillation frequency sweep 
was carried out using at 25 ◦C in the range of 0.1 Hz–10 Hz. Compression 
tests were performed using a Hakke Rheostress 6000 (Thermo Scientific) 
equipped with a 20 mm diameter parallel plate. The measurements were 
performed at 25 ◦C at a rate of 10.0 mm/s.

The morphologies of the hydrogels were characterized by scanning 
electron microscopy (SEM, Hitachi, SU3500). The hydrogel samples 
were freeze-dried 24 hours after gelation and sputtered with an Au-Cd 
coating using an MSP-1S magnetron sputterer (Vacuum Device Inc.).

A TG/DTA 7200 (Hitachi High-Tech Science Corporation) was used 
for thermogravimetric analysis to determine the amount of HAp present 
in the hydrogels. Measurements were performed under a nitrogen at
mosphere at a heating rate of 10 ◦C/min from 40 ◦C to 800 ◦C.

2.6. Swelling test

The hydrogels were immersed in 30 mL of phosphate buffer solution 
(pH 7.4) at room temperature. After a certain amount of time, the 
hydrogels were removed from the solution, the surface moisture was 
wiped off with a tissue paper, and their weights were measured. The 
swelling ratio was calculated using Eq. (2): 

Swelling ratio (%) =
wt − w0

w0
× 100 (2) 

Here, W₀ denotes the original weight of the sample, and W₁ represents 
the weight at a given time (t).

2.7. Self-healing abilities

The prepared hydrogels were cut into two pieces, the cutting faces 
placed together and left overnight at 37 ◦C. The cut faces of the 
hydrogels were visually examined and pulled using tweezers. In addi
tion, compression tests were performed using a Hakke Rheostress 6000 
(Thermo Scientific) equipped with a 20 mm diameter parallel plate at 25 
◦C at a rate of 10.0 mm/s. The maximum stresses were compared for the 
hydrogels before cutting and after repair, and the self-healing efficiency 
was calculated using the following Eq. (3). 

Healing efficiency (%) =
FH

F0
× 100 (3) 

Here, F₀ denotes the maximum stress of the original hydrogel (Pa), while 
Fᴴ represents the maximum stress of the healed hydrogel (Pa).

2.8. Bioadhesion of hydrogels

The precursor solutions of hydrogels were injected into the damaged 
chicken bone using a syringe and left overnight at 37 ◦C. The boundary 
between the hydrogel and the bone was observed using a high- 
magnification microscope (SE-2000WR, Selmic).

3. Results and discussion

3.1. Characterization of PADH and OHA

PADH was synthesized by modifying the carboxylic acid of PGA with 
ADH and was characterized by 1HNMR. As shown in Fig. 2(a), a new 
peak derived from the methylene protons (4H, –CH2CH2-) of ADH was 
identified in PADH. The degree of substitution was calculated by 
comparing the integral areas of the peaks attributed to the protons a and 
e and it was found to be 27 %. The OHA was prepared by oxidizing HA 
with sodium periodate. The FT-IR spectra of HA and OHA were 
measured, and a peak attributed to aldehyde groups was observed at 
approximately 1730 cm− 1 in the spectrum of OHA (Fig. 2(b)). The in
tensity of the broad peak at 3000–3500 cm− 1 originating from the hy
droxyl groups was smaller in OHA than in HA. Therefore, the hydroxyl 
group of HA was successfully oxidized to obtain OHA aldehyde groups. 
The amount of aldehyde groups of OHA was determined to be 0.43 
mmol/g by titration using hydroxylamine hydrochloride. In addition, 
the toxicity of OHA and PADH was investigated by examining cell 
viability after 48 hours (Figure S1.). While PADH showed high survival 
rates of 0.8 or higher at all concentrations, OHA showed a decrease in 
survival rates in high-concentration solutions. This is thought to be due 
to the effects of residual oxidising agent used in the synthesis of OHA, 
and a review of the production method and further investigation of 
biocompatibility will be required in the future.

3.2. Preparation of hydrogels

Hydrogels were prepared by mixing PADH and OHA in the presence 
of Ca2+ and PO4

3− via acylhydrazone bonds. In this study, PADH-OHA- 
CaP0.25, PADH-OHA-CaP0.5, and PADH-OHA-CaP1.0 hydrogels were 

Fig. 3. (a) Gelation time of hydrogels with different Ca2+, PO4
3− concentration (b) XRD results of hydrogels with different Ca2+, PO4

3− concentration (c) Photograph 
of the injectability of PADH-OHA-CaP0.5.
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prepared by changing the concentration of calcium ion solution to 0.25 
mol/L, 0.5 mol/L, and 1.0 mol/L, respectively, while the molar ratio of 
calcium and phosphate ions was kept 5:3. PADH-OHA hydrogels without 
calcium and phosphate ions were also prepared using 0.1 M Tris buffer 
for comparison. The gelation times were all within 5 min for the PADH- 
OHA-CaP hydrogels, compared to approximately 1 h for the PADH-OHA 
hydrogels (Fig. 3(a)). The formation of acylhydrazone bonds by the 
Schiff base reaction is favored by mildly acidic conditions around pH 6 
[37], and the higher concentration of calcium and phosphate ion solu
tions may have resulted in faster formation of HAp and shorter gelation 
time because the hydroxyl groups are consumed faster. The short gela
tion time allowed the solution to fit into the damaged area of the bone 

without diffusion.
XRD measurements were performed to confirm the formation of HAp 

(Fig. 3(b)). The main HAp peaks are observed at approximately 26◦ and 
32◦ [12] for the PADH-OHA-CaP hydrogel, confirming the formation of 
HAp. Furthermore, the peak intensity increased as the concentrations of 
the calcium and phosphate ion solutions increased, suggesting that the 
amount of HAp generated increased.

The injectability of PADH-OHA-CaP0.5 was also confirmed. As 
shown in the Fig. 3(c), it was possible to inject the letters “O” and “U” 
using a double syringe. These letters can be injected without clumping 
for about 3 min after starting the injection; after about 5 min, the so
lution begins to solidify, so the operation should be carried out quickly. 
Therefore, the prepared hydrogels could be applied to various bone 
fracture shapes.

The hydrogels were then immersed in PBS, and the swelling ratio was 
measured (Fig. 4). The swelling ratio reached 212 % after 30 h for 
PADH-OHA hydrogels without HAp. In contrast, it decreased signifi
cantly in hydrogels containing HAp, with 62 % for PADH-OHA-CaP0.25, 
32 % for PADH-OHA-CaP0.5 and 24 % for PADH-OHA-CaP1.0. As the 
concentrations of the calcium and phosphate ion solutions increased, the 
hydrogel absorbed less water. Because hydrogels break easily when 
swollen, a lower swelling ratio is more suitable for application as a bone 
repair material.

3.3. Mechanical properties

The storage modulus, G’, of the hydrogels was measured (Fig. 5(a)). 
The storage modulus of the hydrogel containing HAp increased signifi
cantly compared to that of the hydrogel without HAp, confirming that 

Fig. 4. Swelling ratio of hydrogels with different Ca2+, PO4
3− concentration.

Fig. 5. (a) Rheology (b) Compressive stress of hydrogels with different Ca2+, PO4
3− concentration.

Fig. 6. (a) SEM images (b) TGA results of hydrogels with different Ca2+, PO4
3− concentration.
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higher strength hydrogels were obtained. In addition, the G’ values 
increased from 3011 Pa for PADH-OHA-CaP0.25, to 48,908 Pa for 
PADH-OHA-CaP1.0, indicating that the strength increased when the 
concentration of the calcium and phosphate ion solutions increased. 
This could be attributed to the increased amount of HAp formed in the 
hydrogels.

In addition, the mechanical properties were evaluated using a 
compression test (Fig. 5(b)). The PADH-OHA-CaP hydrogels showed 
better mechanical properties than hydrogels without HAp. The 
maximum stress increased with increasing concentrations of calcium 
and phosphate ion solutions, exceeding 250 kPa for PADH-OHA-CaP1.0. 
Similar to the results of the rheological measurements, this trend may be 
related to the amount of HAp contained in the hydrogel. The resulting 
PADH-OHA-CaP hydrogels are stronger than existing hydrogels being 
considered as bone replacement materials [38] and is expected to be 
used as a fixation material until the damaged bone heals.

3.4. Amount of HAp

The morphology of the hydrogel was observed using SEM (Fig. 6(a)). 

HAp particles were formed in the PADH-OHA-CaP hydrogel, and the 
amount of HAp formed increased as the concentration of the calcium 
and phosphate ion solutions increased. This is believed to be the reason 
for the improved mechanical properties of the hydrogels.

TGA was performed to determine the HAp content of the hydrogels 
(Fig. 6(b), Table 1).

Fig. 6(b) depicts the framework decomposition in PADH-OHA-CaP 
hydrogels started around 230 ◦C, demonstrating enhanced thermal 
stability compared to PADH-OHA hydrogel. The remaining weight 
above 780 ◦C in the PADH-OHA hydrogel was assumed to be a high- 
molecular-weight polymer, and the HAp content in the PADH-OHA- 
CaP hydrogel should be considered, excluding this amount. Table 1
shows that the HAp content of the PADH-OHA-CaP hydrogels increased 
with increasing concentrations of calcium and phosphate ions. The TGA 
data showed an increase in HAp, just as the aforementioned SEM results 
indicate.

3.5. Self-healing properties

To evaluate the self-healing properties of the hydrogels, they were 
cut into two pieces and left overnight at 37 ◦C with the cut surfaces 
touched. As shown in Fig. 7(a), all prepared hydrogels healed to the 
extent that they did not break when pulled with tweezers. Therefore, the 
hydrogels with HAp exhibited self-healing properties through reversible 
acylhydrazone bonds, as illustrated in Fig. 7(c). The self-healing effi
ciency of each hydrogel was examined from the maximum stress of the 
compression test (Fig. 7(b)). The values for self-healing efficiency were 
100 % for PADH-OHA, 94 % for PADH-OHA-CaP0.25, 52 % for PADH- 

Table 1 
TGA results of hydrogels with different Ca2+, PO4

3− concentration (T=780 ◦C).

Hydrogel Weight loss ( %) Content of HAp ( %)

PADH-OHA 18.80 –
PADH-OHA-CaP0.25 31.33 12.53
PADH-OHA-CaP0.5 46.89 28.09
PADH-OHA-CaP1.0 58.35 39.55

Fig. 7. (a) Photographs of the self-healing ability (b) Self-healing efficiency of hydrogels with different Ca2+, PO4
3− concentration (c) Healing mechanism of PADH- 

OHA-CaP hydrogels.
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OHA-CaP0.5 and 38 % for PADH-OHA-CaP1.0. PADH-OHA and PADH- 
OHA-CaP0.25 showed self-healing efficiency close to 100 %. Such high 
self-healing properties are expected to contribute to a longer lifetime of 
the hydrogels. However, the self-healing efficiency was reduced for 
hydrogels containing large amounts of HAp like PADH-OHA-CaP0.5 and 
PADH-OHA-CaP1.0, due to the inhibition of the Schiff base reaction 
between PADH and OHA.

3.6. Adhesion to bone

Hydrogels were directly injected into chicken bones, and the adhe
sion ability of HA- and OHA-based hydrogels to the bone was compared 
(Fig. 8). For the hydrogel containing HA, the bone and hydrogel sepa
rated when the hydrogel was pulled, and the boundary was observed 
with a high-magnification scope, showing clear separation of the 
hydrogel and bone. However, the hydrogel and the bone did not sepa
rate when OHA was used, as shown in the image on the right. The 
boundary between the PADH-OHA-CaP hydrogel and bone was indis
tinct, with no gap between the two. This was thought to be due to the 
Schiff base reaction between the aldehyde groups in OHA and the amino 
groups in the bone. Therefore, the prepared PADH-OHA-CaP hydrogel 
possessed bone-adhesive properties.

4. Conclusion

Hydrogels with hydroxyapatite (HAp) were prepared using a simple 
and quick method of mixing hydrazide-modified poly(γ-glutamic acid) 
(PADH) and oxidized hyaluronic acid (OHA) with calcium ion solution 
and phosphate ion solution. The prepared PADH/OHA/HAp hydrogels 
had a gelation time of less than 5 min and could be injected using a dual 
syringe. Their low swelling ratio also makes them suitable for applica
tion in the presence of water. Hydrogels containing HAp showed a sig
nificant improvement in mechanical properties compared to PADH/ 
OHA hydrogels. The amount of HAp in the hydrogels increased with 
increasing calcium and phosphate ion concentrations. Furthermore, it 
was confirmed that the PADH/OHA/HAp hydrogels also exhibited self- 
healing properties and adhesion to the bone owing to the Schiff base 
reaction. These results suggest that injectable PADH/OHA/HAp hydro
gels with excellent mechanical properties and self-healing abilities have 
potential applications in bone repair.
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