
Injectable and Self-Healing Hydrogels with Double-Dynamic Bond
Tunable Mechanical, Gel−Sol Transition and Drug Delivery
Properties for Promoting Periodontium Regeneration in
Periodontitis
Huilong Guo,*,○ Shan Huang,*,○ Xuanfan Yang,○ Jianping Wu, Thomas Brett Kirk, Jiake Xu,
Anding Xu,* and Wei Xue*

Cite This: https://doi.org/10.1021/acsami.1c18701 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Injection of a hydrogel loaded with drugs with simultaneous anti-inflammatory and tissue regenerating properties can
be an effective treatment for promoting periodontal regeneration in periodontitis. Nevertheless, the design and preparation of an
injectable hydrogel with self-healing properties for tunable sustained drug release is still highly desired. In this work, polysaccharide-
based hydrogels were formed by a dynamic cross-linked network of dynamic Schiff base bonds and dynamic coordination bonds.
The hydrogels showed a quick gelation process, injectability, and excellent self-healing properties. In particular, the hydrogels formed
by a double-dynamic network would undergo a gel−sol transition process without external stimuli. And the gel−sol transition time
could be tuned by the double-dynamic network structure for in situ stimuli involving a change in its own molecular structure.
Moreover, the drug delivery properties were also tunable owing to the gel−sol transition process. Sustained drug release
characteristics, which were ascribed to a diffusion process, were observed during the first stage of drug release, and complete drug
release owing to the gel−sol transition process was achieved. The sustained drug release time could be tuned according to the
double-dynamic bonds in the hydrogel. The CCK-8 assay was used to evaluate the cytotoxicity, and the result showed no
cytotoxicity, indicating that the injectable and self-healing hydrogels with double-dynamic bond tunable gel−sol transition could be
safely used in controlled drug delivery for periodontal disease therapy. Finally, the promotion of periodontal regeneration in
periodontitis in vivo was investigated using hydrogels loaded with ginsenoside Rg1 and amelogenin. Micro-CT and histological
analyses indicated that the hydrogels were promising candidates for addressing the practical needs of a tunable drug delivery method
for promoting periodontal regeneration in periodontitis.

KEYWORDS: injectable hydrogel, self-healing, double-dynamic bond tunable drug delivery, anti-inflammatory therapy,
promoting periodontal regeneration

1. INTRODUCTION

Periodontitis, an inflammatory response, is one of the most
common dental diseases, usually inducing periodontal tissue
defects and loosening, movement, and even loss of teeth.1,2 The
treatment of periodontal tissue defect induced by periodontitis
should focus on being (1) anti-inflammatory and (2) promoting
periodontal tissue regeneration. Current treatments for
promoting periodontal regeneration in periodontitis usually
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require multiple methods and combined treatments, though
many problems remain, such as severe trauma, long treatment
period, uncertain efficacy, etc.3−5 The introduction of a novel
treatment for promoting the regeneration of damaged
periodontal tissue in periodontitis, would be a welcome
addition.6 Amelogenin, the main component of the enamel
matrix proteins, has a positive effect for promoting periodontal
regeneration.7 Moreover, ginsenoside Rg1, a component of the
natural extract of ginseng, has been investigated for anti-
inflammatory therapy.8 The strategy of simultaneous application
of ginsenoside Rg1 and amelogenin is preferred for promoting
periodontal regeneration in periodontitis. But the half-life of
ginsenoside Rg19 and amelogenin10 is short, moreover,
amelogenin can be quickly hydrolyzed by matrix metal-
loproteinase or other proteases in vivo,11 resulting in repeated
administration for periodontitis therapy. To address this issue, a
tunable sustained drug release system, for promoting perio-
dontal regeneration in periodontitis, is urgently in need.
Injectable hydrogels have drawn increasing attention as a

promising extracellular matrix that mimics biological material
due to their excellent characteristics such as porosity for in situ
encapsulation of cells or drugs, fluid absorbency, viscoelastic
properties for adhering to different tissues, biocompatibility, and
other properties that can be tailored for different applica-
tions.12−14 Hydrogels may be effective for periodontal tissue
defects induced by periodontitis if the injectable hydrogel can be
loaded with drugs for simultaneously treating the inflammation
and promoting tissue regeneration.2,15−18 Hongchen Sun et al.2

reported an injectable hydrogel based on chitosan, β-sodium
glycerophosphate, and gelatin for promoting alveolar bone
regeneration through simultaneous application of aspirin and
erythropoietin. In addition, Almoshari et al.15 reported an
injectable PF127-BIO hydrogel that showed a positive effect in
protecting alveolar bones and ligaments and could prevent the
inflammatory response of periodontal tissue. Traditional
injectable hydrogels, however, usually lack the self-healing
capacity, they can be easily damaged by external force during
clinical treatment and cause negative effects on tissue repair and
regeneration.12,19−22 Thus, injectable hydrogels with self-
healing properties need to be investigated for the sake of clinical
periodontal tissue regeneration.23 Hydrogels that are cross-
linked through dynamic covalent bonds, such as Schiff base
bonds, coordination bonds, phenylboronate complexes, disul-
fide bonds, acylhydrazone bonds, and Diels−Alder reactions,
have attracted attention in biomedicine for their dynamic and
reversible cross-linked network that endows the hydrogels with
self-healing and shear-thinning properties, and injectability.24−31

For further investigations and to design an ideal injectable
hydrogel with self-healing properties that match the intended
therapy, controlled or tunable drug release hydrogels must be
considered.
Recently, increasing attention has been shown to develop

stimuli-responsive drug delivery hydrogels (i.e., “smart hydro-
gels”) that can match the complicated requirements of
biomedicine.32 Stimuli-responsive drug delivery hydrogels can
change their mechanical properties, hydrophilicity, swelling
capacity, permeability of bioactive molecules, and other
properties under specific stimuli such as heat, pH value,
magnetic field, electromagnetic radiation, or biological fac-
tors.32−39 Because of their programmable gel−sol responsive-
ness under specific stimuli, smart hydrogels can be used for
targeted therapy. Nevertheless, the reported stimuli-responsive
drug delivery hydrogels depend mostly on external stimuli,

which may not be suitable for periodontal tissues or many other
tissues. A challenge still remains to develop a smart hydrogel
with a tunable hydrogel dissolution process for in situ stimuli
involving a change in its own molecular structure, for preparing
tunable sustained drug release hydrogels. The Schiff base, for
example, has been reported to undergo Fe3+-promoted
hydrolysis, resulting in the hydrolytic cleavage of the CN
bond.40,41 In turn, this will promote the dissolution process of
hydrogels based on the Schiff base cross-linked network.
Moreover, a dynamic coordination bond will be formed Fe3+

with the carboxyl groups in hyaluronic acid.42 Thus, it is highly
anticipated that the dynamic coordination bond of Fe3+ and the
carboxyl groups are induced into hydrogels containing dynamic
Schiff base bond, to produce injectable, self-healing hydrogels
with a double-dynamic bond tunable gel−sol transition process
by regulating the double-dynamic network structure.
Herein, we fabricated polysaccharide-based hydrogels for

their biocompatibility13 and easily modifiable functional groups
which were formed by a double-dynamic network of dynamic
Schiff base (imine) bond formation between −CHO in
aldehyde-modified hyaluronic acid (HA-CHO) and −NH2 in
glycol chitosan (GC), and dynamic coordination bond between
COO− in HA-CHO and Fe3+. The hydrogels showed rapid
gelation, injectability, and excellent self-healing properties. In
particular, the hydrogels formed by a double-dynamic network
would undergo a gel−sol transition process without external
stimuli. And the gel−sol transition time could be tuned by the
double-dynamic network structure for in situ stimuli involving a
change in its own molecular structure. Moreover, tunable drug
delivery properties were achieved during the gel−sol transition
process. Sustained drug release characteristics, which were
ascribed to a diffusion process, were observed during the first
stage of drug release. Complete drug release, due to hydrogel
dissolution (the gel−sol transition process), was possible with a
tunable sustained drug release time, which was affected by the
double-dynamic bond in the hydrogel. As far as we know, this is
the first work on preparing injectable and self-healing hydrogels
with tunable gel−sol transition and drug delivery properties by
double-dynamic bond stimulation in situ. None of the hydrogels
demonstrated cytotoxicity, indicating that the injectable and
self-healing hydrogels with double-dynamic bond tunable gel−
sol transition could be safely used in controlled drug delivery for
periodontal disease therapy. Finally, hydrogels loaded with
ginsenoside Rg1 and amelogenin were investigated for their
ability to promote periodontal regeneration in periodontitis in
vivo.

2. EXPERIMENTAL SECTION
2.1. Materials. Glycol chitosan (GC, degree of polymerization ≥

400), hyaluronic acid sodium salt (HA, 1.5−1.8 × 106 Da), sodium
(meta) periodate, and glycerol were supplied by Sigma-Aldrich.
Phosphate-buffered saline (PBS) solution was obtained by dissolving
PBS powder in deionized water at a pH value of 7.4. All other reagents
were of analytical grade and used as received. Ginsenoside Rg1 was
obtained from MCE (Shanghai, China) and amelogenin was obtained
from SAB (Guangzhou, China). The cell counting kit-8 (CCK-8) was
obtained from the Beyotime Institute of Biotechnology (Shanghai,
China). Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum were obtained from Invitrogen Corporation (Wash-
ington).

2.2. Synthesis and Characterization of HA-CHO.HA (2 g) was
first dissolved in 100 mL of MilliQ, and 0.5 M sodium (meta) periodate
(NaIO4) in MilliQ (3 mL) was then added dropwise added to the
solution under continuous vigorous stirring of the mixture in the dark43
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for 2 h at 25°C. The reaction was then terminated by adding 125 μL of
glycerol for 1 h. The solution of oxidized HA was dialyzed (MWCO
10 000) against deionized water for 3 days. Purified HA-CHO was
finally lyophilized at −80°C and stored at 4°C until further processing.
To validate the successful oxidization of HA and confirm the formation
of the aldehyde functional groups, Fourier transform Infrared
spectroscopy (FT-IR) measurements and 1H NMR spectroscopy
were performed.
2.3. Preparation of Hydrogels. To synthesize the injectable, self-

healing hydrogels, solutions of HA-CHO (1% w/v), GC (1% w/v), and
FeCl3 (0, 0.0025, 0.005, and 0.01 M) in MilliQ were mixed well by
vortexing at a volume ratio of 5:5:1 in a 4 mL glass bottle at room
temperature (RT) to obtain hydrogels with different concentrations of
FeCl3. Briefly, 400 μL of HA-CHO solution and 80μL of FeCl3
solutions at different concentrations were first mixed by vortexing,
and then 400 μL of GC solution was added to the above mixtures, and
finally mixed well by vortexing. The gelation occurred very quickly, and
the gelation time was measured by the inversion method.
2.4. Rheological Tests. The hydrogels’ gelation, shear-thinning,

and double-dynamic bond tunable mechanical and self-healing
properties were examined using a rotational rheometer (KINEXOS
Pro, Malvern) at 37 °C. Hydrogel samples were formed in situ on the
rheometer plate by first adding the mixture of HA-CHO and FeCl3, and
then adding the GC solution. The rheometer plate was then moved
down and placed in contact with the hydrogel. Different rheological
experiments were tested. The gelation process was investigated by
testing the storage (G′) and loss (G″) moduli at a constant frequency of
10 Hz and 1% strain amplitude over time. The shear-thinning
properties were assessed by a frequency sweep with shear rates varying
from 0.1 to 10 Hz. Amplitude was determined by the moduli of the
hydrogel being tested with strain varying from 0.1 to 200%. Finally, the
self-healing properties of the hydrogels were evaluated by testing theG′
and G″ at alternating strain cycles of 1 and 500%.
2.5. Double-Dynamic Bond Tunable Degradation and In

Vitro Drug Release of the Hydrogel. For the double-dynamic bond
tunable hydrolytic degradation tests, 880 μL of hydrogels (400 μL of
HA-CHO (1% w/v), 400 μL of GC (1% w/v), and 80 μL of FeCl3
solution) with different concentrations of FeCl3 were formed at the
bottom of 4 mL glass bottles, which were weighed (Wg) before each
experiment. The hydrogels together with the glass bottle were then
weighed and denoted asW0. Then 1.5 mL of PBS (0.1 M, pH 7.4) was
added to the top of the hydrogel, and the glass bottles containing the
hydrogels were then placed on a thermostatic rotary shaker at 37 °C. At
a predetermined time interval, PBS was carefully sucked out with a
pipette, the remaining hydrogels were weighed with the bottle (Wt),
and the PBS was then added back into the bottles. The results were
presented in terms of the remaining weight ratio of the hydrogel as a
function of time: weight remaining ratio (%) = (Wt −Wg)/(W0 −Wg)
× 100%.
Ginsenoside Rg1 and amelogenin were loaded into the HA-CHO/

GC hydrogels with different concentrations of FeCl3 and in vitro
double-dynamic bond tunable drug release of the hydrogels was
investigated. Briefly, ginsenoside Rg1 and amelogenin were dissolved in
the solutions of HA-CHO and GC, separately, to form the drug-loaded
solutions containing 100 μg/mL ginsenoside Rg1 and 20 μg/mL
amelogenin. The drug-loaded hydrogels were then formed by the drug-
loaded HA-CHO and the drug-loaded GC solutions and the FeCl3
solution with different concentrations at the bottom of the 4 mL glass
bottle. Like the degradation experiments, the drug-loaded hydrogels
were immersed in 2mL of PBS (0.1M, pH 7.4), and after incubating on
a thermostatic rotary shaker at 37 °C for scheduled periods, 1 mL of the
supernatant solution was sucked out for ultraviolet−visible (UV−vis)
analyses by UV−vis spectrometry (UV-2550) or using an ELISA kit.
Simultaneously, 1 mL of fresh PBS (0.1 M, pH 7.4) was added to keep
the solutions at a constant volume. The ginsenoside Rg1 release
percentage was calculated by testing the UV−vis absorption at 203 nm
and the amount of amelogenin released was evaluated using an ELISA
kit.7 All in vitro release tests were performed in triplicate and the
average value was recorded. The cumulative release curves were drawn
according to the method published in our previous work.44

2.6. Cytotoxicity. The cytotoxicity of the HA-CHO/GC/FeCl3
hydrogels with or without ginsenoside Rg1 and amelogenin toward
human bone marrow mesenchymal cells (HBMSCs) was evaluated by
the CCK-8 assay,44,45 which was performed in 24-well chambers.
Hydrogels (100 μL) with or without drugs were moved into the upper
cell culture insert and maintained at 37 °C. The HBMSC cells were
seeded at 1 × 105 cells/well in the lower chambers. After 24 h of
incubation, the hydrogel in the upper cell culture insert was removed,
and then the culture medium was replaced with 500 μL of DMEM
(containing 50 μL of CCK-8) and incubated for another 2 h at 37 °C.
Finally, the cell viability was determined according to the method
published in our previous work.44

2.7. In Vivo Experimental Design.This experiment was approved
by the Experimental Animal Research Center of Jinan University
(2020082601) and it followed the “Regulations of the People’s
Republic of China on the Management of Experimental Animals” for
the breeding, management, and use of experimental animals. Each
animal was required to have a transition period of at least 7 days in the
experimental animal center before surgery. Thirty male Sprague−
Dawley rats (200−250 g) were randomly divided into six groups (for
each group, n = 5): (1) blank control (healthy rats without
periodontium defect); (2) periodontium defect control (periodontium
defect caused by periodontitis without treatment); (3) hydrogel
(periodontium defect in periodontitis treated with HA-CHO/GC/
FeCl3 hydrogels with FeCl3 at a concentration of 0.0025 M); (4)
hydrogel + ginsenoside Rg1 (periodontium defect in periodontitis
treated with HA-CHO/GC/FeCl3 hydrogels with FeCl3 at a
concentration of 0.0025 M, loaded with 100 μg of ginsenoside Rg1);
(5) hydrogel + amelogenin (periodontium defect in periodontitis
treated with HA-CHO/GC/FeCl3 hydrogels with FeCl3 at a
concentration of 0.0025 M, loaded with 20 μg of amelogenin); and
(6) hydrogel + ginsenoside Rg1 + amelogenin (periodontium defect in
periodontitis treated with HA-CHO/GC/FeCl3 hydrogels with FeCl3
at a concentration of 0.0025 M, loaded with 100 μg of ginsenoside Rg1
and 20 μg of amelogenin). The regeneration treatment of the alveolar
bone in periodontitis usually takes at least 2 weeks, while it is difficult for
the hydrogel to release drugs slowly within 2 weeks, even if the
degradation time of the hydrogel is adjusted, thus, one administration of
the drug-loaded hydrogel cannot complete the treatment. However, a
proper degradation time can reduce the frequency of administration
and increase the utilization rate of the released drug. In this work, the
HA-CHO/GC/FeCl3 hydrogel with FeCl3 at a concentration of 0.0025
Mwith a longer degradation time which is 6 days, was chosen for in vivo
research. First, rats were gas anesthesized, and then periodontium
defect in periodontitis was induced by tying a ligature wire between the
first and second left maxillary molars46 with a high-sugar diet given to
the animals. Because ligation-induced periodontitis occurs faster in the
upper molars than in the lower molars, the upper molars were chosen.47

The ligature wire was checked for looseness every 2 days. After 7 days of
induction of the periodontium defect in periodontitis, 30 μL of
hydrogels were injected into the submucoperiosteous tissue at the
midpoint of the buccal and palatal sides of the left maxillary first molars
every 3 days for a total of five injections in 2 weeks. The ligature wire
was kept in place in all of the experimental groups. After 3 weeks of the
periodontium defect in periodontitis induction and 2 weeks of
treatments, the rats were euthanized for subsequent analysis.

2.8. Micro-CT Imaging and Bone Parameter Analysis. Micro-
CT imaging (U-CT80476, MILabs BV, Heidelberglaan 100, Utrecht)
was performed 3 weeks after periodontitis induction. The three-
dimensional reconstruction micro-CT images and representative
sectioned micro-CT images were investigated. In micro-CT images,
the vertical distance between the alveolar bone crest and the cemento−
enamel junction, representing the alveolar bone loss, was evaluated at
six anatomical locations, including three points on the buccal side
(mesial, middle, and distal) and three points on the palatal side (mesial,
middle, and distal). The alveolar bone between the maxillary first molar
and the secondmolar, from the bifurcation to the apex, was drawn as the
region of interest (ROI) for bone volume measurement using Imalytics
Preclinical 2.1 software. Parameters, including bone mineral density
(BMD, a.u.), bone volume fraction (bone volume/tissue volume, BV/
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TV, %), and trabecular thickness (Tb. Th, mm), for the ROI were

automatically analyzed to evaluate the bone mass and mineralization

using Imalytics Preclinical 2.1 software.

2.9. Histology and Immunohistochemistry (IHC) Staining.

After micro-CT, the samples were decalcified in 10% EDTA (Boster;

AR1071) for 6 weeks, dehydrated with gradient alcohol, and embedded

Figure 1.Characteristics of injectable and self-healing hydrogels. (a) The synthesis of aldehyde-modified hyaluronic acid (HA-CHO). (b) Structure of
glycol chitosan (GC). (c) Representative formation of the hydrogel by mixing HA-CHO+ FeCl3 with GC solutions in a glass bottle. (d) The structure
and interaction scheme of the dynamic cross-linking hydrogel network. (e) FT-IR spectra of HA,HA-CHO, and hydrogel with or without FeCl3. (f)

1H
NMR spectra of HA and HA-CHO.
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in paraffin. Then the samples were sliced at 5 μm thickness for H&E
staining to visualize inflammation and periodontal tissue histology.
Immunohistochemistry (IHC) staining was carried out using TGF-

β, IL-1, and TNF-α antibodies, following a standard protocol.
Transforming growth factor TGF-β has a positive effect for stimulating
matrix protein synthesis and bone cell proliferation and, thereby
promotes bone remodeling.48 IHC stainings of TGF-β were used to
investigate the factors for promoting regeneration of the alveolar bone.
And IHC stainings of IL-1 and TNF-α were used to investigate the
proinflammation factors released in periodontal tissues. Finally, the
mean optical density (MOD) of positive expression areas was
calculated using IPP6.0 image analysis software.
2.10. Tartrate-resistant Acid Phosphatase (TRAP) Staining. In

periodontitis, a large number of proinflammatory cytokines are released
into the periodontal tissue. They can activate the production of
osteoclasts, expand the function of osteoclasts, inhibit the activity of
osteoblasts, and finally cause excessive absorption of alveolar bone.5

Thus, the osteoclast activity level was explored through TRAP staining.
The number of osteoclasts was counted on TRAP stained sections. The

cytoplasm of the osteoclasts was red in color, and the nucleus of the
osteoclasts was blue in color.2

2.11. Statistical Analysis. Group data were reported as the mean
and standard deviation (SD). Student’s test was used to calculate the
statistical differences (significant at *p < 0.05 and very significant at **p
< 0.01).

3. RESULTS AND DISCUSSION

3.1. Aldehyde-Modified Hyaluronic Acid Synthesis
and Hydrogel Fabrication. We fabricated polysaccharide-
based hydrogels that were formed by a dynamic cross-linked
network composed of aldehyde-modified hyaluronic acid (HA-
CHO), Fe3+, and glycol chitosan (GC) (Figure 1a−d). Dynamic
Schiff base bond formation between HA-CHO and GC, and
dynamic coordination bond between HA-CHO and Fe3+ may
have resulted in the reversible covalent cross-linking. Poly-
saccharides (HA and GC) were chosen not only because of their
biocompatibility13 but also for their easily modifiable functional

Figure 2. (a) the storage modulus (G′) and loss modulus (G″) over time at a strain of 1%; (b) Amplitude sweep performed at a constant frequency of
1% and the shear strain increasing from 0.1% to 200%. (c) The changes of hydrogel viscosity with the shear rate. (d) Hydrogel containing 0.0025 M
FeCl3 can be freely extruded to form a bulk gel through a 25-gauge needle; (e) The injected hydrogel can be remolded into various shapes; (f) After
being compressed, the 1% HA-CHO + 1% GC + 0.0025M FeCl3 hydrogel placed on the poly(tetrafluoroethylene) plate can recover its shape and
adhere to the finger skin; and (g) the remolded hydrogel can adhere to the finger, which dynamically adapted to the surface of the finger and
accommodated the movements of the finger.
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groups.We speculate that the combination of reversible covalent
cross-linking may contribute to reversible mechanical or some
other important properties for the application of hydrogels.
Aldehyde groups were introduced to hyaluronic acid through

oxidation by NaIO4, as previously reported.49 FT-IR was
performed to determine the reaction, with a new peak at 1730
cm−1 corresponding to the stretching of the CO bond in HA-
CHO (Figure 1e and the relative intensity of CO to C−O−C
band in Table S1 and Figure S1a of the Supporting
Information). And the successful preparation of aldehyde-
modified hyaluronic acid (HA-CHO) was also proved by 1H
NMR (Figure 1f). Two aldehyde groups were formed by
oxidation fracture of the adjacent diols on the D-glucuronic acid
unit of HA. The formant of hydrogen on the skeleton of the
open-loop D-glucuronic acid unit appeared at 5.04, 4.93, and
4.83 ppm in 1H NMR spectrum, and the oxidation rate was 16%
by calculating the integral area. The dynamic coordination bond
was formed by mixing HA-CHO and FeCl3 at different
concentrations (Figure S1, Supporting Information). The
viscosity increased with increasing concentration of FeCl3,
which illustrated that the dynamic coordination cross-linked
network was formed by COO− and Fe3+. The dynamic cross-
linked hydrogels were formed by mixing GC with a mixture of
HA-CHO and FeCl3 at different concentrations. In Figure 1e,
the peak at 1730 cm−1 corresponding to the stretching vibration
of the CO bond in HA-CHO disappeared in the hydrogels.
Moreover, the peak at 1654 cm−1, and relative intensity of this
peak to the C−O−C band, which was attributed to both the
carbonyl band of the acylhydrazone bond (Figure S2) and the
Schiff base bond,14 was clearly enhanced. (Figure 1e and the
relative intensity of CN and CONH to the C−O−C band in
Table S1 and Figure S1b of the Supporting Information). Thus,
the dynamic Schiff base (imine) CN bond formed in the
hydrogels with the disappearance of the aldehyde groups in HA-
CHO.
3.2. Injectability and Double-Dynamic Bond Tunable

Mechanical Properties. The gelation processes were
determined by testing the storage modulus (G′) and loss

modulus (G″) over time (Figure 2a). With two mixtures (a HA-
CHO and FeCl3 mixture at first, and then a GC solution was
added) successively mounted on the surface of the rheometer
plate, (G′) surpassed (G″) at the beginning, indicating the
formation of a hydrogel. The gelation time measured by the
inversion method (Table S2) became shorter with increasing
concentrations of FeCl3, which might be due to the increased
viscosity with the concentration increase of FeCl3 (Figure S3).
The storage modulus (G′) (Figure 2a) over time, the storage
modulus (G′) over strain (Figure 2b), and the viscosity (Figure
2c) increased by adding 0.0025 M FeCl3 to the HA-CHO/GC
hydrogels. This was due to the new dynamic coordination bond
formation by COO− and Fe3+, in addition to the Schiff base
bond. Nevertheless, as the concentration of FeCl3 reached 0.005
M, the storage modulus (G′) and the viscosity decreased with
the increase in FeCl3 concentration. The Schiff base is known to
undergo acid-promoted hydrolysis, leading to the hydrolytic
cleavage of the CN bond.50 The pH values of hydrogels
without FeCl3 and with 0.0025 M FeCl3 were 7.3 and 7,
respectively, a mildly alkaline or neutral environment. While the
pH values of the hydrogels with 0.005 M FeCl3 and 0.01 M
FeCl3 were 6.8 and 6.5, respectively (Table S3). During the
hydrogel formation, the dynamic Schiff base bond formation
could be suppressed by a mildly acidic environment that was
induced by Fe3+, thus the storage modulus (G′) and the viscosity
decreased with the increase in FeCl3 concentration (above 0.005
M).
Hydrogels with injectability can offer essential advantages,

such as ease of operation, minimal tissue invasion, and localized
administration of therapy, when used as implanted biomate-
rials.50,51 Hydrogels containing 0.0025 M FeCl3 demonstrated
their injectability. As shown in Figure 2d, the hydrogel
containing 0.0025 M FeCl3 could be freely extruded to form a
bulk gel through 25-gauge needles without clogging, indicating
its potential use in implantation therapy. The favorable
injectability was due to shear-thinning characteristics of the
dynamic coordination and the dynamic imine crosslink
networks. The viscosities of all hydrogels were quantitatively

Figure 3. Self-healing properties of the hydrogels. (a) Two pieces of a cracked hydrogel containing 0.0025 M FeCl3 in contact with each other and the
healed hydrogel can support its own weight. (b) Two healed interfaces observed with a light microscope; (c) the formation of dynamic Schiff base and
dynamic coordination interactions at the contact area; (d) self-healing capacity of the hydrogels by testing theG′ andG″ at alternating strain cycles of 1
and 500%.
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tested as a function of shear rate (Figure 2c), and the viscosity
dropped sharply with the increase of the shear rate. This
supported the shear-thinning behaviors for typical injectable
hydrogels.19 And this injected hydrogel can be remolded into
various shapes (Figure 2e). Moreover, after being compressed,
the hydrogel placed on the poly(tetrafluoroethylene) plate can
recover its shape and adhere to the finger skin (Figure 2f),
indicating that the hydrogel has a good elasticity for soft tissues.
Finally, the remolded hydrogel strip after being extruded
through a 25-gauge needle can adhere to a finger, which
dynamically adapted to the surface of the finger and
accommodated the movements of the finger (Figure 2g). The
unique characteristics of injectability, remoldability, good
elasticity, and tissue adhesion properties are beneficial for
materials used in biomedicine to completely fill irregular shapes
of tissue defects by simple injections. More importantly, the
injectability, remoldability, elasticity, and tissue adhesion
properties of the hydrogel make it compatible with soft tissues
and integrate into one.
3.3. Self-Healing Properties. The self-healing property of

hydrogels used in biomedicine is not only a necessary condition
for the recovery after injection but it is also helpful in recovering
from inflicted damage and maintaining the integrity of structure
and function.50,51 To investigate the self-healing capacity of the
hydrogels, two pieces of a cracked hydrogel containing 0.0025M
FeCl3 were brought into contact (Figure 3a). A healed interface
(Figure 3b) could be achieved owing to the formation of

dynamic Schiff base and dynamic coordination interactions at
the contact area (Figure 3c). Finally, and healed hydrogel could
support its own weight without breaking when picked up by
tweezers. Furthermore, the self-healing capacities of the
hydrogels were also evaluated by step-strain measurements
(Figures 3d and S5a−c, Supporting Information). The hydro-
gels exhibited yielding behaviors at a high strain of 500%,
accompanied by a rapid decline inG′ andG″ (G′ <G″). At a low
strain of 1%, the mechanical properties of the hydrogels
recovered rapidly with G′ and G″ returning to their original
states. The behaviors were stable for many cycles, proving the
stability of self-healing capacity of the dynamic Schiff base and
dynamic coordination network.

3.4. Double-Dynamic Bond Tunable Hydrogel Degra-
dation. The degradation behaviors of hydrogels with different
concentrations of FeCl3 in PBS (0.1 M, pH 7.4) are shown in
Figure 4a. All samples started to swell when immersed in PBS
solution. The hydrogel without FeCl3 could maintain its swollen
weight, while the hydrogels containing 0.0025, 0.005, and 0.01
M FeCl3 began to lose weight after a certain period of time.
Finally, the hydrogel containing 0.0025M FeCl3 lost 100% of its
weight after 6 days and the hydrogel containing 0.005 M FeCl3
lost 100% of its weight after 4 days, while the hydrogel
containing 0.01M FeCl3 lost about 40% of its weight after 3 days
and it retained about 60% of its weight over the next 4 days. As
shown in Figure 4b, after 7 days in PBS (0.1 M, pH 7.4), the
hydrogel without FeCl3 maintained the gel state, whereas the

Figure 4. Double-dynamic bond tunable hydrogel degradation properties. (a) Degradation behavior of hydrogels with different concentrations of
FeCl3 in PBS. (b) Hydrogel state after 7 days in PBS (0.1 M, pH 7.4). (c) FT-IR spectra showing the structural change in the Schiff base bond before
and after the degradation experiments. (d) Scheme for the Fe3+-promoted hydrolysis mechanism of the Schiff base (imine) CN bond.
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hydrogels containing 0.0025 and 0.005 M FeCl3 transformed
into the solution state. The hydrogel containing 0.01 M FeCl3
transformed into another gel state with less weight (the gel may
have been formed by a dynamic coordination cross-linked
network among COO− and Fe3+, as the concentration of FeCl3
increased to a critical value). These findings indicated that the
hydrogel without FeCl3 had excellent gel stability, while the
degradation process could be tuned by the addition of Fe3+.
The Schiff base has been reported to undergo Fe3+-promoted

hydrolysis, leading to the hydrolytic cleavage of the CN
bond.40,41 Thus, the dynamic Schiff base bond would be
hydrolyzed by Fe3+ in the dynamic coordination betweenCOO−

and Fe3+, resulting in double-dynamic bond tunable hydrogel
degradation properties. As shown in Figures 4c and S1, FT-IR
was used to investigate structural changes in the Schiff base bond
before and after the degradation experiments. No apparent peak
change was observed in the hydrogel without FeCl3, before or
after the degradation experiment, indicating excellent gel
stability of the hydrogel without FeCl3. Nevertheless, the peak
at 1654 cm−1, which was attributed to both the carbonyl band of
the acylhydrazone bonds and the Schiff base bond,14 was clearly
reduced, and the peak at 1730 cm−1 corresponding to the
stretching vibration of the CO bond in HA-CHO emerged in
the hydrogels containing FeCl3 after 7 days in PBS. This
indicated that the dynamic Schiff base (imine) CN bond
underwent Fe3+-promoted hydrolysis in the hydrogels with the

emerging of aldehyde groups in HA-CHO. The Fe3+-promoted
hydrolysis mechanism of the Schiff base (imine) CN bond is
schematically illustrated in Figure 4d. The Schiff base is known
to undergo acid-promoted hydrolysis, which would lead to the
hydrolytic cleavage of the CN bond.50 Table S3 shows the pH
values of hydrogels without FeCl3 and with 0.0025 M FeCl3 as
7.3 and 7, respectively, a mildly alkaline or neutral environment.
The pH values of the hydrogels with 0.005 and 0.01 M FeCl3
were 6.8 and 6.5, respectively, a mildly acidic environment. The
Schiff base bond in the hydrogels with 0.005 and 0.01 M FeCl3
would be expected to undergo both Fe3+- and acid-promoted
hydrolysis, while the degradation of the hydrogel with 0.0025 M
FeCl3 would only be induced by Fe

3+ in the neutral environment
in the hydrogel with 0.0025 M FeCl3. Thus, the gel−sol
transformation process induced by the hydrolysis of the Schiff
base bond became faster with increasing concentration of FeCl3.

3.5. In Vitro Drug Release. To evaluate the biomedical
applications and properties of the hydrogels, in vitro ginsenoside
Rg1 and amelogenin release from the hydrogels with and
without FeCl3 was investigated (Figure 5). In the figure, the
hydrogel without FeCl3 and the hydrogel containing 0.01 M
FeCl3 showed a sustained release, with about 70% of the drug
released from the hydrogel without FeCl3 and about 90% of the
drug released from the hydrogel containing 0.01M FeCl3 after 7
days of incubation. The hydrogel containing 0.005 M FeCl3
showed a sustained release over 4 days and complete release by

Figure 5. In vitro drug (a) ginsenoside Rg1 and (b) amelogenin release properties. (c) Hydrogel state before and after in vitro drug release and (d) cell
viability results (100%) of hydrogels with or without drugs.
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the fifth day. The hydrogel containing 0.0025M FeCl3 showed a
sustained release over 6 days and complete release by the
seventh day. The sustained drug release of the hydrogel without

FeCl3 was ascribed to a diffusion process, while the unique
release performance of hydrogels containing FeCl3 was
described by the diffusion process and the hydrogel dissolution

Figure 6. Evaluation of alveolar bone regeneration by micro-CT. (a) Three-dimensional and sectioned micro-CT images. Quantitative analysis of (b)
the distance between ABC and CEJ, (c) BMD, (d) BV/TV, and (e) Tb.Th measured by micro-CT images. *p < 0.05, **p < 0.01. (Scale bar is 1 mm).
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process (gel−sol transition), which was affected by the double-
dynamic bond tunable hydrogel degradation process. A large
number of hydroxyl groups in ginsenoside Rg1 and certain
amino and carboxyl end groups in amelogenin will interact
through hydrogen bonds or other physical interactions with the
hydroxyl groups, carboxyl groups, and amino groups in the
hydrogel molecules, so sustained drug release after the first day
of burst release could be achieved. The release of amelogenin is
slower than the release of ginsenosides Rg1 owing to the larger
molecular weight of amelogenin, which might better facilitate
the pharmacological action of amelogenin for promoting
periodontal regeneration in periodontitis because of the local
microenvironment without inflammation achieved by the anti-
inflammatory effect of ginsenosides Rg1. Comparing the gel−sol
transition process in Figure 4 and the drug release performance
in Figure 5, the slope of the cumulative release curve is found to
increase with the degradation of the hydrogel as compared to the
sustained release stage, resulting in a faster drug release
performance during the gel−sol transition process of the
hydrogel. And there is a tendency of sudden release of drugs
to achieve complete drug release after complete degradation of
the hydrogels. The gel−sol transition tunable in vitro drug
release properties of the hydrogels would make them promising
candidates for fulfilling the actual needs in tunable drug delivery
for periodontal disease therapy.
3.6. Cytotoxicity. The cytotoxicity of the hydrogels was

evaluated by CCK-8 assay (Figure 5d). Almost 100% of the
human bone marrow mesenchymal cells (HBMSCs) were
available after treatment in the hydrogels with or without drugs.

Thus, none of the hydrogels demonstrated cytotoxicity and they
can be safely used in biomedicine.

3.7. In Vivo Periodontium Regeneration. To assess the
in vivo periodontium regeneration ability of the HA-CHO/GC/
FeCl3 hydrogels loaded with ginsenoside Rg1 and amelogenin, a
high-sugar and ligation-induced periodontium defect (Figure
S6) in the periodontitis model with Sprague−Dawley rats was
established. The investigation was conducted with a micro-CT
analysis. Figure 6a shows the three-dimensional micro-CT
images and sectioned micro-CT images of the periodontium
defects and regeneration. Obvious periodontium defects can be
seen in the periodontium defect control group, compared to the
blank control group, indicating the successful model establish-
ment of the periodontium defect in periodontitis. Periodontium
regeneration can be seen in the drug-loaded hydrogel treatment
groups, and in the periodontium defect in rats treated with
hydrogels loaded with ginsenoside Rg1 and amelogenin, where
the nearly complete repair can be seen. Quantitatively, the
vertical distance between the alveolar bone crest and the
cemento−enamel junction (ABC−CEJ) (Figure 6b) was
measured at six anatomical sites and the average was calculated.
The ABC−CEJ distance in the periodontium defect group can
be seen to be significantly increased in comparison to the blank
control group (Figure 6b, p < 0.01), demonstrating that our
model of periodontium defect in periodontitis was established
successfully. The ABC−CEJ distances in the hydrogel group,
hydrogel + ginsenoside Rg1 group, and hydrogel + amelogenin
group were greater than that of the blank control group (Figure
6b, 29.7% greater in the hydrogel group, p < 0.01, 11.8% greater
in the hydrogel + ginsenoside Rg1 group, p < 0.05, and 11.7%

Figure 7.H&E staining images of the periodontal tissues 3 weeks after different treatments (a−f) (Scale bar is 500 μm, 100 μm). Black arrows indicate
the alveolar bone, asterisks indicate the first molar (M1), and white arrows indicate the inflammatory cells.
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greater in the hydrogel + amelogenin group, p < 0.05), The
ABC−CEJ distances in the above three groups underwent 14.8,
23.1, and 24.0% contractions, respectively, in comparison to the
periodontium defect group (Figure 6b, p < 0.01). When rats

were treated with hydrogels loaded with ginsenoside Rg1 and
amelogenin, the ABC−CEJ distances were completely recov-
ered with no difference compared to the blank control group
(Figure 6b, p > 0.05). We also quantitatively analyzed BMD,

Figure 8. IHC staining of IL-1 (a−f), TNF-α (a1−f1), and TGF-β (a2−f2). Mean optical density (MOD) of positive expression areas, (g) IL-1, (h)
TNF-α, and (i) TGF-β. *p < 0.05, **p < 0.01.
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BV/TV, and Tb.Th using Imalytics Preclinical 2.1 software. The
periodontium defect group had lower values of BMD, BV/TV,
and Tb.Th, compared to the blank control group and the
administration group. The hydrogel group, hydrogel + ginseno-
side Rg1 group, and the hydrogel + amelogenin group showed
improved quality of regenerated alveolar bone in comparison to
the periodontium defect group, but was not as good as that of the
hydrogel + ginsenoside Rg1 + amelogenin group (Figure 6c,d,e).
Collectively, these results indicate the critical role of hydrogels
loaded with ginsenoside Rg1 and amelogenin in promoting
alveolar bone regeneration in periodontitis.
Periodontal tissue can be destroyed in periodontitis2 and it

can be difficult to promote regeneration of damaged periodontal
tissue in periodontitis only by anti-inflammatory therapy or by
promoting periodontal tissue regeneration. In experimental rats,
the damaged periodontal tissue cannot be completely repaired
with hydrogels loaded with ginsenoside Rg1 or amelogenin.
Only when anti-inflammatory and periodontium regeneration
treatments are performed simultaneously, can the periodontium
defect in periodontitis be completely recovered. Thus, the
hydrogels loaded with ginsenoside Rg1 and amelogenin offer a
promising method for tunable drug delivery to promote
periodontal regeneration in periodontitis.
To further investigate the regeneration of periodontal tissue,

H&E staining was carried out to evaluate the infiltration of
inflammatory cells and the periodontal tissue regeneration
between the maxillary first molar and the second molar. The
periodontal tissue structure of the blank control group was
normal (Figure 7a). No pathological change was seen in the
periodontal tissue. The junctional epithelium adhered tightly to
the surface of the enamel without infiltration of the
inflammatory cells. The alveolar crest was intact, indicating no
bone resorption. Periodontal ligament fibers (PDL) were well
aligned. In the periodontium defect group (Figure 7b); however,
a large number of inflammatory cells had infiltrated, fractured or
disordered periodontal fibers were observed, and the prolifer-
ation of the epithelium to the root was obvious. Moreover, the
alveolar bone was significantly absorbed to the root tip,
indicating successful model establishment of periodontium
defect of periodontitis, which is consistent with Figure 6. The
histological appearance of the hydrogel group (Figure 7c) was
similar to that of the periodontium defect group. In particular, in
the hydrogel + ginsenoside Rg1 group, the inflammatory
response ranked the lowest, compared with the periodontium
defect group, the hydrogel group, and the hydrogel +
amelogenin group (Figure 7b,c,e), with only scattered
inflammatory cells in the periodontal tissue (Figure 6d).
These findings may be due to the anti-inflammatory effects of
ginsenoside Rg1. The regeneration capacity of the tissue was
limited since regenerative drugs were not used, and regeneration
in the alveolar bone is not ideal. Thus, some bone resorption
occurred. In the hydrogel + amelogenin group, the regenerated
alveolar bone was infiltrated by inflammatory cells (Figure 7e),
leading to unsatisfactory alveolar bone regeneration. The
alveolar bone regeneration may have been inhibited by the
local inflammatory microenvironment. Finally, in the hydrogel +
ginsenoside Rg1 + amelogenin group (Figure 7f), the
inflammation was significantly reduced, with just a small
number of inflammatory cells infiltrating the epithelial tissue.
In addition, periodontal tissue defect was repaired, so that no
significant difference was seen in comparison to the blank
control group. Due to the sustained release of ginsenoside Rg1 in
the first stage of drug release, and the complete release of

ginsenoside Rg1 during the gel−sol transition after injection
into the periodontal tissue, a noninflammatory local micro-
environment was achieved (Figure 7d). This could facilitate the
pharmacological action of amelogenin. As a result, periodontal
tissue regeneration not only occurred in the bifurcation area of
the root but also between the first and second molars of the
maxilla (Figure 7f). Thus, ginsenoside Rg1 and amelogenin,
when loaded into hydrogels with injectability, self-healing
ability, and tunable drug release properties, could be promising
candidates for fulfilling the practical needs in tunable drug
delivery for periodontal regeneration in periodontitis.
IHC stainings of IL-1 and TNF-α were carried out to further

detect the expression of inflammatory cytokines (Figure 8a−
f,a1−f1,g,h). As shown in the figure, there was accumulation of a
large amount of yellow or brown material in the periodontium
defect group (Figure 8b,b1), which indicates that a large number
of proinflammation factors was released in the periodontal
tissue. The expressions of these cytokines in the hydrogel +
ginsenoside Rg1 group and the hydrogel + ginsenoside Rg1 +
amelogenin group were significantly reduced compared with the
periodontium defect group. These results indicate that ginseno-
side Rg1 loaded hydrogels could significantly inhibit the
inflammation of the periodontal tissue, which could greatly
reduce the destruction of the periodontium.
Transforming growth factor TGF-β has a positive effect for

stimulating matrix protein synthesis and bone cell proliferation
and thereby promotes bone remodeling.48 IHC stainings of
TGF-β were used to investigate the factors responsible for
promoting regeneration of the alveolar bone (Figure 8a2−f2,i).
As shown in the figures, there were almost no accumulations of
yellow or brown materials in the periodontium defect group.
The proliferation and differentiation of osteoblasts which
require stimulation from TGF-β can be inhibited by the local
inflammatory microenvironment.52 Thus, scarcely any expres-
sion of these cytokines appeared in the periodontium defect
group, and similar expression of these cytokines was observed in
the hydrogel group. However, the expression improved in the
hydrogel + amelogenin group. The proliferation and differ-
entiation of osteoblasts which requires stimulation from TGF-β,
can be promoted by amelogenin.53,54 But it will be inhibited by
the local inflammatory microenvironment (Figure 8e,e1).52 So
the expression of TGF-β improved but not obvious in the
hydrogel + amelogenin group. However, the expression of these
cytokines in the hydrogel + ginsenoside Rg1 + amelogenin
group was markedly increased as compared to the periodontium
defect group, which indicates that there was a large number of
factors promoting the regeneration of the alveolar bone released
in the periodontium. A local microenvironment without
inflammation can be achieved in the hydrogel + ginsenoside
Rg1 group (Figure 8d,d1), the proliferation and differentiation
of osteoblasts will no longer be hindered, resulting in obviously
improved expression of TGF-β in the hydrogel + ginsenoside
Rg1 group. This could also facilitate the pharmacological action
of amelogenin. As a result, the expression of TGF-β in the
hydrogel + ginsenoside Rg1 + amelogenin group is the highest
among all of the groups. These indicated that the highest
regeneration capacity of the alveolar bone can be achieved with
the treatment of hydrogels loaded with ginsenoside Rg1 and
amelogenin. Finally, the highest regeneration capacity of the
alveolar bone in the hydrogel + ginsenoside Rg1 + amelogenin
group was further strengthened by TRAP staining. Only
scattered TRAP-positive cells in the hydrogel + ginsenoside
Rg1 + amelogenin group were seen with no significant difference
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compared to the blank control group (Figure S7), indicating an
anti-osteoclast effect upon the treatment with hydrogels loaded
with ginsenoside Rg1 and amelogenin.

4. CONCLUSIONS
In this work, Injectable and self-healing hydrogels were formed
by a dynamic network consisting of a dynamic Schiff base
(imine) bond formation between −CHO in HA-CHO and
−NH2 in GC, and a dynamic coordination bond between
COO− in HA-CHO and Fe3+. The hydrogels showed rapid
gelation and shear-thinning which contributed to their
injectability, as well as quick and repeatable self-healing
properties. Moreover, the tunable mechanical, gel−sol tran-
sition, and drug delivery properties were achieved by
incorporating different concentrations of Fe3+ to form different
ratios of the double-dynamic bonds, which is desirable for
controlled drug delivery. None of the hydrogels demonstrated
cytotoxicity. The results indicate a new idea for preparing
injectable, self-healing hydrogels with double-dynamic bond
tunable gel-to-sol transition properties in the safe application for
targeted therapy. Finally, micro-CT, H&E staining, and IHC
stainings of IL-1, TNF-α, and TGF-β and TRAP staining
analyses indicated that HA-CHO/GC/FeCl3 hydrogels loaded
with ginsenoside Rg1 and amelogenin can recover the alveolar
bone destruction in periodontitis. Thus, the hydrogels appear to
be promising candidates for addressing the practical need for
tunable drug delivery for periodontal regeneration in perio-
dontitis.
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