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chitosan-based hydrogel as
a potential degradable bio-scaffold for alveolar
ridge preservation

Xiaoyu Zhou,†a Congrui Liu,†c Yijun Han,a Can Li,a Sida Liu,d Xiaoyan Li, *c

Guoqing Zhao*a and Yanyan Jiang *ab

Post-extraction, preventing the absorption of alveolar ridge to retain the supporting construction for

implanted teeth is still a challenge. Herein, we developed modified chitosan (CS)-based hydrogel using

N-hydroxysuccinimide-terminated 4-arm poly (ethylene glycol) (4-arm-PEG-NHS) as the crosslinking

agent, after introducing it to the polyhexamethyleneguanidine hydrochloride (PHMB) solution, CS/PEG/

PHMB hydrogel with the enhanced antibacterial properties was obtained. The CS/PEG hydrogel and CS/

PEG/PHMB hydrogel prepared here showed excellent mechanical strength and their compressive

strength could reach 440 kPa and 450 kPa, respectively. The composite hydrogel was designed to be

directional porous, low cytotoxic, pH-sensitive, and degradable. The weight of the hydrogel was reduced

by ∼30% after 28 days of incubation, and it swelled significantly in the acidic condition while it did not

swell in the neutral and weakly alkaline environments, indicating an excellent biodegradability in the

inflammation site. In vitro antibacterial experiments showed that the bacteriostatic rate of the CS/PEG/

PHMB hydrogel against S. aureus was above 90%, which could effectively inhibit the spread of the

bacteria and inflammation in the alveolar ridge. Additionally, the hybrid hydrogels demonstrated good

biocompatibility with the NIH 3T3 fibroblast cells. Overall, the CS/PEG/PHMB hydrogel is a promising

biological scaffold for maintaining the alveolar ridge and subsequently improving the success rate of the

dental implant.
1. Introduction

In stomatology, denture implantation is considered an effective
approach to replacing missing teeth. In most cases, a dentist
will recommend waiting for 3 to 6 months between tooth
extraction and denture implantation to allow the extraction
wound to fully heal.1 During this period, the absorption of the
alveolar ridge caused using the repair processes of so and hard
tissues at the extraction site will occur. Previous studies2,3 have
indicated that the absorption of the alveolar ridge is a normal
and irreversible phenomenon aer tooth extraction, and it
directly affects the function and aesthetic effect of postoperative
al Evolution & Processing of Materials

als Science and Engineering, Shandong

mail: guoqingzhao@sdu.edu.cn; yanyan.

niversity, Shenzhen, Guangdong, 518057,

spital of Stomatology, Cheeloo College of

dong Key Laboratory of Oral Tissue

oratory for Dental Materials and Oral

hina. E-mail: lixiaoyanwhu@sdu.edu.cn

ng University, Jinan, 250061, P. R. China

is manuscript.

the Royal Society of Chemistry
denture implant restoration. As tooth-supported construction,
sufficient volume and favorable architecture of alveolar ridges
are essential to obtain ideal functional and esthetic prosthetic
reconstruction following implant therapy.4 Generally, the
amount of bone loss varies among different individuals and its
mechanism is not clear yet. Some studies5–8 have shown that the
absorption of alveolar bone may be related to anatomical
features, surgical procedures, and implant timing. The width
and height of alveolar ridges can be lost by 50% within 6
months aer tooth extraction,9 and these changes in tissue
contours at the extraction site would increase the difficulty of
implant restoration. Alveolar Ridge Preservation (ARP) treat-
ment is widely used in contemporary dental prosthetic practice,
and there is reliable evidence to support its effectiveness.10 The
optimal condition of the alveolar ridge is to have sufficient
width and height to provide support for the implant, and the
application of biomaterials at the extraction site can maximize
the preservation of bone mass and provide a good body condi-
tion for subsequent implant placement. Typically, the bioma-
terials used in alveolar ridge preservation include barrier
membranes,11 bioactive factors,12 gra materials13 and
composite materials.14 Barrier membranes can prevent so
tissues from growing into the extraction socket, but their poor
mechanical strength make them easy to move and collapse. In
RSC Adv., 2022, 12, 32219–32229 | 32219
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recent years, bone gra materials have been of particular
interest to the eld of orthopedics because they are able to
provide scaffolds for bone formation and preserve the space for
bone growth. Compared with autogenous bone gra scaffolds,
synthetic materials have the advantages that they do not involve
selecting donors and the surgical wounds caused by them are
smaller; therefore, they have less risk of disease transmission.15

More importantly, the properties of these synthetic scaffolds
can be easily adjusted according to the actual demands. The
ideal scaffolds used for alveolar ridge preservation are supposed
to show good biocompatibility, mechanical properties, and
formability for irregularly shaped bone defects, as well as
degradation rates matching bone growth.16 One of the most
commonly used synthetic scaffolds is a hydrogel. Hydrogels
owning three-dimensional cross-linked network structures have
physical and chemical properties similar to human tissues.17

They can not only simulate the extracellular matrix (ECM) of
bone but also allow the storage, and transport of various growth
factors, cytokines, and nutrients due to their high
permeability.18–20 Hydrogels are typically grouped into natural
and synthetic derivatives. Materials such as gelatin,21 collagen,22

chitosan,23 alginate,24 and hyaluronic acid25 are natural prod-
ucts from the body or plants, and they are oen used to fabri-
cate hydrogels for use as scaffolds. Although natural materials
can maintain many biological functions, they are limited in
their application due to their poor mechanical properties.26

Moreover, the natural materials are usually difficult to modify
biochemically because they cannot be designed from the
bottom-up like synthetic materials.27 Synthetic hydrogels are
oen engineered from polymers like polyanhydrides,28 poly-
aniline (PANI),29 poly(vinyl alcohol) (PVA),30 poly(ethylene
glycol) (PEG)31 and poly(ethylene oxide) (PEO).32 These scaffolds
are typically highly reproducible and simple to manufacture.33

For these reasons, the development of a new natural/synthetic
hybrid hydrogel scaffold is expected to combine the advan-
tages of the above two types of hydrogels and overcome the
existing drawbacks of conventional single-component stents,
and it is considered a promising candidate to preserve the
alveolar ridge and promote occlusal osteogenesis.

Chitosan (CS) is a natural, biodegradable polysaccharide
derived by the deacetylation of chitin, the main component of
the exoskeleton of crustaceans.34 It has a natural inhibitory
effect on the growth of a wide variety of bacteria.35 Chitosan is
soluble only in the acidic environment such as acetic, hydro-
chloric, and phosphoric acid solutions.36 However, as a natural
material, due to its low mechanical strength and limited
manufacturing capabilities, chitosan is difficult process into
a hydrogel that has controlled physical and chemical properties
to meet specic applications. Since natural/synthetic compos-
ites can cover these shortages of natural polymers, chitosan-
based hybrid hydrogels have found plenty of applications in
the medical eld over the past few decades.37–39 During the
preparation of these hydrogels, chemical cross-linking strate-
gies are usually chosen instead of physical cross-linking strat-
egies,40 to fabricate a more stable structure of hydrogels with
great mechanical strength. Multi-arm PEG is one of the
commonly used chemical crosslinking agents in hydrogel
32220 | RSC Adv., 2022, 12, 32219–32229
systems. PEG is an amphiphilic polyether diol that can be dis-
solved in water and organic solvents.36 It is low immunogenic,
non-toxic, and has been approved by Food and Drug Adminis-
tration (FDA, USA) for various biomedical applications.41

Moreover, the terminal part of multi-arm PEG can be easily
functionalized with numerous reactive groups such as amino,
vinyl, thiol, and carboxyl to allow different types of reactions,
making it utilized extensively as a soluble polymeric modier in
organic synthesis.

Nowadays, hydrogels are being gradually applied in dental
studies.42–44 It is worthwhile to develop an optimized hydrogel
that can be implanted into the tooth extraction area for the use
of alveolar ridge preservation. The objective of this study was to
synthesize and characterize a chitosan-based hydrogel cross-
linked by N-hydroxysuccinimide-terminated 4-arm PEG (4-arm-
PEG-NHS) and explore the potential of the composite hydrogel
as a biological scaffold for alveolar ridge promotion. As for the
functional group to form the covalent cross-linking bond, the
NHS group was chosen since the condensation reaction
between the NHS end group of the 4-arm PEG and the primary
amine group of chitosan proceeds with high selectivity without
adding other reagents.45 Hydrogels synthesized via this chem-
ical crosslinking method have been applied clinically as seal-
ants to stop uid leaks in neurological and ophthalmic
surgery.46 Further, the hydrogel prepared here was modied
using sodium hydroxide to obtain higher mechanical strength.
It should also be noted that, even with the high levels of sterility
common to the operating theater, a small number of bacteria
introduced to the implant site could be problematic given the
altered host immune response that exists at the wound site.47

Besides, drug resistance can be produced so rapidly in antibi-
otic treatment that new antibacterial methods should be tried to
replace the traditional drug treatment. To address these
potential problems, the hydrogels that display antibacterial
activity has been designed here. In addition to choosing chito-
san which has antibacterial properties as the matrix, poly-
hexamethyleneguanidine hydrochloride (PHMB) was also
added to the hydrogel system as an antimicrobial biocide.
PHMB is composed of repeating basic biguanidine units con-
nected by hexamethylene hydrocarbon chains and its bacteri-
cidal properties have been proven against a range of species.48

The micromorphology, degradability, mechanical strength,
bacteriostatic performance, and cytotoxicity of the composite
hydrogels were studied separately. The results showed that the
CS/PEG/PHMB hydrogel would make promising bio-scaffold
material used to preserve the alveolar ridge for clinical
implantation.

2. Experimental section
2.1. Materials

Chitosan (the degree of deacetylation was 75–85%) was
purchased from Sigma-Aldrich (China). 4-Arm-PEG-N-hydrox-
ysuccinimide (4-arm-PEG-NHS, Mw 10 000) was purchased from
Ruixibio (Ruixi Biological Technology, Xi'an, China). Acetic acid
was purchased from SINOPHARM (Sinopharm Chemical
Reagent Co., Ltd, China). Polyhexamethyleneguanidine
© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydrochloride (PHMB), eosin Y water solution, sodium acetate
trihydrate, and sodium hydroxide were purchased fromMacklin
(Macklin Biochemical Co., Ltd, Shanghai, China). Phosphate
buffer saline (PBS) was purchased from Yuanye (Yuanye Bio-
Technology Co., Ltd, Shanghai, China). NIH 3T3 cells were ob-
tained from the Cell Bank of Type Culture Collection (Chinese
Academy of Sciences, Shanghai, China). Unless stated other-
wise, all reagents and solvents were of biological grade and were
used without further purication.
2.2. Synthesis of CS/PEG hydrogel

CS/PEG hydrogel was prepared as follows. 100 mg of chitosan
was dissolved in 10 mL of 1% (v/v) acetic acid solution, then
heated to 60 °C in a water bath and stirred at 200 rpm until
chitosan was dissolved completely. The chitosan solution was
ltered using 1000 mesh nylon microporous membrane and its
pH was adjusted to 6 using sodium hydroxide. Then, 10 mg of 4-
arm-PEG-NHS was added to 1 mL of chitosan solution in
a centrifuge tube and the illiquid hydrogel would be formed in
10 minutes with ultrasonic treatment at room temperature. The
hydrogel was allowed to stand for an additional 50 minutes to
ensure that the crosslink net within it was completely fabri-
cated. Aerward, 1 mL of 5% (w/v) sodium hydroxide solution
was slowly added to the top of the gel, followed by 1 h standing.
The synthesized product was dialyzed against ultrapure water
for 12 h to remove small molecules like sodium hydroxide from
the hydrogel.
2.3. Synthesis of CS/PEG/PHMB hydrogel

The synthesis of CS/PEG/PHMB hydrogel was similar to that
described previously. Briey, the chitosan was dissolved in an
acetic acid solution completely and then ltered; its pH was
adjusted to 6 with the addition of sodium hydroxide. Subse-
quently, the solution was transferred into a 24-well plate (1 mL
per well) and divided into three groups. 4-Arm-PEG-NHS (10 mg
per well) and a range of concentrations of PHMB (0, 0.3, 1% w/v)
were added into the well groups. Aer 10 minutes of ultrasonic
and 50 minutes of standing, 5% (w/v) sodium hydroxide solu-
tion was added to the plate (1 mL per well) followed by 1 h of
standing. The synthesized products were dialyzed against
ultrapure water for 12 h to be neutral.
2.4. Morphology and structure characterization of the
hydrogels

The chemical structure of 4-arm-PEG-NHS cross-linked chito-
san hydrogel was analyzed using FTIR spectroscopy (BRUKER
OPTICS, TENSOR37, Switzerland). The hydrogel was freeze-
dried to a constant weight before the sample preparation. The
micromorphology of CS/PEG hydrogel and CS/PEG/PHMB
hydrogel was analyzed using SEM (COXEM, EM-30+, Korea).
Hydrogels were freeze-dried and stuck on the sample stage with
conductive tape, then sputter-coated with gold using an ion
sputtered under a high vacuum. The acceleration voltage was
set at 10–15 kV and the morphology of the hydrogels was
examined.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.5. Degradation test of hydrogels

Hydrogels were placed in 20 mL of PBS at various pH (pH = 5.5,
6.5, 7.5) and incubated at 70 °C and 37 °C to observe the
accelerated degradation and actual time degradation behavior.
During the degradation process, hydrogels were removed at
respective time points, washed 3 times with ultra-pure water,
and then weighed wet aer absorbing the moisture on the
surface. In vitro degradation ratio was calculated using the
following equation:

Dr = (W0 − Wt)/W0

where Dr is the degradation ratio and W0 and Wt are the initial
weights of samples and wet weights of samples aer incubation,
respectively. To determine the PHMB loss during gel degrada-
tion, in the experimental part of the antibacterial hydrogels,
10 mL of soaking solution was taken out at each test time point,
followed by replenishing 10 mL of fresh PBS into the vessel. The
UV-Vis absorption of the solution was detected using a UV-Vis
spectrophotometer (Analytik Jena AG, SPECORD 200 PLUS,
Germany) as reported before.49 All experiments were repeated
three times.
2.6. Mechanical property testing of hydrogels

The compressive properties of CS/PEG hydrogel and CS/PEG/
PHMB hydrogel were tested using a universal testing machine
WDW-100. The samples were prepared in 7 mm high and 8 mm
in diameter. The loading rate was 10 mm min−1 and the
maximum compression deformation rate was set at 80%.
2.7. In vitro antibacterial experiments

The bacteriostatic circle test with S. aureus (ATCC 25923) model
were performed to investigate the antibacterial performance of
CS/PEG/PHMB hydrogels. S. aureus was incubated in BHI media
at 37 °C for 24 h. The activated bacterial solutions (1.0 × 108

CFU per mL) were diluted ten times before use. The hydrogels
were cut into small round pieces with uniform size (10 mm in
diameter) and cultured with the bacterial suspension on BHI
agar at 37 °C for 24 h. Finally, the bacteriostatic rings were
observed and the width of the bacteriostatic circle was calcu-
lated according to the following equation:

H = (D − d)/2

where D and d represent the outside and inside diameters of the
bacteriostatic circle, respectively. The morphology and biomass
volume of the bacteria cultured with hydrogels was observed
using SEM. The anti-adhesion and anti-biolm tests were also
performed. 1 mL of the diluted bacterial suspension was incu-
bated with CS/PEG/PHMB hydrogels in a biochemical incubator
at 37 °C for 24 h. The samples were washed with PBS to remove
any non-adherent bacteria aer incubation. Then, the adhered
bacteria were subjected to 20 min of ultrasonic treatment, fol-
lowed by 2 min of vortex in 5 mL of PBS. Finally, 20 mL of diluted
bacterial suspension was coated and incubated on BHI agar
overnight at 37 °C. The number of bacterial colonies on the
RSC Adv., 2022, 12, 32219–32229 | 32221
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plates was recorded using ImageJ. All experiments were
repeated three times. The antibacterial rate was calculated
using the following equation:

Antibacterial rate ð%Þ ¼ Nc �Ns

Nc

� 100%

where Nc and Ns correspond to the number of bacteria colonies
on the control CS/PEG hydrogel and CS/PEG/PHMB hydrogel,
respectively.
2.8. Cytotoxicity studies

The cytotoxicity of CS/PEG/PHMB hydrogel to mammalian cells
was evaluated using the cell counting kit-8 (CCK-8) and live/
dead cell staining experiments, using NIH 3T3 broblast cells
as the model. Briey, NIH 3T3 cells in the logarithmic growth
period were seeded into a 24-well plate with the cell culture
medium and the density of the cell suspension was 8× 103 cells
per well. The plate was cultured at 37 °C for 24 h. Subsequently,
the cells were cultured with CS/PEG/PHMB hydrogels at various
concentrations of PHMB (0, 0.3, and 1% w/v) in the medium for
24 h and 48 h. Aer that, the culture medium was replaced with
CCK-8 solution (350 mL per well, containing 10% CCK-8 reagent)
and the cells were incubated for an additional 1 h. Finally, the
Fig. 1 Preparation and characterization of CS/PEG hydrogel and CS/PEG
PEG hydrogel and CS/PEG/PHMB hydrogel and their application for al
spectra of chitosan and CS/PEG hydrogel. (f–i) SEM images of CS/PEG h

32222 | RSC Adv., 2022, 12, 32219–32229
sample solution was transferred into a 96-well plate (100 mL per
well) and its absorbance was detected at 450 nm using
a microplate reader. In addition, the cells co-cultured with
hydrogels were stained using NucGreen and propidium iodide
(PI) and scanned using a uorescence microscope. NucGreen
was utilized to stain the live cells in green, while PI stained the
dead cells in red. The staining process lasted for 1–2 h and then
the cells were observed using a uorescence microscope. All
experiments were repeated three times.
3. Results and discussion
3.1. Synthesis and characterization of the hydrogels

4-Arm-PEG-NHS was graed onto chitosan by coupling the NHS
end group to the primary amino group of chitosan to form an
amide bond and the optimal reaction condition is pH 7–9. It is
worth mentioning that the hydrolysis of NHS esters and the
reaction of NHS esters with primary amines are competitive,
and the hydrolysis rate of NHS esters increases with the
increasing pH of the solution. Therefore, the reaction environ-
ment of chitosan and 4-arm-PEG-NHS was selected to be weakly
acidic (pH = 6) to ensure the high efficiency of the gel-forming
reaction. The reaction mechanism and implantation procedure
/PHMB hydrogel. (a) Schematic illustration for the preparation of CS/
veolar ridge preservation. (b–d) Images of CS/PEG hydrogel. (e) FTIR
ydrogel and CS/PEG/PHMB hydrogel.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the hydrogel are illustrated in Fig. 1a. The crosslinking
reaction between primary amino groups and amine-reactive
hydroxysuccinimide esters is known to bring about rapid,
homogeneous, and biocompatible polymerization at ambient
conditions, and it has been applied many times in clinical
applications.50 The gelation occurred within 10 minutes aer
the addition of 4-arm-PEG-NHS crosslinker, and the presented
product was colorless, transparent, and had no uidity (Fig. 1b).
However, since the degradation rate of chitosan molecules is
fast in an acidic environment, the hydrogel lacking sufficient
mechanical strength cannot be removed from the container
without damage. Thus, sodium hydroxide solution was used in
the hydrogel modication to improve its mechanical property.
The protonated amino groups within chitosan were neutralized
by alkali treatment and the ion repulsion between polymer
chains was eliminated. Meanwhile, the intermolecular
hydrogen bonds, chitosan microcrystals, and hydrophobic
interactions were retained. Aer adding the alkali dropwise, the
appearance of the hydrogel turned from colorless transparent to
milky white from top to bottom (Fig. 1c), and its mechanical
strength was improved greatly during this process, which
allowed the hydrogel to be removed intact from the centrifuge
tube without breaking. The surface of the chitosan-based
hydrogel prepared using this method was smooth, as shown
in Fig. 1d. Moreover, the hydrogels have in situ formability,
which permits a homogeneous encapsulation of drugs,51 and is
helpful for them to be prepared into the required shapes to
meet the needs of lling the extraction sockets. Successful
formation of the crosslinking structure in the CS/PEG hydrogel
was conrmed using Fourier transform-infrared (FTIR) spec-
troscopy, as shown in Fig. 1e. There was a new peak appearing
in the spectrum of CS/PEG hydrogel at 1590 cm−1, which was
the amide II band correlated to the bending vibration of N–
H.52,53 The absorption peak occurring at 3320 cm−1 was the
amide A band ascribed to the stretching vibration of N–H and
its intensity enhanced compared with that of chitosan, sug-
gesting that the number of amide bonds in the CS/PEG hydrogel
increased with the proceeding of the crosslinking reaction and
that its intensity was affected by the crosslinking degree.23,54

Furthermore, the peaks at 1809, 1781, and 1739 cm−1 are
characteristic absorptions of NHS ester within PEG55 and they
cannot be found in the spectrum of CS/PEG hydrogel, indicating
that the 4-arm-PEG-NHS had reacted with NH2 groups within
chitosan by acylation. Thus, the formation of the –NH–C]O–
structure in the cross-linked hydrogel was conrmed. Aer the
verication of the successful synthesis of CS/PEG hydrogel, the
hydrogel possessing antibacterial properties was further devel-
oped. PHMB powder was added to the precursor polymer
solution before crosslinking to obtain CS/PEG/PHMB hydrogel.
The morphological analysis of CS/PEG hydrogel and CS/PEG/
PHMB hydrogel was performed using a scanning electron
microscope (SEM) (Fig. 1f–i). The hydrogels were freeze-dried
and then analyzed in the longitudinal section (paralleling the
gel-forming direction in Fig. 1c) and cross-section respectively.
It can be observed that the longitudinal section of the hydrogel
(Fig. 1f and g) showed a homogeneous, porous three-
dimensional directional network structure with a pore size
© 2022 The Author(s). Published by the Royal Society of Chemistry
ranging from 15 mm to 30 mm, and the porosity was 33.18%
calculated using ImageJ. The porous structure of hydrogels can
simulate ECM, which is advantageous to the proliferation,
differentiation, and gene expression of stem cells in bone
regeneration.56,57 In contrast, the cross-section of hydrogels
presented lamellar structures, as shown in Fig. 1h and i,
demonstrating that the hydrogels prepared here were aniso-
tropic. Hydrogels with anisotropic structures and appropriate
mechanical properties are similar to biological tissues,58 and
the anisotropic micropatterns were demonstrated to direction-
ally induce cell alignment and accelerate cell migration,59 which
is vital for constructing osteogenic microenvironment in vivo.60
3.2. In vitro degradation of hydrogels

The degradability of the hydrogel is an important parameter to
be considered for the application of bone tissue repair and
regeneration. Ideally, the hydrogel is supposed to degrade
neither too slowly nor too quickly in order to provide an
appropriate time for tissue ingrowth. In this study, the hybrid
hydrogel was applied to ll the socket aer extraction to ensure
that there were adequate alveolar bones to provide support for
the subsequent dental implant. Meanwhile, the hydrogel was
expected to be fully degraded during the interval of tooth
implantation hence the secondary removal of implants can be
avoided. Therefore, the degradation properties of CS/PEG
hydrogel and CS/PEG/PHMB hydrogel were investigated
(Fig. 2). The samples were placed in phosphate-buffered saline
(PBS) at various pH and incubated at 70 °C and 37 °C to observe
the accelerated degradation and actual time degradation
behavior. In the accelerated degradation experiment (Fig. 2a
and b), one can easily nd that the degradation behavior of CS/
PEG hydrogel was sensitive to pH value. A signicant swelling
on CS/PEG hydrogel was observed in the simulated environ-
ment of pH 5.5, and its weight increased by 103.47% aer 2 days
of incubation at 70 °C, which exhibited the application poten-
tial in load and sustained release of drug and growth factor. In
contrast, the mass and volume loss occurred in hydrogels in an
environment of pH 6.5 and 7.5, and the state and mechanical
strength of the hydrogels were kept stable as shown in Fig. 2a,
which was favorable for providing steady support for the alve-
olar ridge during the degradation process. At the two pH values,
the degradation ratio of CS/PEG hydrogel reached 29.83% and
30.39% under the incubation at 37 °C aer 28 days. Considering
the experimental errors, we could say that the degradation
behavior of CS/PEG hydrogel showed the same pattern at pH 6.5
and 7.5. Similarly, the degradation ratio of CS/PEG/PHMB
hydrogel reached ∼37% aer 28 days of incubation at 37 °C
(Fig. 2d). The in vitro degradation experiments revealed that the
hydrogels had appropriate degradation time to afford space for
new bone formation, and were capable of supporting the long-
term growth and proliferation of osteogenic stem cells.61

Moreover, approximately, only 2.1% and 1.8% of the loaded
PHMB were released from the CS/PEG/PHMB hydrogels during
degradation at pH 6.5 and 7.5 aer 28 days, respectively
(Fig. 2e). In other words, more than 97% of the loaded PHMB
was retained in the hydrogels, indicating that the CS/PEG/
RSC Adv., 2022, 12, 32219–32229 | 32223
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Fig. 2 In vitro degradation properties of CS/PEG hydrogel and CS/PEG/PHMB hydrogel. (a) Photographs of CS/PEG hydrogels in accelerated
degradation experiments. (b) CS/PEG hydrogel mass change curves after incubation at 70 °C for 2 days. (c) In vitro degradation ratio of CS/PEG
hydrogels after incubation at 37 °C for 28 days. (d) In vitro degradation ratio of CS/PEG/PHMB hydrogels after incubation at 37 °C for 28 days. (e)
The cumulative loss rate of PHMB in degradation experiments. The data shown was ±SD and these experiments were repeated 3 times.
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PHMB hydrogels could maintain the excellent antibacterial
property during the whole degradation process, which would
avoid the occurrence of inammation and provide a good bio-
logical environment for wound healing at the extraction socket.
3.3. Mechanical properties of the hydrogels

Compression tests were performed to investigate the mechan-
ical strength of CS/PEG hydrogel and CS/PEG/PHMB hydrogel.
The samples were prepared 7 mm high and 8 mm in diameter
and compressed using the universal testing machine. The
compressive stress–strain curves of the hydrogels are shown in
Fig. 3. Generally, the appropriate mechanical strength of
hydrogels can imitate the osteogenic differentiation of stem
Fig. 3 Stress–strain curves of CS/PEG hydrogel and CS/PEG/PHMB
hydrogel.

32224 | RSC Adv., 2022, 12, 32219–32229
cells in the osteogenic micro-environment.62 It can be seen from
the curves that irreversible damage occurred in the CS/PEG
hydrogel under maximum compression of 440 kPa with
a strain of 56.45%. Similarly, the CS/PEG/PHMB hydrogel was
damaged under maximum compression of 450 kPa with a strain
of 66.40%. Compared with the previous study63 in which the
chitosan-based hydrogel possessed a compressive strength of
210 kPa, the hydrogels we designed exhibit more advantageous
mechanical strength and toughness, which is signicant for the
support of alveolar ridge around the extraction socket and can
imitate the proliferation of periodontal tissue meanwhile.64,65

The above results indicate that the CS/PEG hydrogel and CS/
PEG/PHMB hydrogel are promising bioscaffolds for alveolar
ridge preservation.
3.4. In vitro antibacterial activities of the hydrogels

Among several crucial considerations for the implantation of
a biomaterial, themain concern is the introduction of infection.
Biomaterial-centered infections are common, accounting for
about 45% of all nosocomial infections.47 The infection would
lead to slowed tissue regeneration around the implant site, and
in some extreme cases, the implant must be removed. There-
fore, the design and synthesis of hydrogels with antibacterial
activity as scaffolds for tissue engineering are highly antici-
pated.66 Herein, we developed CS/PEG/PHMB hydrogels whose
surfaces are antibacterial. The antibacterial effects of these
hydrogels were assessed by the bacteriostatic circle assay with S.
aureus as the model. The infectious complications aer tooth
extraction such as dry socket and bacteremia are usually
a Gram-positive coccus infection mixed with the Gram-negative
bacillus. Considering the homoplasy of Gram-positive cocci
such as morphological characteristics and pathogenic mecha-
nisms, S. aureus was selected to be a representative of Gram-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Antibacterial properties of CS/PEG/PHMB hydrogels. (a) Photograph of bacteriostatic circles of CS/PEG/PHMB hydrogels loaded with
different concentrations of PHMB after incubation with S. aureus for 24 h. (b) Photographs of the colonies of S. aureus. (c) Width of bacteriostatic
circles of CS/PEG/PHMB hydrogels. (d) Numbers of bacterial colonies of different samples. (e) Antibacterial efficiency of the samples against S.
aureus. The data represent mean ± SD and these experiments were repeated 3 times.
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positive coccus for the preliminary study. The hydrogels were
cut into small round pieces of uniform size and cultured with S.
aureus suspension on Brain Heart Infusion (BHI) agar for 24 h.
Then the bacteriostatic rings were observed and the width of the
bacteriostatic circle was calculated. As shown in Fig. 4a, there
was no obvious antibacterial circle around CS/PEG hydrogel,
while conspicuous bacteriostatic circles were observed around
the CS/PEG hydrogels encapsulated with PHMB (0.3% and 1%),
and the inhibition zones of PHMB 1% samples were visibly
larger than that of 0.3% ones. The widths of bacteriostatic
Fig. 5 (a) SEM images of S. aureus cells on the surfaces of CS/PEG hydro
volume per area of the hydrogel surface. The data shown was ±SD and

© 2022 The Author(s). Published by the Royal Society of Chemistry
circles of CS/PEG hydrogel, and CS/PEG/PHMB 0.3% and 1%
hydrogels were 1.56 mm ± 0.1 mm, 6.04 mm ± 0.4 mm and
9.00 mm ± 0.4 mm, respectively (Fig. 4c), suggesting that the
antibacterial properties of hydrogels were greatly improved with
the addition of PHMB. Next, the number of bacterial colonies
on the surfaces of CS/PEG/PHMB hydrogels was counted aer
ultrasonic concussion and 103× dilution treatment. Fig. 4b and
d clearly show that the CS/PEG/PHMB 0.3% hydrogel was
already able to kill most of the bacteria with a bacteriostatic rate
above 90% (Fig. 4e), and no bacterial colonies were observed on
gel and CS/PEG/PHMB hydrogel after incubation of 24 h. (b) Biomass
these experiments were repeated 3 times. *p < 0.05.

RSC Adv., 2022, 12, 32219–32229 | 32225
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Fig. 6 Cytotoxicity of CS/PEG hydrogel and CS/PEG/PHMB hydrogel. (a) Fluorescencemicroscopy images of NIH 3T3 cells after incubation with
CS/PEG hydrogel and CS/PEG/PHMB hydrogel for 24 h (corresponding scale bars were 200 mm). (b and c) Cell viabilities of NIH 3T3 cells after
incubation with different samples for 24 h and 48 h. The data shown was ±SD and these experiments after 3 repetitions.
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the plate of the PHMB 1% group, which means the bacterio-
static rate of CS/PEG/PHMB 1% hydrogel was up to 100%. The
data showed that CS/PEG/PHMB hydrogels were capable of
inhibiting S. aureus proliferation effectively.

To visualize the bactericidal effects of the hydrogels, SEM
was used to observe the morphologies and membrane integrity
of the bacteria incubated with different samples (Fig. 5a). The
structure of bacterial cells on the surface of the CS/PEG
hydrogel was observed to remain almost intact. As expected,
SEM images show that the inhibitory activity of the hydrogel
surface apparently increased with the introduction of PHMB.
Most cells on the surface of CS/PEG/PHMB 0.3% hydrogel were
shriveled and cracked, while only a few parts of them main-
tained complete cell walls. On the surface of CS/PEG/PHMB 1%
hydrogel, nearly all cells exhibited considerable damage and no
structure of biolm was observed, indicating a higher bacteri-
cidal efficacy of the hydrogel with the increase of PHMB
content. Additionally, compared with the CS/PEG hydrogel, the
number of bacteria cells on the surfaces of PHMB 0.3% and 1%
hydrogels decreased signicantly, as shown in Fig. 5b. The total
biomass on the surface of CS/PEG/PHMB 0.3% hydrogel
decreased to almost a third of that of the CS/PEG hydrogel,
while the PHMB 1% ones decreased to about one-eighth of that.
The data demonstrated that the CS/PEG/PHMB hydrogel can
not only inactivate bacteria effectively but also possess the
ability to resist bacterial adhesion. As an implantable scaffold
material, the CS/PEG/PHMB hydrogel with advantageous anti-
bacterial activity can protect the extraction socket from being
infected, thus this optimized hydrogel is appropriate for alve-
olar ridge preservation.
3.5. Cytotoxicity studies

It is well known that good biocompatibility and biosafety of
implantable scaffold materials are necessary for tissue
32226 | RSC Adv., 2022, 12, 32219–32229
engineering.67 The cytotoxicity of the CS/PEG hydrogel and CS/
PEG/PHMB hydrogel to mammalian cells was evaluated via
CCK-8 and live/dead cell staining experiments using NIH 3T3
cells as the model. As shown in Fig. 6a, almost no dead cells
were observed aer incubation with CS/PEG hydrogel and CS/
PEG/PHMB 0.3% hydrogel for 24 h. Meanwhile, according to
the data of the CCK-8 experiments (Fig. 6b), 100% and 94.04%
of NIH 3T3 cells remained viable aer incubating with CS/PEG
hydrogel for 24 h and 48 h, respectively. This demonstrated the
good biocompatibility and low cytotoxicity of CS/PEG hydrogel
toward NIH 3T3 cells. Compared with the CS/PEG hydrogel
group, the cell viability decreased to 91.39% and 73.16% aer
incubating with CS/PEG/PHMB 0.3% hydrogel for 24 h and 48 h,
respectively, suggesting that the cytotoxicity of the hydrogel
increased slightly with the addition of PHMB. According to
ISO10993, the CS/PEG/PHMB 0.3% hydrogels exhibited an
acceptable effect on the cell viability aer incubation of 24 h or
48 h. But the cell viability decreased to 45.50% and 34.62% aer
incubation for 24 h and 48 h, respectively, when the PHMB
concentration among hydrogel increased to 1%. The results
revealed that the cytotoxicity of hydrogels clearly had a positive
correlation with the content of PHMB (Fig. 6c). For future
clinical applications, more precise concentration and admin-
istration frequency should be conrmed to enhance the
hydrogel to obtain better bactericidal performance and
biocompatibility.
4. Conclusions

In this study, a 4-arm-PEG-NHS cross-linked chitosan hydrogel
was designed to be a degradable biological scaffold material for
alveolar ridge preservation. The covalently cross-linked hydro-
gel was fabricated via the primary amine ester reaction under
physiological conditions and was further loaded with PHMB to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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improve its antibacterial property. CS/PEG hydrogel prepared
here had pH-responsive swelling properties and it swelled
signicantly in the acidic condition. In an environment of weak
acid and neutral alkalinity, the volume of the hydrogel shrank.
The as-prepared hydrogel possessed superior mechanical
strength with the compressive strength of 440 kPa, which
provides a signicant advance over materials reported before. In
vitro degradation experiments indicated that CS/PEG hydrogel
and CS/PEG/PHMB hydrogel both had appropriate rates of
degradation. Additionally, the antibacterial performance of CS/
PEG hydrogel was signicantly enhanced by introducing PHMB
into this network system. CS/PEG/PHMB hydrogel exhibited
excellent antibacterial ability and was capable of inhibiting the
growth and adhesion of bacteria effectively. Moreover, cell
experiments showed that the CS/PEG hydrogel and CS/PEG/
PHMB hydrogel possessed good biocompatibility and low
cytotoxicity toward mammalian cells. Overall, the CS/PEG/
PHMB hydrogel is an ideal scaffold material for osteogenic
application and is expected to be used as a new candidate for
alveolar ridge preservation in dental surgery, and it also
provides a new strategy for bone defect restoration in the clinic.
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