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ABSTRACT

Hydrogels are extracellular-matrix-like biomimetic materials that have wide biomedical applications in tissue
engineering and drug delivery. However, most hydrogels cannot simultaneously fulfill the mechanical and cell
compatibility requirements. In the present study, we prepared a semi-interpenetrating network composite gel
(CG) by incorporating short chain chitosan (CS) into a covalent tetra-armed poly(ethylene glycol) network. In
addition to satisfying physicochemical, mechanics, biocompatibility, and cell affinity requirements, this CG
easily encapsulated acetylsalicylic acid (ASA) via electrostatic interactions and chain entanglement, achieving
sustained release for over 14 days and thus promoting periodontal ligament stem cell (PDLSC) proliferation and
osteogenic differentiation. In vivo studies corroborated the capacity of PDLSCs and ASA-laden CG to enhance new
bone regeneration in situ using a mouse calvarial bone defect model. This might be attributed to PDLSCs and host
mesenchymal stem cells expressing monocyte chemoattractant protein-1, which upregulated M2 macrophage

recruitment and polarization in situ, indicating its appealing potential in bone tissue engineering.

1. Introduction

Critical-sized bone defects secondary to trauma, infection, congenital
bone disease, or tumor resection cannot be reconstructed without
intervention, representing a clinical and public health issue worldwide
[1-3]. Conventional materials for bone defect repair include autografts,
allografts, or bone substitutes. Although autologous bone grafting re-
mains the gold standard among therapeutic strategies, limited donor
tissue and excessive surgery risks are still major concerns [4,5]. Allo-
geneic or xenogeneic bone grafting might give rise to de novo problems,
including immune rejection and pathogen transmission [1,6]. Fortu-
nately, bone regeneration via artificially designed and synthesized
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biomimetic scaffolds has emerged as a new technique to fulfill this de-
mand. Cell-based strategies have proven to be promising alternatives in
tissue engineering and regenerative medicine (TERM). With the ad-
vances in exogenous progenitor cell selection, design strategies of bionic
scaffolds based on the loading and spatiotemporally-disciplined release
of bioactive factors has become a promising approach in bone tissue
engineering (BTE) to reconstruct critical bone defects.

The immune system plays key roles in bone homeostasis, and aber-
rant osteoimmune microenvironments during bone healing and BTE
might lead to less neo-bone formation and poorer repair outcomes [7,8].
Among immune cells, macrophages, the major producers of cytokines,
are recruited to bone defect areas, where they determine local reactions
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towards bioactive scaffolds over the long term [9,10]. In addition,
macrophages polarized to the M2 phenotype are believed to promote
tissue healing and mesenchymal stem cell (MSC) osteogenesis [11,12].
The emerging concept of the immunomodulation capacity of bio-
materials has been applied to bone regeneration applications [11,13].
Various modification strategies to achieve local sustained release of
immunomodulatory agents, including non-steroidal anti-inflammatory
drugs (NSAIDs) or appropriate surface nano-topography design, have
been investigated. Acetylsalicylic acid (ASA), also known as aspirin, can
promote bone regeneration. Numerous articles have elaborated its un-
derlying mechanisms, most of which are related to
osteo-immunomodulation, including T cell suppression, elongation of
MSC life span, and upregulation of immunomodulation capacity
[14-17]. Periodontal ligament stem cells (PDLSCs) were separated as
novel dental MSCs in 2004 [18]. Studies reported that PDLSCs possess
superior proliferation, differentiation, and immunomodulation abilities
[19], making them appealing candidate seed cells for BTE. Recent de-
velopments in tissue engineering have led to increased interest in
enhancing structural and compositional components of scaffolds.
Accordingly, extensive studies have determined the significance of
three-dimensional (3D) constructs, namely their morphological resem-
blance to the structure of the native extracellular matrix (ECM).
Hydrogels, natural 3D polymeric materials, have many unique proper-
ties, including high porosity, high water retention capacity, and diverse
physical properties of natural tissue that enable them to mimic the
natural ECM, and thus can be applied in tissue engineering [20-22].
However, they possess some inherent disadvantages, such as a delicate
nature, poor mechanical strength, or a premature degradation profile
because of structural defects, especially their swollen state in vivo, which
greatly limits their applicability.

In general, hydrogels are prepared from either synthetic or natural
polymers. Although many approaches have been developed to improve
their mechanical properties, most synthetic hydrogels cannot fulfill the
cell-compatibility requirements of biomedical applications. For
example, tetra-armed poly(ethylene glycol) (tetra-PEG) hydrogels
possessed uniform networks and favorable mechanical properties [23].
However, cell adhesion, proliferation, and growth were unsatisfactory,
which has limited their applications in tissue engineering. In contrast,
natural polymers involving alginate, chitosan, hyaluronic acids, and
collagen have greater inherent biocompatibility and desirable biode-
gradability, representing promising bone tissue regenerative bio-
materials for clinical use [24]; however, their undesirable mechanical
strength is a challenge. Among these natural hydrogel materials, chito-
san (CS) is an excellent candidate for potential drug delivery and tissue
engineering [25,26], because this cationic copolymer is hydrophilic in
nature and is enzymatically degradable. In addition, CS is the only
alkaline polysaccharide with physical chain-entanglement network and
a number of natural amino groups that could generate electrostatic in-
teractions with carboxyl-modified drugs or bioactive factors to
contribute to controlled drug release behaviors [27]. Nevertheless, a CS
physical network is not usually the preferred choice to build
high-performance hydrogels because of its low solubility and the high
viscosity of long-chain CS, which could result in brittle hydrogel scaf-
folds [28].

To simultaneously fulfill the mechanical and cell-compatible re-
quirements of biomedical applications, in the present study, we inte-
grated short-chain CS (high solubility in neutral water) into a covalent
tetra-PEG network via hydrogen bonding to construct a tetra-PEG-CS
composite gel (CG). The uniform backbone of the tetra-PEG network
provided high mechanical strength and the CS components benefited
PDLSC adhesion, thus acquiring simultaneous favorable mechanical
properties and cell growth abilities. This biocompatible tetra-PEG-CS
hydrogel could bind ASA molecules via electrostatic interactions and
polymeric chain entanglement. The suitable pore structure, swelling
ratio, and degradation time, meant that ASA molecules could be released
in a sustained manner from the biodegradable ASA-encapsulated tetra-
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PEG-CS composite gel (CG-ASA) over 2 weeks, thus effectively
enhancing PDLSC osteogenic differentiation in vitro. After in vivo im-
plantation for 8 weeks, this non-toxic, bioactive, and mechanically and
functionally optimized CG-ASA combined with PDLSCs promoted sig-
nificant bone tissue regeneration, as assessed using histological tests,
micro-computed tomography (CT), specific markers analysis, and bone
mass measurements. The underlying mechanism of CG-mediated bone
regeneration might be associated with MCP-1 secretion and M2
macrophage recruitment and polarization.

2. Materials and methods
2.1. Materials

Tetra-PEG-NHz (M = 10 kDa) and Tetra-PEG succinimidyl car-
bonate (SC, My = 10 kDa) were purchased from SINOPEG (Xiamen,
China). Chitosan was purchased from Jinhu Limited (Shandong, China).
Aspirin was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Infrared (IR) grade potassium bromide was purchased from Aladdin
(Shanghai, China). Ethanol, isopropanol, chloroform, and glutaralde-
hyde were purchased from Beijing Chemworks (Beijing, China). Six
week old female C57BL6 mice were purchased from Vital River Labo-
ratories (Beijing, China).

2.2. PDLSC isolation and identification

The primary cell isolation protocol was approved by the Peking
University School of Stomatology Institutional Review Board (PKUS-
SIRB-201311103). Human donors aged 18-25 years old who claimed to
have no history of periodontitis nor caries were included. Then, PDLSC
isolation procedures were performed according to a previous publica-
tion [18]. Passage 3 (P3) cells were used for flow cytometric analysis.
P3-P5 PDLSCs were used in the subsequent experiments.

2.3. PDLSC culture and osteogenic induction

The PDLSC Growth Medium (GM) comprised a-modified Eagle’s
medium (a-MEM, Gibco, Grand Island, NY, USA) supplemented with
15% fetal bovine serum (FBS, ABWbio, Shanghai, China), 1% penicillin/
streptomycin (Solarbio, Beijing, China) and 2 mM glutamine (Gibco).
Cells were cultured at 37 °C in 5% humidified CO,. When the cell
confluence reached 70-80%, the medium was replaced with PDLSC
Osteogenic Differentiation Medium (ODM). ODM contains a-MEM, 15%
FBS, 1% penicillin/streptomycin, 0.01 pM dexamethasone sodium
phosphate, 1.8 mM KH5POy, 0.1 mM t-ascorbic acid phosphate (Sigma-
Aldrich), and 2 mM glutamine. Apart from the negative control (NC)
group, the culture medium of the other groups in the ex vivo osteogenesis
assay were based on ODM.

2.4. Alkaline phosphatase (ALP) staining

After 7-days of osteogenic induction, PDLSCs were fixed using 4% of
paraformaldehyde (PFA) at ambient temperature for 15 min and then
rinsed with phosphate-buffered saline (PBS) three times. A 5-bromo-4-
chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT) Kit
(CWBIO, Beijing, China) was applied according to the manufacturer’s
protocol. Briefly, PDLSCs were stained using BCIP/NBT dyes in the dark
for 30 min. After rinsing with PBS three times, the cells were viewed
under a microscope, and ImageJ2 software (NIH, Bethesda, MD, USA)
was used to measure the stained areas semi-quantitatively(n = 6).

2.5. Alizarin Red S (ARS) staining
After 14-days of osteogenic induction, PDLSCs were fixed and rinsed

in the same way as ALP staining. PDLSCs were stained with 1% of ARS
(Sigma-Aldrich) dye for 15 min at room temperature and then rinsed
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with PBS three times. Stained PDLSCs were air-dried and photographed.
ImageJ2 was used to measure the stained areas semi-quantitatively (n =
6).

2.6. Quantitative real-time reverse transcription PCR (qRT-PCR)

Total RNA extraction was conducted following the manufacturer’s
protocol using the TRIzol Reagent (Invitrogen, Waltham, MA, USA). The
RNA concentration was determined using a NanoDrop 8000 spectro-
photometer (Nanodrop Technologies, Wilmington, DE, USA). Total RNA
(1 pg per sample) was reverse-transcribed to cDNA using ReverTra ACE
gPCR RT Master Mix (TOYOBO, Osaka, Japan) following manufacturer’s
protocol. The cDNA was used as a template in a qPCR reaction, per-
formed using FastStart Universal SYBR Green Master (Roche, Basel,
Switzerland) on an ABI Prism 7500 Real-Time PCR System (Applied
Biosystem, Foster City, CA, USA). Target gene expression was normal-
ized to that of GAPDH (encoding glyceraldehyde-3-phosphate dehy-
drogenase). The result was analyzed using the 2(=2ACT) method [29] (n
= 6). The primer sequences are listed in Table 1.

2.7. Preparation of the ASA-Encapsulated tetra-PEG-CS composite gel
(CG-ASA)

All solutions were prepared in ultra-pure water at room temperature.
Chitosan (6 wt%) and ASA (200 pg/mL) were jointly dissolved in the
same sample bottle, precursor molecules of tetra-PEG-NH, (15 wt%)
were then added into the CS-ASA solution. An equivalent volume of
tetra-PEG-SC solution (15 wt%) was added to the CS-ASA-tetra-PEG-
NHj solution. The solution was thoroughly mixed via vortexing and then
stood at room temperature to allow gelation. ASA was not required for
the pure CG.

2.8. Scanning Electrical microscopy (SEM)

Briefly, the CG samples were fixed using 2.5% glutaraldehyde,
gradient ethanol dehydrated, and lyophilized for SEM (Hitachi, Tokyo.
Japan) observation. SEM images of CG (n = 3) and CG-ASA (n = 3) were
acquired, and 8 pores in each image were selected randomly and
measured.

2.9. Flourier transform infrared spectroscopy (FT-IR)

A small amount of CS powder and freeze-dried gels were mixed with
IR-grade potassium bromide, ground to a fine powder, dried, and com-
pacted into disks. In the range of 4000-400 cm™! wavenumbers, 32
scans were carried out with a resolution of 2 cm™! using FT-IR (Bruker,
Karlsruhe, Germany).

2.10. Porosity

The porosity of freeze-dried CG was measured using the ethanol
displacement method: 1) The initial weight, Wy, and volume, Vj, of the
samples were measured. 2) CG samples were immersed in absolute
ethanol for 2 min. 3) The residual ethanol on the surface of the samples
as wiped off and the weight was recorded (W;). The density of ethanol
was marked as p. The porosity (%) of the samples was calculated using

Table 1
Primer sequences of target genes for qPCR.

Gene Forward (5'-3) Reverse (3'-5)

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
RUNX2 TGGTTACTGTCATGGCGGGTA TCTCAGATCGTTGAACCTTGCTA
ALP [30] AACATCAGGGACATTGACGTG GTATCTCGGTTTGAAGCTCTTCC
OCN CACTCCTCGCCCTATTGGC CCCTCCTGCTTGGACACAAAG
MCP-1 TTTCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT
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the following formula (n = 6):

Porosity (%) - x 100%
PV

0

@

2.11. Swelling and degradation ratios

The initial weight, Wy, of freeze-dried CG samples was recorded.
Then, samples were immersed in PBS at 37 °C, and the PBS was replaced
every 2 days. In the swelling study, CGs were weighed after 0.25, 0.5, 1,
2,4,8,12,24, 48,72, 96, and 120 h, and their weights were recorded as
W¢. The swelling ratio (%) of the samples was calculated using following
formula (n = 6):

W, - W,

0

Swelling Ratio (%) = x 100% (2)

In the degradation study, CGs were rinsed, lyophilized, and weighed
after 0 (Wy), 1, 4, 7, 14, 21, 28, 35, and 42 days, and the weights were
recorded as W¢. The degradation ratio (%) of the samples was calculated
using the following formula (n = 6):

Wo — W,

Degradation Ratio (%) = L% 100% 3)

0
2.12. Compression stress

CG (n = 6) and CG-ASA (n = 6) were prepared in a container with a
diameter of 15 mm and a height of 6 mm. The samples were tested by
Universal Testing Systems (Instron, MA, USA) at a compression rate of 3
mm/min.

2.13. In vitro ASA release

ASA-laden CGs (n = 6) were immersed in PBS at 37 °C. After 0.5, 1, 2,
3,4,5,6,7,8,10, 12, and 14 days of incubation, ASA-containing PBS
was collected and the ASA concentrations were determined using high
performance liquid chromatography (HPLC).

2.14. Cytotoxicity assays

Cell Counting Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan) assays (n
= 6) were applied following manufacturer’s protocol. PDLSCs were
seeded in a 48-well plate at 1 x 10* cells per well. After incubation for
24 h, GM, CG extract GM, with or without 100 pg/mL of ASA, was
replaced in the NC, CG-ASA, and CG groups, respectively, for further
incubation. OD values (450 nm) of the experimental group, NC group,
and background were recorded as ODg, ODy¢ and ODg, respectively. Cell
viability (%) was defined using the following formula:

o ODE - ODB

- 100%
ODye — 0D, 0%

Cell Viability (%) 4)

Live/dead staining was performed using a Live/Dead Viability/
Cytotoxicity Kit (Invitrogen). PDLSCs were seeded and incubated with
GM, and CG extract GM with or without 100 pg/mL of ASA (n = 6).
Medium was replaced every 2 days. Fluorescence microscopy (Olympus,

Tokyo, Japan) was used to observe the green and red fluorescence.
2.15. In vivo osteogenesis study of PDLSC-Loaded CG complexes

Freeze-dried CGs with diameter of 5 mm and height of 2 mm were
disinfected using UV light. A suspension containing 2 x 10> PDLSCs was
seeded into the CGs and incubated for 2 days to obtain the PDLSC-CG
complexes. CGs without PDLSCs were immersed in GM and incubated
for 2 days. Materials were cut into a diameter of 3 mm and height of 1-2
mm before surgery. The animal experiments were approved by Peking
University Biomedical Ethics Committee (approval number
LA2019074). Briefly, 8-week-old female C57BL6 mice were
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anaesthetized. The surgery fields were shaved and disinfected. Then, 3
mm of full-thickness circular defects [31] were made in the center of
mouse calvaria bone using a stainless-steel trephine. Mice were
randomly divided into five groups for implantation: 1) NC group (n =
12), the defects were left unfilled; 2) CG group (n = 12), the defects were
filled by CG; 3) PDLSC + CG group (n = 12), the defects were filled with
PDLSC-laden CG; 4) CG-ASA group (n = 12), the defects were filled with
CG-ASA, and 5) PDLSC + CG-ASA group (n = 12), the defects were filled
with PDLSC-laden CG-ASA. Skin incisions were closed using 5-0 sutures.
Mice were euthanized at 2 weeks (for macrophage and osteogenic
marker immunohistochemistry staining [32], n = 6 in each group) and 8
weeks (for hematoxylin and eosin (H&E) staining, Masson staining, n =
6 in each group) after surgery, at which point, the calvarial bones were
harvested and fixed with 4% PFA.

2.16. Micro-CT scanning and analysis

The calvarial bone specimens were scanned using an Invest MM
Ganstry-Std CT (Siemens, Munich, Germany), at 80 kV and 500 pA. The
bone volume/total volume (BV/TV) ratio was calculated using Inveon
Research Workplace 3.0 (Siemens).

2.17. Histological staining

Briefly, the specimens were decalcified, dehydrated, and embedded.
4 pm thick serial sections were prepared and stained with H&E and
Masson Staining Kits (Solarbio) to evaluate bone formation.

2.18. Enzgyme-linked immunosorbent assay (ELISA)

Tetra-PEG hydrogel and CG extract GM were used to treat PDLSCs (n
= 6). After incubation for 1, 4, and 7 days, the supernatant was
collected. The levels of monocyte chemoattractant protein-1 (MCP-1) in
the supernatant were detected using an MCP-1 ELISA Kit (MEIMIAN,
Jiangsu, China) following manufacturer’s protocol.

2.19. Immunohistochemistry (IHC)

Briefly, after routine dewaxing and hydrating, the sections were
treated with proteinase K and trypsin mixed antigen retrieval solution
for 30 min at 37 °C. Then, 5% of BSA was used to block non-specific
binding. Primary antibodies against pan macrophage markers F4/80
(Cat. sc377009, 200 pg/mL, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), M1 macrophage marker inducible nitric oxide synthase (iNOS,
Cat. 18985-1-AP, 1000 pg/mL, Proteintech Group, Rosemont, IL, USA),
M2 macrophage marker CD206 (Cat. 18704-1-AP, 700 pg/mL, Pro-
teintech Group), MCP-1 (Cat. ab25124, 1000 pg/mL, Abcam, Cam-
bridge, UK) and RUNX2 (Cat. sc101145, 100 pg/mL, Santa Cruz
Biotechnology) were added to the sections at 1:100 dilution at 4 °C
overnight. After rinsing three times with PBS, the sections were incu-
bated with corresponding horseradish peroxidase-conjugated secondary
antibodies (Cat. ZB2301, ZB2305, 200 pg/mL, ZSGB Biotechnology,
Beijing, China) at 1:5000 dilution or IHC enhanced polymer detection
system (Cat. PV8000, ZSGB Biotechnology). Experiments were carried
out following manufacturer’s protocols (ZSGB Biotechnology). The
samples were observed under optical microscopy (Zeiss, Wetzlar,
Germany).

2.20. Statistics analysis

All the data were analyzed using SPSS 24.0 (IBM Corp., Armonk, NY,
USA) and presented as the mean + standard deviation (SD). Unpaired
Student’s t-tests and one-way analysis of variance (ANOVA) were
applied for the statistical analysis.
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3. Results
3.1. Preparation and characterization of CG-ASA scaffolds

A schematic illustration of the synthesis of the CG-ASA scaffolds is
shown in Fig. 1. According to the intrinsic properties of the ammonolysis
reaction between the amine and active ester groups, a strong covalent
primary network of tetra-PEG was quickly formed, while the CS chains
interacted with tetra-PEG network via chain-entanglement and
hydrogen bonding. Some ASA molecules were distributed around the CS
chains via electrostatic interactions, thus indicating the sustained-
release behavior to prolong the maintenance time of an effective drug
concentration in situ.

The optimal ASA loading concentration was determined via in vitro a
PDLSC osteogenic differentiation assay. After being verified by flow
cytometric analysis (Fig. S1A), PDLSCs were osteogenically induced
using ODM supplemented with gradient concentrations of ASA for 7 or
14 days. ALP and ARS staining unanimously demonstrated that aspirin
promoted osteogenesis in a dose-dependent manner. When the con-
centration was set at 100 pg/mL, ASA exhibited the greatest osteogenic
induction of PDLSCs (Fig. S1B). Thus, we encapsulated ASA at a con-
centration of 100 pg/mL in CG-ASA (Fig. 2A). Empty CG and CG-ASA
appeared to be semitransparent faint yellow under gross observation,
resulting from CS integration (Fig. 2B). Absorbance peaks of the tetra-
PEG hydrogel, CS, and CG were determined using by FT-IR (Fig. 2C).
The wide peaks at 3429 cm™! were associated with N-H and O-H
stretching vibration and the signal of 2880 cm ™! was ascribed to C-H
stretching vibration. In the spectrum of CS, 1080 cm ™! and 1157 cm™?
were the vibration peaks of pyranose. The existence of hydrogen bonds
meant that the stretching vibration of C=0 in the residual acetyl group
of S was located at 1610 cm ™!, and the bending vibration of N-H of the
primary amine was located at 1512 cm™!. In the spectra of tetra-PEG,
absorbance peaks at 1662 cm ™! and 1117 cm™! were related to amide
I band and C-O-C vibration, but these two bands were shifted to 1637
em ! and 1113 em ™! in the spectra of CG, which might be ascribed to
the physical chain-entanglement and hydrogen bonds between tetra-
PEG and CS chains. The peak at 1539 cm™! corresponded to N-H
bending vibration, confirming the existence of free amino groups of CS.
SEM revealed the inner porous structure of CG and CG-ASA (Fig. 2D).
Scaffolds with a suitable pore size and porosity enable host cell infil-
tration, as well as the exchange of nutrition and metabolic waste. The
pore size and porosity of CG and CG-ASA were 85.1 + 3.94 pm and
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Fig. 1. Schematic illustration of the fabrication procedures of an acetylsalicylic
acid (ASA)-encapsulated composite gel (CG-ASA) for mice calvaria bone defect
regeneration. The underlying mechanism of CG-mediated bone regeneration
might be ascribed to macrophage recruitment and M2 polarization.
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Fig. 2. Fabrication and characterization of CG and CG-ASA. (A) Synthesis
procedures for CG-ASA. (B) Gross view of CG and CG-ASA, scale bar = 1 cm. (C)
FT-IR spectra of tetra-PEG hydrogel, chitosan, and CG. (D) SEM images of the
inner porous structure of CG and CG-ASA, scale bar = 50 pm. (E) Pore size and
porosity, (F) Swelling, (G) Degradation profiles, and (H) compressive stress of
CGs, with or without ASA loading. (I) ASA cumulative release curve of CG-ASA.
CG, composite gel; ASA, acetylsalicylic acid; CG-ASA, ASA-encapsulated CG;
FT-IR, Fourier transform infrared spectroscopy; PEG, polyethylene glycol; SEM,
scanning electron microscopy.

57.05 + 3.12%; and 89.0 + 4.31 pm and 61.43 + 2.75%, respectively
(Fig. 2E). No significant difference was found between the two groups.
The swelling and degradation profiles of hydrogels, particularly tissue
engineering scaffolds, are important physical and biological properties
to maintain the stability of scaffolds and promote neo-tissue regenera-
tion. The swelling profiles showed that after immersion for 24 h in PBS,
both CG and CG-ASA reached the equilibrium swelling state, and the
swelling ratios at 120 h were 1436 + 59.85% and 1449 + 40.21%
(Fig. 2F), respectively. In vitro degradation assays demonstrated after 42
days of incubation, the degradation ratios of CG and CG-ASA were 73.05
+ 0.70% and 64.95 + 1.26%, respectively, exhibiting highly similar
degradation trends (Fig. 2G). Besides, CG and CG-ASA also possessed
similarly remarkable compressive stress capabilities (Fig. 2H), which
were far beyond those of the tetra-PEG hydrogel, revealing the impor-
tance of a rigid CS backbone to improve the mechanical strength of a
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composite gel. These data indicated that ASA loading did not alter the
microarchitecture, swelling, degradation profiles, and mechanical per-
formance of the CGs.

3.2. In Vitro ASA release profile of CG-ASA

Sustained-release of ASA would be conducive to maintaining an drug
effective concentration in the scaffold for seeded cells; moreover, it
might exert enduring anti-inflammatory effects on the surrounding tis-
sue. The cumulative release curve demonstrated that ASA release
exhibited an initial burst within 24 h, representing about 15% of the
total. The release rate of ASA gradually decreased with extended time,
and the cumulative release of aspirin was about 70% at 14 d (Fig. 2I).

3.3. Cytotoxicity and biocompatibility of CG-ASA

CCK-8 assays and live/dead staining were used to assess CG cyto-
toxicity toward PDLSCs. As shown in Fig. 3A, compared with the NC
group, PDLSC viability was markedly elevated in the CG group after 24
and 48 h of incubation (p < 0.05, p < 0.001, respectively), implying that
the CG scaffold was capable of stimulating PDLSCs propagation.
Meanwhile, the cell viabilities of the CG-ASA group at 24, 48, and 72 h
were significantly higher than those of the other two groups (p < 0.05, p
< 0.001, p < 0.01, respectively). Intriguingly, at 72 h, CG-ASA could still
promote PDLSC proliferation, while NC group caught up with CG group.
This might be attributed to ASA supplementation. At 120 h, the effect of
CS-ASA on PDLSCs proliferation disappeared, and the difference be-
tween groups was not statistically significant. PDLSCs live/dead assays
showed that live PDLSCs appeared to be spindle-shaped with numerous
filopodia. Bright green fluorescence showed strong cell viability, and
dead cells were extremely rare among the three groups at the four
different timepoints over two weeks (Fig. 3B). No distinguishable dis-
parities in cell status were observed. The CCK-8 and cell live/dead
staining results indicated neither of CG nor CG-ASA exhibited obvious
cytotoxicity towards PDLSCs.

3.4. CG-ASA enhanced PDLSC osteogenic differentiation in Vitro

Excellent biocompatibility is a prerequisite for qualified cell carriers.
Ideal scaffolds for bone tissue engineering should also boost progenitor
cell osteogenic differentiation [5]. ALP and ARS staining and qRT-PCR
were used to determine the osteoinductivity of CG-ASA. As shown in
Fig. 4A, ALP and ARS staining revealed that compared with the other
three groups, the CG-ASA group displayed the greatest staining intensity
and ratios of positively stained areas (p < 0.05). These results suggested
7-day ALP activity and 14-day mineralized nodules were significantly
augmented by CG-ASA. Relative mRNA expressions of osteogenic
marker genes, including RUNX2 (encoding RUNX family transcription
factor 2), ALP, and OCN (encoding osteocalcin), were analyzed at the
early, middle, and late stages (Day 5, 7 and 10, respectively) of osteo-
genesis (Fig. 4B). The qRT-PCR results showed that compared with
RUNX2 expression in the in NC group, its expression was increased
significantly in the PEG-ASA and CG-ASA group at all time points (**p <
0.01, ***p < 0.001). ALP expression was significantly upregulated at all
time points (*p < 0.05, **p < 0.01, ***p < 0.001), while OCN was
upregulated after day 7 (*p < 0.05, **p < 0.01, ***p < 0.001), implying
that ASA-laden tetra-PEG hydrogel (PEG-ASA) scaffolds were capable of
promoting PDLSCs osteogenic differentiation in vitro. Intriguingly, most
of the bar charts in Fig. 4B show that expression of osteogenic markers
increased more significantly in the CS-ASA group than that in the
PEG-ASA group, revealing the beneficial promotion of cell adhesion and
differentiation by CS components. These results indicated that CG-ASA
was a promising scaffold to enhance PDLSC osteogenic differentiation
in vitro.
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Fig. 3. Cytotoxicity of CGs in vitro. (A) CCK-8 assay
of PDLSC proliferation and viability after co-culture
for 24, 48, 72, and 120 h. (B) Live/dead staining of
PDLSCs at specific time points (Day 1, 4, 7, and 14)
in 2-weeks of co-culture. Calcein AM staining
(green) shows strong viability of cells, EthD-1
labelling (red) shows dead cells. Scale bar = 500
pm. NC, negative control (*p < 0.05, **p < 0.01,
***p < 0.001). CG, composite gel; CCK-8, cell
counting kit-8; PDLSCs, periodontal ligament stem
cells.

Fig. 4. Osteogenic potential of PDLSCs co-cultured
with ASA-laden tetra-PEG gel and CG in vitro. (A)
Gross-micrographs and semi-quantitative analysis
of ALP and ARS staining. Scale bar = 200 ym. PC,
positive control, PDLSCs were cultured with ODM.
(B) PDLSCs relative mRNA expression of RUNX2,
ALP, and OCN at the corresponding time points (*p
< 0.05, **p < 0.01, ***p < 0.001). CG, composite
gel; PDLSCs, periodontal ligament stem cells; ASA,
acetylsalicylic acid; PEG, polyethylene glycol; ALP,
alkaline phosphatase; ARS, Alizarin Red S; ODM,
osteogenic differentiation medium; RUNX2, RUNX
family transcription factor 2; OCN, osteocalcin.
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3.5. CG-ASA increased the secretion of MCP-1 by PDLSCs, leading to
macrophage M2 polarization

We established a mouse calvarial bone critical-sized defect model to
examine the CGs’ in situ osteogenic ability in vivo. The surface topog-
raphy of PDLSCs-loaded CG complexes was observed by SEM after in-
cubation for 48 h. PDLSCs appeared to be round-shaped and dispersed in
the wrinkles and pores of the CGs (Fig. S2). Full-thickness calvarial bone
defects (3 mm) were prepared and the corresponding sized CGs were
implanted in situ (Fig. 5A). At 8 weeks after surgery, neo-bone formation
was observed in all five groups via micro-CT (Fig. 5B-F). The BV/TV
data showed that in the NC group, no observable newly-formed bone
tissue had been formed (Fig. 5G). Compared with that in the CG group
(1.48 £+ 0.57%), the bone formation of the CG + PDLSCs group (7.31 +
1.16%) and CG-ASA group (11.96 + 2.07%) were greater, yet only the
CG-ASA group showed a significant difference. By contrast, the CG-ASA
+ PDLSCs group (19.84 + 1.99%) exhibited the highest rate of osteo-
genesis among all the groups, and the differences were statistically
significant (p < 0.05). H&E staining (Fig. 5H) showed that the CG-ASA
+ PDLSCs group had the maximum bone regeneration in the defect
areas, whereas the CG + PDLSCs group and CG-ASA group acquired less
regenerated bone around the margins. Most of the defect areas in the CG
group were filled with fibrous connective tissue. The microstructures of
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the newly-formed bone were relatively ordered and osteocytes were
distributed more uniformly in the CG-ASA + PDLSCs group compared
with that in the other three groups. Masson trichrome staining revealed
that conspicuously more mature neo-bone was attained in the CG-ASA
+ PDLSCs group compared with that in the CG-ASA group. The latter
evidently had much more blue-stained areas indicating immature
collagen fibers and osteoid. The CG + PDLSCs and CG groups had
identical staining characteristics.

To explain the underlying mechanisms of PDLSCs-laden CG-ASA-
mediated osteogenesis, a series of prominent osteoimmune factors were
tested at the transcriptional level. We found out that MCP-1 mRNA was
predominantly upregulated in PDLSCs co-cultured with CG-ASA for 3
days (Fig. 6A, p < 0.01). To confirm this alteration, ELISA of MCP-1 was
conducted at day 1, 4, and 7 (Fig. 6B). The results showed that PDLSCs in
the CG-ASA + PDLSCs group secreted 908.7 + 17.3, 759.7 + 9.3, and
907.2 + 5.1 pg/mL of MCP-1 into the supernatant at day 1, 4, 7,
respectively, which was significantly higher than that in the empty CG
group (775.0 +10.9, 689.4 + 5.8, and 845.0 + 8.8 pg/mL, respectively)
and the NC group (758.3 + 5.61, 739.1 + 21.3, and 815.4 + 26.7 pg/mL,
respectively. *p < 0.05,**p < 0.001). These results revealed that
PDLSCs MCP-1 expression was significantly upregulated during co-
culturing with CG-ASA in vitro. Thus, we hypothesized that CG-ASA
upregulated PDLSC and host MSC MCP-1 expression and further

Fig. 5. PDLSCs-loaded CG-ASA promoted osteo-
genesis in vivo. (A) Surgical procedures for PDLSCs-
CG complex implantation. Micro-CT 3D recon-
struction images of mice calvarial bone defects
implanted with (B) negative control (NC), (C) CG,
(D) PDLSCs-loaded CG, (E) CG-ASA, and (F)
PDLSCs-loaded CG-ASA after surgery for 8 weeks.
(G) BV/TV, (H) HE staining and Masson trichrome
staining of each group is shown (*p < 0.05, **p <
0.01, ***p < 0.001). CG, composite gel; PDLSCs,
periodontal ligament stem cells; ASA, acetylsalicylic
acid; CT, computed tomography; BV/TV, bone vol-
ume/total volume; HE, hematoxylin and eosin.
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promoted macrophage M2 polarization. In the early phase of bone repair
procedure (2 weeks after implantation), compared with NC, CG and CG
+ PDLSCs group, IHC staining showed a significant elevation of MCP-1
in CG-ASA and PDLSC-laden CG-ASA group at the defect sites, which
confirmed our in vitro results (Fig. 6C). Moreover, the numbers of F4/
807CD206" cells increased dramatically, while F4/807iNOS™ cells
decreased in CG + PDLSCs, CG-ASA and CG-ASA + PDLSCs group,
which might be attribute to exogenic PDLSCs regulation sustained
release of ASA or synergistic effect of both factors. As an early marker of
bone regeneration, RUNX2 was stained to determine the initiation of
bone formation. RUNX2 positive cell numbers were increased in CG +
PDLSCs, CG-ASA and CG-ASA + PDLSCs group, which were in accor-
dance with the rise of MCP-1, M2 macrophage levels and the in vivo
osteogenesis in these groups, indicating the underlying mechanism of
present study might be related to MCP-1 secretion and macrophage M2
polarization.

4. Discussion

With the aim of better simulating the process of physiological bone
repair and building a “bone-friendly” microenvironment, biomimetic
scaffolds showing sustained release of bioactive factors have become a
conventional strategy in BTE [33,34]. CS is an appealing natural basic
polysaccharide for TERM because of its remarkable hydrophilicity and
biocompatibility. It has been widely reported that CS is capable of

Day 7
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Fig. 6. PDLSCs-loaded CG-ASA promoted macro-
phage M2 polarization to achieve calvarial bone
regeneration in mice. PDLSCs in vitro relative mRNA
expression (A) and ELISA (B) of MCP-1 in the
negative control (NC), CG, and CG-ASA groups at
different timepoints. (*p < 0.05, **p < 0.01, ***p <
0.001). (C) Representative immunohistochemistry
staining of MCP-1, F4/80, iNOS, CD206 and
RUNX2. F4/807iNOS™ cells represent M1 macro-
phages, while F4/807CD206" cells represent M2
macrophages. Scale bar, 50 pm. NC, negative con-
trol; CG, composite gel; PDLSCs, periodontal liga-
ment stem cells; ASA, acetylsalicylic acid; ELISA,
enzyme-linked immunosorbent assay; MCP-1,
monocyte chemoattractant protein-1; iNOS, induc-
ible NO synthase.

3 NC
Ea CG
E= CG-ASA

CG-ASA+PDLSCs

promoting cell proliferation and wound healing, and abating local in-
flammatory responses [35,36]. As early as 2000, Park et al. [37] con-
structed platelet derived growth factor (PDGF)-loaded CS scaffolds for
rat calvarial bone tissue regeneration, and verified this construct as a
BTE scaffold. Bernardi and co-workers demonstrated that CS-based
scaffolds acted as an independent stimulus for osteogenic differentia-
tion, rather than merely acting as a cell container [38]. However, pure
CS hydrogel is relatively brittle and tends to degrade in vivo. Thus, re-
searchers often incorporated rigid CS into other synthesized hydrogels
or inorganic components to enhance their mechanical properties. In the
present study, we established tetra-PEG-CS composite gel scaffolds.
Tetra-PEG hydrogel proved to be mechanically tough, and thus has been
used as a sealant for visceral hemostasis [39]. Our in vitro osteogenesis
experiments demonstrated that CG-ASA had more reliable outcomes
than PEG-ASA, suggesting that CS introduction had beneficial effects on
MSC osteogenic differentiation.

In the physiological process of bone healing, bioactive factors are
orchestrated in a spatiotemporal manner, some of which are secreted
continuously or released from extracellular matrix storage to prolong
osteogenic effects. For drug-laden BTE scaffolds, the burst release and
uncontrolled diffusion of physically-encapsulated small hydrophilic
drugs will lead to latent detrimental effects, e.g., a high local drug
concentration, cytotoxicity, and even tumorigenesis [40]. If a drug is
tethered by covalent bonds, the release kinetics are mainly dependent on
the stability of those chemical bonds. Thus, the release rate will be
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dramatically reduced; however, the chemical linkages might alter the
drug’s biochemical activity and efficiency. Previous studies have shown
that the introduction of electrostatic interactions between the carrier
and the drug molecules can significantly improve the drug release ki-
netics without changing the chemical structure [41,42]. In the present
study, aspirin was immobilized via physical entrapment in polymer
networks and by electrostatic interaction between the drug molecules
and the CS chains in the CG scaffold. In contrast to our previous study
[43], the ASA release curve was notably gentler. This might be ascribed
to electrostatic interaction or the synergist effects of electrostatic
interaction and physical encapsulation. The in vivo results revealed that
CG-ASA treatment induced a larger amount of neo-bone than treatment
with empty CG, regardless of whether PDLSCs were incorporated or not,
implying that sustained release of ASA might be an independent factor
that stimulates mouse calvarial bone regeneration.

Autologous MSCs are not likely to trigger a host immune response
and therefore will differentiate into osteoblasts and deposit bone
directly. However, sources of autologous MSCs are limited, and in
addition, the aberrant hormones, inflammation, and metabolic envi-
ronment will impair the proliferation, differentiation, and immunomo-
dulation of host MSCs [44,45]. Therefore, it is always not feasible to
obtain a satisfactory osteogenic effect by transplanting autologous
MSCs. Although MSCs possess low immunogenicity, some studies re-
ported that allogeneic or xenogeneic MSCs would still be eliminated
over the long term [19,46], while their therapeutic effects persisted,
which might be explained by host cell reprogramming [47] after
phagocytosis, which would ameliorate local immune microenviron-
ments. Substantial research has revealed that xenogeneic MSCs have
certain effects of immunoregulation [48]. In the present study, CG-ASA
incorporating PDLSCs obtained the maximum bone regeneration among
all the groups. Moreover, in contrast to the CG-ASA group, the CG-ASA
+ PDLSCs group possessed the best histological structure in terms of new
bone formation. These observations suggested that xenogeneic PDLSCs
might play a crucial role in mice calvarial bone regeneration.

Biomimetic scaffolds could promote bone tissue regeneration via
biomaterial-mediated regulation of macrophage polarization. MCP-1,
also known as CC chemokine ligand 2 (CCL2), is secreted by various
types of cells, including MSCs, under inflammatory stimulus. Accumu-
lating evidence indicates that MCP-1 plays crucial roles in muscle and
cartilage regeneration after injury [49,50]. Besides being a potent che-
moattractant for monocyte-macrophage lineage cells, MCP-1 also pro-
motes macrophage M2 polarization, thus alleviating bone resorption
caused by periodontitis [51] and promoting bone regeneration [52,53].
Herein, under the sustained in vitro stimulation of CG-ASA, the expres-
sion of PDLSC and host MSC MCP-1 was upregulated significantly. Our
IHC results preliminarily demonstrated that CG-ASA recruited macro-
phages to the defect areas and promoted M2 polarization. We surmised
that the underlying mechanism of CG-mediated bone regeneration
might be related to upregulation of MCP-1, which led to macrophage M2
polarization. This hypothesis should be verified in future studies.

Helms and Schneider believed that the mechanisms of cranial skel-
eton regeneration are distinctive from those of long bones [54]. The
seeded cells used in this study, PDLSCs, are highly homologous to the
progenitors that form craniofacial tissues, and thus PDLSCs might be
beneficially applied to promote bone regeneration in craniomax-
illofacial areas. To date, bioactive materials for bone regenerative
medicine have not yet been fully translated to clinical use because of
their poor cost-effectiveness and intricate manufacturing procedures
[55]. As a prospective candidate scaffold for future BTE, the raw ma-
terials of CG-ASA can be simply obtained and the fabrication process is
relatively easy, which are important prerequisites for further clinical
translation. Thus, we believe that these PDLSCs-incorporated CG-ASA
scaffolds represent a promising alternative clinical intervention for
craniofacial bone loss resulting from trauma, maxillofacial surgery, or
infection diseases. Thus, our results warrant additional translational
investigations in future studies.
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5. Conclusion

In summary, we developed a novel tetra-PEG-CS composite gel for
bone tissue engineering. The uniform tetra-PEG network offered a
satisfactory pore size and mechanical behavior, while the rigid CS
contributed to the excellent cell compatibility. After in situ encapsulation
of ASA molecules via electrostatic interactions, in vitro studies showed
this biocompatible CG-ASA displayed sustained-release of ASA over 14
days. The CG-ASA favored PDLSCs culture, cell-affinity, and prolifera-
tion, and thus exhibited superb osteogenesis augmentation. The under-
lying mechanism in vivo might be ascribed to the sustained release of
ASA and MCP-1-mediated M2 macrophage recruitment and polariza-
tion. The simplicity of the process and the widely tunable properties of
the composite hydrogels make them promising candidates for biomed-
ical applications in cell therapy, drug delivery, and tissue engineering.
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