Materials Today Bio 16 (2022) 100431

Contents lists available at ScienceDirect

;;aterialstoday
BIO

Materials Today Bio

LSEVIER

journal homepage: www.journals.elsevier.com/materials-today-bio

PVA/pectin composite hydrogels inducing osteogenesis for R)
bone regeneration oty
Ziwei Hu®>%%! Jianwen Cheng®™%%®! Sheng Xu®™>%"! Xijaojing Cheng»>¢%&*,

Jinmin Zhao *%%¢, Zhi Wei Kenny Low ", Pei Lin Chee", Zhenhui Lu®"%%", Li Zheng *>>% ",
e hi kR
Dan Kai -~

@ Guangxi Engineering Center in Biomedical Material for Tissue and Organ Regeneration, The First Affiliated Hospital of Guangxi Medical University, Nanning, 530021,
China

Y Collaborative Innovation Centre of Regenerative Medicine and Medical BioResource Development and Application Co-constructed By the Province and Ministry, The First
Affiliated Hospital of Guangxi Medical University, Nanning, 530021, China

¢ Research Center for Regenerative Medicine, The First Affiliated Hospital of Guangxi Medical University, Nanning, 530021, China

94 Guangxi Key Laboratory of Regenerative Medicine, The First Affiliated Hospital of Guangxi Medical University, Nanning, 530021, China

¢ Department of Orthopaedics Trauma and Hand Surgery, The First Affiliated Hospital of Guangxi Medical University, Nanning, 530021, China

f School of Basic Medical Sciences, Guangxi Medical University, Nanning, 530021, China

8 Life Science Institute, Guangxi Medical University, Nanning, 530021, China

" Institute of Materials Research and Engineering (IMRE), A*STAR, 2 Fusionopolis Way, #08-03 Innovis, 138634, Singapore

1 Institute of Sustainability for Chemicals, Energy and Environment (ISCE2), A*STAR, 2 Fusionopolis Way, Innovis, #08-03, 138634, Singapore

ARTICLE INFO ABSTRACT

Keywords: Hydrogels composed from biomolecules have gained great interests as biomaterials for tissue engineering.
Poly (vinyl alcohol) However, their poor mechanical properties limit their application potential. Here, we synthesized a series of tough
Pectin . composite hydrogels from poly (vinyl alcohol) (PVA) and pectin for bone tissue engineering. With a balance of
8225 ;:E;iydrogel scaffold stiffness and pore size, PVA-Pec-10 hydrogel enhanced adhesion and proliferation of osteoblasts. The

hydrogel significantly promoted osteogenesis in vitro by improving the alkaline phosphates (ALP) activity and
calcium biomineralization, as well as upregulating the expressions of osteoblastic genes. The composite hydrogel
also accelerated the bone healing process in vivo after transplantation into the femoral defect. Additionally, our
study demonstrated that pectin and its Ca?* crosslinking network play a crucial role of inducing osteogenesis
through regulating the Ca?*/CaMKII and BMP-SMAD1/5 signaling. The optimized structure composition and
multifunctional properties make PVA-Pec hydrogel highly promising to serve as a candidate for bone tissue
regeneration.

Tissue engineering

1. Introduction

Bone fracture is a common occurrence and affects millions of people
worldwide. There are multiple drawbacks related to the repair efficiency
of bone defects by traditional therapeutic strategies including allograft
and autograft [1]. Donor shortage is one of the main limitations for
autograft, while the allograft holds high risk of immunological response

and infectious diseases [2]. This probably explains the growing interests
in bone tissue engineering, which can circumvent the existing problems
of donor shortage and high risk of immunological response. Up to pre-
sent, various types of materials have been explored for bone regenerative
applications, including calcium phosphate ceramics (e.g., hydroxyapatite
and p-tricalcium phosphate), bioactive glasses and polymers [3].
Hydrogels are three-dimensional polymeric networks containing a
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huge amount of water (>80%) that exhibit similar structural integrity to
native extracellular matrix (ECM) [4,5]. Bestowed with inherent
biocompatibility from their high water content, hydrogels are considered
one of the most attractive scaffold candidates for bone tissue engineering.
Unfortunately, they do not display the desirable fracture toughness and
strength that are demanded by the scaffolds used in load bearing appli-
cations. To overcome this obstacle, efforts have been devoted to reinforce
or strengthen the mechanics of hydrogels, such as the inclusion of inor-
ganic nanoparticles [6], the formulation of nanostructure [7] or the
fabrication of composite hydrogels [8]. Among these efforts, composite
hydrogels based on two distinct interpenetrating polymer networks
emerge as an unique way to reinforce the mechanical properties of the
hydrogels [9]. Composite hydrogels that consist of a rigid network and a
flexible network can consume the fracture energy effectively during the
deformation process and maintain the integrity of the hydrogels simul-
taneously. The dynamic networks not only elevate the mechanical
properties of composite hydrogels, but also endow them with shape
memory capability. For example, polyacrylamide (PAAm)/gelatin
3D-printed shape-memory composite hydrogel cross-linked by perma-
nent bonds and dynamic reversible bonds exhibited higher toughness, up
to 7 times, in comparison to the hydrogel formed with single network
[10]. The reconstruction of the chitosan network based on the dynamic
crosslinking points between chitosan chains led to the development of an
ultra-high strength composite hydrogel (poly (N-(2-hydroxyethyl)
acrylamide)/chitosan-anions) with good fatigue resistance and
self-recovery ability [11]. The method has also enabled Mredha et al. to
achieve a novel class of collagen fibril-based tough hydrogel termed
hydroxyapatite/swim bladder collagen/N, N’-dimethylacrylamide that
possessed mechanical properties in the range of the natural cartilage
[12].

Poly (vinyl alcohol) (PVA) has attracted immense attention in
biomedical applications owing to its inherent advantageous mechanical
properties, low cytotoxicity and FDA approval for oral medicine usage
[13]. However, its synthetic nature and insufficient cell adhesion remain
challenging for its application in bone tissue engineering arena. Pectin,
on the other hand, is a natural polysaccharide extracted from the plant
cell walls [14,15]. Being biocompatible and biodegradable, it holds great
potential to be explored for tissue engineering uses, specifically as scaf-
fold that can serve as artificial ECM. The good gelling properties of pectin
provides the ease to design and develop scaffolds [16,17]. As an anionic
polysaccharide, pectin undergoes calcium-induced gelation to form the
“egg box” like structure to immobilize drugs, proteins and cells within
the hydrogels [16,18]. Besides, it was reported that Ca®>* and mecha-
notransduction promote the expression of osteoblast-specific proteins
and cell proliferation that are essential for bone regeneration [19]. The
binding of Ca®" and calmodulin (CaM), which is a small Ca?>"-binding
protein and a principal mediator of Ca®" signal in eukaryotic cells, leads
to the formation of Ca®*/CaM complex [20]. The complex is responsible
for the phosphorylation and the activation of the calmodulin-dependent
kinase II (CaMK-II) which in turn plays a crucial role in regulating the
functions of osteoblasts [21,22]. Bone morphogenetic 2 (BMP-2)
signaling and mechanotransduction pathways are tightly interconnected.
The activation of osteogenic genes requires the cooperation of BMP-2
pathway-associated Smad1/5 heteromeric complexes [23].

Herein, we designed and synthesized a tough physical hydrogel sys-
tem from PVA and pectin (PVA-Pec) targeted for bone tissue engineering.
The composite hydrogel was built up based on two networks: the primary
network being semicrystalline PVA polymers assembled by cyclic freeze-
thawing procedures and the secondary one by the ionic interaction be-
tween calcium and pectin. Given the nature of pectin as a polyuronate,
the gelation process was facile and reproducible, achievable with the
introduction of calcium ions. In addition, the attained “egg-box” struc-
ture supports the immobilization of bioactive components or cells inside
the gel structure making the system an ideal candidate for tissue engi-
neering application [24]. Through adjustment of the polymer content in

Materials Today Bio 16 (2022) 100431

the system, the physicochemical and mechanical properties of the bio-
mimetic PVA-Pec hydrogels were assessed and optimized. The optimized
hydrogel was then selected for in vitro study, to evaluate the cell adhe-
sion, proliferation and mineralization ability. Additionally, the system
was further assessed in vivo for its applicability in supporting bone
healing. The Ca®*/calmodulin (CaM) and BMP-SMAD1/5 signaling that
underlying the osteogenic effect of PVA-Pec hydrogel was also
investigated.

2. Materials and methods
2.1. Materials

Anhydrous calcium chloride, pectin (galacturonic acid>74.0%), PVA
My = 130,000, 99+ % hydrolyzed), dimethyl sulfoxide (DMSO), and 3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma-Aldrich. Deionized (DI) water (18.2 MQ)
was used in all synthesis and immersion steps. Cetylpyridinium chloride
was obtained from Macklin (Shanghai, China). All chemicals used in this
experiment were of analytical grade and used without further
purification.

2.2. Hydrogel fabrication

The PVA-Pec composite hydrogel was fabricated by the freezing-
thawing process. The fabrication process was illustrated in Fig. 1a. PVA
and pectin were mixed in a weight ratio of 8:1 and homogeneously
distributed in DI water at 95 °C for 2 h. The well-mixed solution was
poured into pre-heated moulds and kept in —20 °C for 72 h, followed by
room temperature for 1 h. The above freezing-thawing process was
repeatedly implemented two more times at freezing time for 23 h and
thawing time for 1 h respectively. The mixture was then immersed in
calcium chloride solution (5 M) for 24 h followed by in DI water until the
gel reached equilibrium swelling. Final samples were defined as PVA-
Pec-x, where x represented the total quantities of polymers in the vol-
ume of homogenized solution (w/v).

2.3. Scanning electron microscopy (SEM)

Hydrogels in the equilibrium swelling state was dried with super-
critical CO,. Their cross-sections were coated with gold and the
morphology was observed by using a scanning electron microscope
(SEM; JEOL, Japan).

2.4. Swelling and degradation tests

For swelling characterization, the fabricated hydrogels were lyophi-
lized to obtain their dry weight Wy. These samples were separately
immersed in DI water, and their weights were monitored daily until no
significant change was observed to obtain the equilibrium swelling
weight, Weq. The experiments were performed in triplicate under the
same conditions and the equilibrium water content (EWC) was calculated
by equation (1):

EWC (%) ="~ " o 100 D
Weq
For the in vitro degradation, lyophilized samples were weighted at
initial time (Mp) and incubated in PBS (pH 7.4) at 37 °C. At a pre-
determined time, samples were lyophilized and the remaining mass (Mt)
was measured. The degradation rate of hydrogels was calculated using
equation (2).

Wo — Wy

Weight loss (%) x 100 2)

Wo
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Fig. 1. (a) Fabrication process of PVA-Pec hydrogels. (b) Compression of PVA-Pec hydrogels with a finger. (c-e) SEM images showing cross-sections of (¢) PVA-Pec-5,

(d) PVA-Pec-10 and (e) PVA-Pec-15 (Scale bar, 1 pm).
2.5. Rheological and mechanical properties investigation

Viscoelastic properties of PVA-Pec hydrogels were evaluated at 37 °C
in a Discovery Hybrid Rheometer 3 (TA Instrument, USA) fitted with 20
mm parallel-plate geometry. The test methods employed were oscillatory
amplitude sweeps at a constant frequency of 1 Hz. The storage (G’) and
the loss (G”) moduli were recorded while the strain increased from
0.01% to 100%.

The mechanical properties of hydrogels were investigated using a
Dynamic Mechanical Analyzer (DMA, MN, USA) at 37 °C. For the tensile
test, hydrogels were cut into rectangle shape with length and width of 15
x 3 mm. The initial gauge length was 5 mm and the tests were imple-
mented at the rate of 50% strain per min till sample was broken or
reached the maximum length allowed by the equipment (24 mm). Spe-
cifically, for cyclic tensile tests, samples were loaded with an initial gauge
length of 8 mm before they were extended at a rate of 50% strain per min,
to a maximum strain of 100%, followed by slow releasing till returning to
their original lengths. Besides, for compressive tests, hydrogels were
shaped into cylinders with a diameter of 6 mm and height of 8 mm.
Samples were compressed at the rate from —20% to —50% strain per min,
followed by —5% strain per min for releasing the samples.

For fatigue experiments, hydrogels samples with a size of 30 mm x

12 mm were prepared. Then they were performed in a water bath at 25
°C with an electronic dynamic and static universal material testing device
(Instron, USA). The force used was ranged from 100 to 500 N, the fre-
quency was 4 Hz, and the cycle period was 50,000 times. The axial
compression rate was 5 mm/min, and the strain compression was 50%. In
order to monitor the real-time state of the specimen in the simulated
solution during the compression fatigue experiment, the microcomputer
system of the fatigue experiment machine automatically recorded the
load displacement time data of the fatigue experiment at each time
period, and selected the displacement-time curves of the early and later
fatigue periods for analysis.

2.6. Isolation and culture of osteoblasts

Primary osteoblasts were harvested from the parietal bone of
newborn Sprague-Dawley (SD) rats (Guangxi Medical University, Nan-
ning, China). Parietal bone slices were digested with 2 mg/ml of colla-
genase type I (Sigma-Aldrich, USA) for 3 h. The osteoblasts were
collected and cultured with Dulbecco's Modified Eagle's Medium (DMEM;
Gibco, USA) that containing 10% of (v/v) fetal bovine serum (FBS; Gibco,
USA) and 1% of (v/v) penicillin/streptomycin (Solarbio, Beijing, China).
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2.7. Cell adhesion

Cells were fixed by 2.5% of glutaraldehyde (Thermo Fisher Scientific,
USA) for 0.5 h. Then dehydrated with gradient concentrations of ethanol
and further dried by keeping on a clean bench and then observed by XL-
30 ESEM-FEG SEM (Hitachi, Japan) after gold coating.

2.8. Cell viability analysis

Osteoblasts were washed three times with PBS, and stained by a
Calcein AM/PI stinging kit (Biyotime, Beijing, China) for 5 min in the
dark. After washing with PBS, cells were photographed using a fluores-
cence microscope (Olympus, Japan), and the quantitative analysis was
performed with Image J software.

2.9. Cytotoxicity assay

Cells were incubated with 20 pL of MTT at 37 °C for 4 h. The culture
medium was replaced with 1 ml of DMSO to dissolve the formazan and
the absorption at 570 nm was measured using a Microplate Reader
(Thermo Fisher Scientific, USA).

2.10. Quantitative real time polymerase chain reaction (QRT-PCR)
analysis

Expression levels of RUNX family transcription factor 2 (Runx2),
collagen type I alpha 1 chain (Collal) and alkaline phosphatase (Alpl)
were investigated by qRT-PCR. The primer sequences used for qRT-PCR
were designed as exhibited in Table 1. The RNA was extracted using an
RNA isolation kit (Tiangen Biotechnology, Beijing, China) and reversely
transcribed into cDNA by a reverse transcription kit (Takara, Japan).
qRT-PCR was performed to amplify the cDNA employing the SYBR Pre-
mix Ex Tag Kit (ABclonal, Wuhan, China) plus ABI 7500 sequencing
detection system (Applied Biosystems, Foster City, CA, USA). Reactions
were conducted by a light Cycle 96 system (Roche, Switzerland) under
the conditions of 10 min at 95 °C to denature cDNA, then 40 cycles of 10 s
at 95 °C and followed by 60 s at 60 °C to hybridize the primer with the
target DNA. The glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
was employed as the internal reference gene. Experiments were carried
out in sextuplicate and the comparative 2~2ACt method was used for
quantification.

2.11. Alkaline Phosphatase (ALP) activity

Cell was collected and lysed with RIPA lysis buffer (Boster, Beijing,
China). The supernatant was collected for testing ALP activity using ALP
detection reagent kit (Nanjing Jiancheng Bioengineering Research
Institute, Nanjing, China). The absorbance at 520 nm was measured
using a microplate reader.

2.12. Alizarin Red S staining

Cell were fixed with 4% (w/v) of paraformaldehyde (Biosharp,
Wuhan, China) for 0.5 h, and then stained with Alizarin Red S (Solarbio,
Beijing, China) for 30 min. The mineralization of osteoblasts was visu-
alized and photographed with a microscope (Olympus, Japan).

Table 1
Primer sequences used in qRT-PCR experiments.

Gene Forward primer (5°—3') Forward primer (3’ —5')
Runx2 GTGGCCAGGTTCAACGATCT TGAGGAATGCGCCCTAAATCA
Collal GATCCTGCCGATGTCGCTAT GGGACTTCTTGAGGTTGCCA
Alpl GTTACAAGGTGGTGGACGGT ACAGTGGTCAAGGTTGGCTC
Gapdh TCCAGTATGACTCTACCCACG CACGACATACTCAGCACCAG
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2.13. Immunofluorescence staining

Cells were fixed with 4% (w/v) of paraformaldehyde for 30 min,
followed by incubating with 0.5% (v/v) of Triton X-100 for 15 min. The
endogenous peroxidase and nonspecific staining were successively
blocked by 3% of hydrogen peroxide and 10% (v/v) of goat serum. Pri-
mary antibodies of osteocalcin (OCN; Proteintech, Wuhan, China) and
collagen type I (Coll; Proteintech, Wuhan, China) were used and incu-
bated at 4 °C for 12 h. After washed by PBS for 3 times, samples were
incubated with second antibody (Boster, Wuhan, China) at 37 °C for 1 h.
Subsequently,  2-(4-Amidinophenyl)-6-indolecarbamidine  dihydro-
chloride (DAPI; Beyotime, China) was added for staining the nucleus.
Images were obtained by using a confocal laser scanning microscope
(CLSM,; Leica, Germany).

2.14. Intracellular Ca®* determination

Cells were stained with 4 pM of Fluo-4/AM (Solarbio, Beijing, China)
at 37 °C for 25 min, followed by incubating with HBSS (containing 1%
FBS) for another 40 min. Subsequently, the cells were washing with N-[2-
hydroxyethyl piperazine-N'-[2-ethanesulfonic acid] (HEPES; Solarbio,
Beijing, China) buffer and imaged by a fluorescence microscope at a
wavelength of 494 nm.

2.15. Western blots (WB)

The protein expression of CaM, p-CaMKII p-SMAD1/5 and BMP-2
were detected by WB analysis according to the previous study [25].
Antibodies against CaM (1:100, Cell Signaling, Technology, America),
p-CaMKII Thr286 (1:100, Cell Signaling Technology, America),
p-SMAD1/5 (1:100, Cell Signaling, Technology, America) and BMP-2
(1:100, Cell Signaling, Technology, America) were used. GAPDH
(1:100, Sangon Biotech, Shanghai, China) was served as the internal
protein.

2.16. Animal procedure

A total of forty-five male SD rats weighted of 180-200 g were used.
General anesthesia was conducted by injection of pentobarbital (30 mg/
kg) intraperitoneally and a defect (3 mm in diameter, 4 mm in depth) was
constructed to the distal femur perpendicularly. Then, they were divided
into three groups randomly: (1) Control group (without any implanted);
(2) PVA group (implanted with PVA); (3) PVA-Pec group (implanted with
PVA-Pec-10). After 4 or 8 weeks of therapy, rats were sacrificed to obtain
the femurs. All the experiments on animals were approved by the Ethics
Committee for Experimental Animals of Guangxi Medical University and
performed in accordance with the Chinese national guidelines for the
care and use of laboratory animals.

2.17. Micro-CT analysis

The obtained femurs at each time point were scan by a Micro-CT
system (Bruker, Germany) with a resolution of 18 pm. Each scan was
reconstructed using the same calibration parameters with a source cur-
rent of 100 mA and a voltage of 100 kV. Bone volume (BV) was calculated
to quantify the mineralized tissue at the peripheral zone.

2.18. Histological examination

The femurs were fixed by 4% (w/v) of paraformaldehyde and
decalcified with 14% (w/v) of EDTA (MACKLIN, Shanghai, China) under
an ultrasonic decalcification machine (MEDITE, Germany). Subse-
quently, the samples were embedded in paraffin. After cutting into 3 pm
slices and dewaxing, hematoxylin and eosin (H&E; Solarbio, Beijing,
China) and Masson's trichrome (Solarbio, Beijing, China) staining were
performed to evaluate the histological changes.
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2.19. Statistical analysis

All data were expressed as the mean + standard deviation (SD). The
statistical analysis was carried out using one-way analysis of variance
(ANOVA).

3. Results
3.1. Preparation and characterization of PVA-pec composite hydrogels

The interpenetrated network structure, comprised of the primary
semi-crystalline PVA network and the secondary calcium-pectin physical
ionic network, formed mechanically robust hydrogels. Not only were the
hydrogels capable of withstanding significant deformation without
rupture, they were also able to recover to the initial state upon load
removal (Fig. 1b).

While the hydrogels appeared to be mechanically robust for bone
tissue engineering, their performance were further scrutinized in terms of
pore size, network density, water content, degradation and mechanical
properties for their potential applications. SEM images showed that all
the hydrogels showed porous structures. The pore diameter of PVA-Pec-5
and PVA-Pec-10 hydrogels was relatively close, whereas the PVA-Pec-15
hydrogel exhibited a dense network and the pore diameter significantly
decreased (Fig. 1c—e). While PVA-Pec-5 and PVA-Pec-10 hydrogels
shared similarity in having large number of macropores, the micro-
structure of PVA-Pec-10 hydrogel was notably much more ordered and
robust than that of PVA-Pec-5 hydrogel.

At water equilibrium state, the hydrogels were found to retain com-
parable amounts of water in their networks (Fig. 2a, Fig. S1). While the
difference was insignificant, it was still noticeable that the water content
varied along with the polymer content in the system. Lower water con-
tent was observed for the system with higher polymer content. Similarly,
the degradation rates of PVA-Pec hydrogels were found to vary with the
polymeric density. Compared to the PVA-Pec-5 hydrogel, which lost
44.99 + 1.29% of mass over 28 days, higher degradation ratios (61.23 +
1.83% and 68.01 + 2.09%) were observed for PVA-Pec-10 and PVA-Pec-
15 hydrogels (Fig. 2b).

The viscoelastic behavior (storage and loss moduli) of the PVA-Pec
hydrogels as a function of oscillation strain was shown in Fig. 2c. Re-
sults indicated that the hydrogels were mechanically responsive systems
and their rheological properties fluctuated accordingly to the change in
stress or strain. At low oscillation strain (<0.1%), linear-viscoelastic
(LVE) region was observed with relatively constant storage modulus
(G") and loss modulus (G”). The hydrogel with higher polymer concen-
tration displayed higher G’. As oscillation strain increased, G’ started to
decrease, while G” began to increase, indicating the deformation of the
polymer network. After the transition point (G’ = G” or Tan & = 1), the
hydrogels changed from solid-like (G’ > G”) to liquid-like behavior (G’ <
G//).

Apart from the viscoelastic behavior, the tensile and compressive
properties of the swelled hydrogels were investigated by DMA at body
temperature (37 °C). All 3 hydrogels were elastic and tough, and their
tensile elongations reached beyond 300% (Fig. 2e). The Young's modulus
of the hydrogels increased along with the polymer concentration, which
corresponds well with the results obtained for the viscoelastic behavior.
The Young's moduli of PVA-Pec-15 reached 117.9 + 9.0 kPa for tensile
test and 79.3 + 20.6 kPa for compressive test (Fig. 2d and Table S1).

Stress-strain curves of the hydrogels under cyclic loading were shown
in Fig. 2f and g. The curves indicated that all the 3 hydrogels were
capable of recovering to their original shapes even after 100% extension
or 50% compression. The hysteresis loop observed after unloading re-
veals the viscoelasticity of the material, which occurred possibly due to
the breakage of weak but reversible crosslinks under the applied load. As
expected, the degree of hysteresis increased with polymer concentration,
indicating a larger degree of crosslink dissociation in denser networks.
Nevertheless, the results show that all 3 hydrogel compositions possess
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some degree of energy dissipation and could potentially act as a cushion
against external impact. The hydrogels exhibited recovery ability for over
5 cycles where energy dissipation and the occurrence of hysteresis loops
were observed (Figs. S2-4). The stress-life behaviors of PVA and PVA-Pec
hydrogels are showed in Fig. S5. The fatigue lives of the different
hydrogels were revealed to decrease in the order of PVA-Pec-15 > PVA-
Pec-10 > PVA-Pec-5> PVA.

3.2. PVA-Pec composite hydrogels improve cell adhesion and viability

The cell adhesion ability was evaluated by SEM. PVA-Pec-10 hydro-
gels exhibited the best cell adhesion capacity among the three hydrogels
(Fig. 2h). As indicated by Calcein-AM/PI staining, less viable cells (green)
and more dead cells (red) was present in the PVA group (Fig. 3a and b).
Among the three PVA-Pec composite hydrogels, the most live cells and
least dead cells were observed in PVA-Pec-10 group. The ratio of live/
dead cells in the three PVA-Pec groups was 88.1%, 161.5% and 41.4%
higher than the PVA group.

The cytotoxicity was further verified by MTT test. Consistent with the
results of the Calcein-AM/PI staining (Fig. 3a-b), the viability of cells
cultured on the PVA-Pec composite hydrogels was distinctly increased (p
< 0.001, Fig. 3c) as compared to the PVA hydrogel. Among the tested
samples, PVA-Pec-10 hydrogel showed the highest cell viability with an
increase of 57.2% compared to PVA group. The difference between PVA-
Pec-5 and PVA-Pec-15 groups was insignificant.

3.3. PVA-Pec composite hydrogels promote osteogensis in vitro

The mRNA levels of osteoblastic markers including Alpl, Collal and
Runx2 were detected by qRT-PCR analysis. In comparison to PVA
hydrogels, the mRNA levels of Runx2, Collal and Alpl in osteoblasts
cultured on the three PVA-Pec composite hydrogels were distinctly
increased (Fig. 4a). In particular, the highest gene expression levels were
present in PVA-Pec-10 group, as the level of Runx2, Collal and Alpl was
0.4, 1.8 and 9.6-folds higher than the control. There was insignificant
difference in the osteogenic gene expression level displayed by PVA-Pec-
5 and PVA-Pec-15 hydrogels.

ALP activity is considered a marker that could be used to indicate
osteogenesis at the early stage. Compared with the control group, ALP
activities were found to be significantly higher for the cells cultured on
the PVA-Pec hydrogels (p < 0.05, Fig. 4b). While PVA-Pec-5 and PVA-
Pec-15 hydrogels brought about improved ALP activities (increase of
93.2% and 211.1% respectively as compared to the PVA hydrogel), the
highest ALP activity was exhibited in PVA-Pec-10 hydrogel (a 374.9%
increment as compared to PVA hydrogel).

Deposition of mineralized matrix, an important indicator for osteo-
genic maturation, was stained by Alizarin Red S. Little mineralized ECM
was observed in PVA group (Fig. 4c). Among three composite hydrogels,
the highest calcium deposition was found in PVA-Pec-10, which was
evidenced by the most amounts of nodules deposited on the surface.

The results of immunofluorescence staining of osteogenic protein
markers, OCN and Coll, yielded similar results as that of qRT-PCR, ALP
activity and Alizarin Red S staining (Fig. 4a—c). Protein expression levels
of OCN and Coll demonstrate that the osteogenic efficiency was much
higher in PVA-Pec groups than PVA hydrogel (Fig. 4d). Particularly,
positive staining of OCN and Coll was much obvious for the cells
cultured on PVA-Pec-10 hydrogel than those incubated with PVA-Pec-5
or PVA-Pec-15 hydrogels.

3.4. PVA-Pec composite hydrogel enhance osteogenesis via Ca®"/CaMKII
and BMP-SMAD1/5 signaling

To explore the osteogenic effect of PVA-Pec-10 hydrogel specifically
on Ca’" mediated signaling pathway, the Ca?* influx, CaM and the
phosphorylation of its downstream molecule CAMK-II were analyzed.
Ca?" influx was significantly elevated in cells cultured on the PVA-Pec-10
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(Fig. 5a). Similarly, the expression of CaM and CAMK-II phosphorylation
substantially enhanced in the cells cultured on the PVA-Pec-10 hydrogel
compared to PVA and pectin (Fig. 5b and c). Given the significance of the
BMP-SMAD 1/5 signaling in the osteogenesis, the expression of BMP-2
and p-SMAD1/5 was also examined. It revealed that higher expression
level of BMP-2 was detected in the PVA-Pec-10 group, while lower levels
were seen in the PVA and pectin group (Fig. 5d). A similar trend was
identified for the expression of p-SMAD1/5 (Fig. Se).

3.5. PVA-Pec composite hydrogels accelerate femur regeneration in vivo

Micro-CT was used to evaluate the repair of femoral defects in SD
mice. At week 4, bone defects were still unrepaired in the control group
(Fig. 6a-b). In contrast, implantation of PVA or PVA-Pec hydrogels
achieved visible new bone formation. At 8 weeks post-operation, the
defect was still clearly observed in the control group. Although the defect

still remained for the PVA group, there was large amount of newly
formed tissue that successfully bridged the defect in PVA group. The 8
weeks implantation of PVA-Pec hydrogels showed even better results
with the regions of defects well integrated to the host bone. Further
morphometry analysis of the region of defects demonstrated that the BV
of control group was significantly lower than that of PVA-Pec hydrogel at
week 4 (p < 0.05) (Fig. 6¢-d). The difference between PVA and PVA-Pec
hydrogels was insignificant. At week 8, the BV of PVA-Pec group had
emerged distinctly higher than control and PVA groups (increase of
53.0% and 52.5%).

H&E staining shows that macroscopic observation demonstrated that
bone defects were still unrepaired in the control group and the implan-
tation of PVA-Pec achieved successful bridging with bony union on
weeks 4 of therapy (Fig. 7a). In control group, even though large amount
of newly formed tissue successfully bridged the defect at 8 weeks post
operation, there was a clear boundary between the new tissue and the
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host tissue. By implantation of PVA-Pec hydrogel for 8 weeks, the newly
formed tissue showed well integration to the host tissues and exhibited
high similarity to the native bone tissue.

The assessment of bone restoration was additionally evaluated by
Masson's trichrome staining. Clear defects were still present in the control
group after 4 weeks of therapy and the defects were filled with connec-
tive fibrous tissue with limited new bone tissue formation (Fig. 7b). In
contrast, PVA-Pec hydrogels were integrated with the native bone tissue
at week 4 and the successful defect healing was observed at week 8.

4. Discussion

Composite hydrogels consist of interpenetrating networks which act
cooperatively to endow hydrogels with good mechanical property are
reported to be conducive for bone regeneration [6,12]. In this study, we
developed physical crosslinked composite hydrogels to support and even
accelerate the bone regeneration process. The composite hydrogels were
established based on the hydrogen bonding between PVA, the ionic
interaction between Ca®* and pectin, and the interaction force between
PVA and pectin (Fig. S6). An advantage of this hydrogel system is the
evasion of any potential toxicity issue, that tends to exist for chemically
crosslinking system.

Since bone is a hard tissue in human body, it is necessary to improve

the mechanical properties of the hydrogels to achieve suitable stiffness
for bone tissue engineering [26]. Our results showed that an increase in
polymer concentration contributed to the increase in the density of
polymeric network. This could possibly be accounted for the improve-
ment in the mechanical properties of the composite hydrogels given that
more bonds are present. Through adjusting the concentration of polymer
to 15%, the composite hydrogel achieved high tensile strength of 117.9
+ 9.0 kPa and compressive strength of 79.3 & 20.6 kPa. Higher polymer
concentration also resulted in higher porosity (Fig. 1c—e) but lower
swelling ratio (Fig. S1), water content (Fig. 2a) and weight loss (Fig. 2b).
In addition, the favorable resilience ability which is dependent on the
polymeric structure of hydrogel and its homogeneous distribution of
polymers is of significance for bone healing. During the compression, no
fracture was observed in the PVA-Pec hydrogels which indicates that
improvement in the mechanical properties was achieved. Furthermore,
the recovery of the PVA-Pec hydrogel to its original shape after the
applied load was removed suggests that the developed hydrogel
possessed shape memory property (Fig. 1b). The ability to withstand
repeated loading is suitable for bone tissue engineering, where repeated
loadings are expected given that bones serve the load bearing function.

Adhesion is an important regulator in cell differentiation, migration
and proliferation [27]. PVA hydrogels were reported with non-ideal
protein adsorption and cell adhesion due to the lack of cell affiliation
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groups on its surface [28]. On the other hand, as a biomolecule, pectin
contains large number of functional groups that are capable of binding to
cell receptors to induce cell adhesion [29]. The formation of “egg-box
structure” in pectin-based hydrogels is also beneficial for the cell adhe-
sion as it allows cell immobilization. Lin et al. engineered pectin/chito-
san hydrogels with improved mechanical properties and
biocompatibility which showed the best biocompatibility and capacity of
mineralization with osteoblast cells [30]. Moreover, pectin gel was used
as a carrier for the stem cells to facilitate bone in-growth because of its
low immunogenicity [31]. In our results, PVA-Pec-10 hydrogel showed
favorable adhesion properties as compared to PVA-Pec-5 and PVA-Pec-15
hydrogels, probably due to its balance of stiffness and scaffold pore size
(Fig. 2h). It was reported that the matrix elasticity plays a role in guiding
the cell differentiation. Within the range of 25-40 kPa, the matrix was
found to lead to osteoblast development from mesenchymal stem cells

10

wx #H mean p < 0.01).

[32]. PVA-Pec-10 demonstrated a suitable stiffness (with compressive
Young's modulus of 20.3 + 1.5 kPa and tensile Young's modulus of 38.1
+ 6.5 kPa) for the osteoblast development whereas the stiffness of
PVA-Pec-5 and PVA-Pec-15 were not as close and even out of the reported
range. It was not surprising that highest viability of osteoblasts was
observed for the PVA-Pec-10 (Fig. 3).

Mineralization of the matrix is a key factor to trigger cytodifferenti-
ation of osteoblasts from a plump immature form to a mature cell [33]. As
evidenced by Alizarin Red S staining, matrix mineralization of osteoblast
was accelerated when seeded in PVA-Pec hydrogels compared to PVA
(Fig. 4c). ALP, an initial marker for osteoblasts that have entered the
extracellular matrix maturity stage [34], was significantly higher in
PVA-Pec hydrogels than in PVA hydrogels (Fig. 4b). The expression levels
of osteogenic specific genes (Alpl, Collal and Runx2) in osteoblasts
cultured on the PVA-Pec hydrogels coincided with the results of ALP
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activity (Fig. 4a). OCN, hydroxyapatite-binding noncollagenous ECM
proteins secreted by osteoblast, represents the phenotype of mature
osteoblast [35]. Coll, a protein abundantly found in the bone extracel-
lular matrix, is essential for bone strength [36]. As evidenced by the
immunofluorescence staining for OCN and Coll, PVA-Pec-10 hydrogel
stimulated higher expression of both proteins (Fig. 4d). PVA-Pec-10
hydrogel was implanted into the bone defects of rats in vivo to verify
the impact of PVA-Pec on bone restoration. The bone healing process was
found to be accelerated by the implantation of PVA-Pec-10 hydrogel
(Figs. 6 and 7).

Mechanotransduction plays an essential role in osteogenesis. The
crosstalk between mechanotransduction pathways and BMP-2 signaling
is due to the phosphorylation of receptor-activated Smadl/5 [23]. The
activated SMADs then form a SMAD complex that translocates to the cell
nucleus and regulates the osteogenic gene expression. PVA-Pec-10
hydrogel enhanced the expression of BMP-2 and SMAD1/5 as
compared to PVA and pectin hydrogels, suggesting that the improvement
of stiffness promotes osteogenesis through regulating the BMP-SMAD1/5
signaling (Fig. 5d—e).

A further notable characteristic of the PVA-Pec composite hydrogels,
enriched with polymer-Ca®"-complex, is their capacity to enhance the
mineralization of osteoblast. Calcium has been well established to affect
the cellular proliferation, differentiation and function via modulating the
transcriptional change in gene expression [37]. In the study, we
demonstrated that the Ga>*/CaMKII signaling is involved in the osteo-
genesis of osteoblasts cultured on the PVA-Pec hydrogel (Fig. 5). CaM is
the E-F-hand family of Ca®*-sensing proteins, expresses in all eukaryotic
cells where it participates in signaling pathways that regulate many
crucial processes such as growth, proliferation and movement [38].
When bound with CaM (a small Ca®*-binding protein) [39], a Ca®*/CaM
complex forms that can phosphorylate and activate CaM-dependent ki-
nase II (CaMK-II) to affect the functions of osteoblasts [40,41]. In a
separate study, Shin et al. revealed that Ca’’/CaMKII/ERK/AP-1
signaling pathway is crucial in the process of osteogenic differentiation of

11

stem cells induced by collagen-binding peptide [37]. Bagne et al. also
demonstrated that an increase in cytosolic Ca?* and the activation of
CaM brought about by the allogeneic graft or bioactive glass could
further favor bone repair [42].

5. Conclusions

The composite hydrogels formed by physical crosslinking of PVA and
pectin were successfully fabricated for bone tissue engineering. The
produced composite hydrogels possess suitable mechanical properties,
high porosity, decent bioactivity and osteoconductive capability. The
addition of Ca?* for the formation of PVA-Pec composite hydrogels also
contributed to accelerate mineralization of the matrix. Owing to the
appropriate mechanical properties and excellent adhesion ability, PVA-
Pec-10 hydrogel greatly stimulated the matrix mineralization in vitro
and accelerated the bone healing in vivo via regulating Ca?*/CaMKII and
BMP-SMAD1/5 signaling. The PVA-Pec hydrogels show promise as the
regenerative materials for bone tissue engineering.
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