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ARTICLE INFO ABSTRACT

Keywords:

Limited cells and factors, inadequate mechanical properties, and necrosis of defects center have hindered the
wide clinical application of bone-tissue engineering scaffolds. Herein, we construct a self-oxygenated 3D printed
bioactive hydrogel scaffold by integrating oxygen-generating nanoparticles and hybrid double network hydrogel
structure. The hydrogel scaffold possesses the characteristics of extracellular matrix; Meanwhile, the fabricated
hybrid double network structure by polyacrylamide and CaCl,-crosslinked sodium carboxymethylcellulose en-
dows the hydrogel favorable compressive strength and 3D printability. Furthermore, the O, generated by CaO,
nanoparticles encapsulated in ZIF-8 releases steadily and sustainably because of the well-developed microporous
structure of ZIF-8, which can significantly promote cell viability and proliferation in vitro, as well as angiogenesis
and osteogenic differentiation with the assistance of Zn?*. More significantly, the synergy of O and 3D printed
pore structure can prevent necrosis of defects center and facilitate cell infiltration by providing cells the nutrients
and space they need, which can further induce vascular network ingrowth and accelerate bone regeneration in all
areas of the defect in vivo. Overall, this work provides a new avenue for preparing cell/factor-free bone-tissue

3D printing

Bioactive hydrogel

Long-term oxygen-generating
Bone tissue engineering
Vascularized bone regeneration

engineered scaffolds that possess great potential for tissue regeneration and clinical alternative.

1. Introduction

Regeneration of large bone defects that occurred in trauma and
disease has always been challenging [1]. As autologous and allograft
bone grafts suffer from the significant complications, limited availabil-
ity, and age restrictions, developing advanced bone-tissue engineering
scaffolds is of great importance [2]. It is well-acknowledged that bone is
a highly vascularized tissue that develops after angiogenesis [3]. Many
studies have demonstrated that delivery of cells such as stem cells or
growth factors can effectively stimulate angiogenesis and osteogenesis,
while short half-time, high cost, and limited resources restrict their
widespread application [4]. Consequently, a cell/factor-free scaffold
that can provide a favorable microenvironment to significantly promote
vascularized bone regeneration needs to be explored for further clinical
treatment.
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Recently, Oy has received much attention in tissue engineering
owing to the important role in cellular metabolism [5]. Given that the
effective diffusion distance of Oy in vasculature is 100-200 pm, cell
death and tissue necrosis might occur at the bone defects center due to
the destruction and untimely reconstruction of vascular network [6]. It
has been reported that timely and adequate Oy supply before angio-
genesis are critical for preventing tissue necrosis and improving cellular
survival, while promoting tissue repair by enhancing vascular-related
genes expression and differentiation of osteoblasts [7,8]. Typically, O
releasing materials are divided into oxygen-carrying and
oxygen-generating materials [9]. Oxygen-carrying materials such as
natural haemoglobin, perfluorocarbons and cyclodextrin are possible to
cause cell damage due to the burst release of O within a few hours [10,
11]. In addition, the release time of O is too short to support recon-
struction of the vascular network for 2-4 weeks [12]. To meet the time
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requirements, oxygen-generating materials such as CaOs, ZnO,, and
MgO, were proposed, which could deliver Oy for up to one week by
attaching to scaffolds or embedding into hydrogels [13,14]. With further
improvements, the Oz generation time has been doubled by encapsu-
lating CaOj, in polycaprolactone (PCL) microspheres [15,16]. However,
the compressive modulus of the resulting scaffold is around 20 KPa due
to the large size of polymer microspheres embedded in the hydrogel
scaffolds, which is seemingly insufficient to support the bone defects. In
addition to polymer microspheres, metal-organic frameworks (MOFs)
have been widely used to serve as unique host matrices for various small
molecule drugs because of the well-developed pore structure and large
surface areas [17]. Furthermore, the 3D structure of MOFs offers the
opportunity to develop new types of composite materials by encapsu-
lating functional nanoparticles in cavities [18]. Compared with polymer
microspheres without pores, MOFs-encapsulated solid peroxides can
provide continuous Oy through well-develop micropores, and the size of
the composite nanoparticles is smaller. Therefore, exploiting novel
oxygen-generating nanoparticles by MOFs encapsulation has great po-
tential to achieve a stable and sustained O, release without affecting the
mechanical properties of the scaffolds.

Besides the beneficial effects of Oy, a suitable pore size of scaffold
also displays the remarkable capacity of constructing a favorable
microenvironment for angiogenesis and bone regeneration. Studies have
found that the porous structure around 10 pm can facilitate efficient
exchange of mineral ions and introduction of bone-forming proteins.
However, this size limits cell infiltration into the scaffold, which might
result in inefficient repair of the defects center and even tissue necrosis
[19]. To mitigate these limitations, pore sizes ranging from 300 to 800
pm have been investigated, which exhibited the ability to effectively
induce blood vessels and bones ingrowth by allowing cells to infiltrate
and shuttle [20,21]. To integrate the multi-level pore size structure, the
manufacturing method of 3D printing has great advantage due to its
architecture customization and high precision. In comparison with solid
3D printing bioinks such as calcium phosphate, hydroxyapatite, and
poly(e-caprolactone), hydrogels have attracted much attention due to
the similar properties to extracellular matrices, porous internal struc-
ture, and good toughness [22-25]. Moreover, the ability of hydrogels to
encapsulate drugs enables their integration with nanoparticles or cells
for multi-functionality [26,27]. However, the weak mechanical strength
of bioactive hydrogels limits their extensive application in bone tissue
engineering [28,29]. Most hydrogels used for 3D printing bioinks are
composed of single network, making their compressive strength essen-
tially less than 1.0 MPa [30-32]. Many efforts have been made to
explore hybrid double network hydrogel structure that possesses both
stiffness and toughness, while its integration with 3D printing requires
consideration of many factors such as curing speed, curing method, and
precursor viscosity [33,34]. The combination of acrylamide and sodium
alginate have been used of 3D printing bioink, which can form hybrid
double network hydrogel structure [35]. However, since sodium algi-
nate solidifies rapidly when exposed to Ca®* during bioink preparation,
the viscosity of the solution is difficult to control and the mechanical
strength of the final hydrogel may be compromised [36,37]. Sodium
carboxymethylcellulose can also be cross-linked by Ca®* to form phys-
ical network that is still viscous liquid [38]. Therefore, it is more suitable
for combination with acrylamide for 3D printing, which is possible to
achieve excellent mechanical strength at the same time. Accordingly, by
designing and constructing a hybrid double network hydrogel structure
composed of acrylamide and sodium carboxymethylcellulose that can be
3D printed, both excellent mechanical properties and multi-level pore
size structure can be achieved. Moreover, the hydrogel can integrate
with oxygen-generating nanoparticles, which might further enhance the
mechanical strength and achieve multi-functionality.

Herein, a Gel/ZIF-8-CaO, bioactive hydrogel scaffold combining
oxygen-generating nanoparticles with hybrid double network hydrogel
has been successfully constructed by MOFs encapsulation and 3D
printing. It can achieve long-term O, self-supplying, multi-level pore
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size structure, and excellent mechanical properties to significantly
enhance vascularized bone regeneration without the addition of cells or
factors (Scheme 1). First, the polyvinyl pyrrolidone (PVP)-modified
CaO4 nanoparticles (CaO2-PVP) with particle sizes below 20 nm were
prepared. Then, ZIF-8 was utilized to encapsulate CaO5-PVP in cavities
(ZIF-8-Ca0s3) through weak coordination interactions and hydrophobic
interactions between PVP and ZIF-8. Subsequently, the Gel/ZIF-8-CaO,
composite scaffold was fabricated by 3D printing the bioink consisting of
acrylamide, CaCly-crosslinked sodium carboxymethylcellulose and ZIF-
8-Ca0 nanoparticles. In vitro experiments demonstrated that the sus-
tained release of Oy could apparently promote cell proliferation and
differentiation, and initiate timely angiogenesis and osteogenesis. In vivo
subcutaneous model and cranial bone defect model of rats confirmed
that the synergy of Oy and 3D printed pore structure could promote
simultaneous bone regeneration of the defect edge and center by
providing a favorable microenvironment for cell infiltration, vascular
network reconstruction, and bone formation. Taken together, this work
provides an effective strategy for the fabrication of cell/factor-free bone-
tissue engineering scaffolds with great potential for clinical application.

2. Materials and methods
2.1. Synthesis of CaO2-PVP and bulk CaO»

In a typical synthesis, CaCly-2H20 (0.6 g) and PVP (0.6 g) were
dissolved in 30 mL anhydrous methanol with the help of stirring. Sub-
sequently, the mix solution of 480 pL Hy0, and 1 mL ammonia solution
was added. The mix solution reacted under stirring for 1 h at 0 °C. The
as-obtained precipitate was collected by centrifugation, followed by
washing with methanol for three times and dispersing in 1 mL methanol
for later use. The obtained sample was named as CaO3-PVP. The syn-
thesis process of bulk CaO, was the same except for PVP doping. The
obtained sample was named as CaO-.

2.2. Synthesis of ZIF-8-CaOg, ZIF-8, and ZIF-8/CaO2

Zn(NOs3)2-6H20 (37.2 mg, 0.13 mmol) was dissolved in 4 mL meth-
anol after adding 1 mL CaO»-PVP dispersion, which was then added to 5
mL of methanol containing 2-methylimidazole (10.3 mg, 0.13 mmol).
The mixed solution was kept for 24 h at room temperature. The resulting
precipitate was centrifuged, washed three times in methanol, and dried
overnight at 60 °C under vacuum. The obtained sample was named as
ZIF-8-Ca0y. Pure ZIF-8 was synthesized under the same condition
without CaO, doping. For the preparation of ZIF-8/CaOq, the synthe-
sized ZIF-8 and 1 mL CaO,-PVP dispersion were added to 9 mL meth-
anol, and the further treatment was the same as for ZIF-8-CaO».

2.3. Synthesis of 3D printed Gel, Gel/ZIF-8, Gel/ZIF-8-CaO; scaffolds

Taking the Gel/ZIF-8-CaO; as an example, acrylamide (2.34 g), ZIF-
8-Ca05 (0.15 g), sodium carboxymethylcellulose (0.8 g), CaCl; (0.65 g),
Bis (0.05 g), and V50 (0.09 g) were added to 10 mL deionized water
under stirring to form a homogeneous suspension (The mass ratio of CC
to CaCly is 1.23). Gel/ZIF-8 bioink was synthesized by replacing ZIF-8-
CaO, with ZIF-8.

The synthesis of the Gel bioink was the same without the addition of
ZIF-8 or ZIF-8-CaO; nanoparticles. By keeping the mass of CaCl; in 10
mL deionized water constant, we prepared Gel bioinks of different vis-
cosities by adjusting the amount of CC (The mass ratio of CC and CaCly is
1.00, 1.23 and 1.46, respectively).

The bioink was loaded into a sample tube for further 3D printing. We
designed the 3D printed scaffold structure (3 mm x 3 mm x 0.8 mm)
with Blender and Cura software and loaded them into printer. The other
models were downloaded from the LuckyBot ONE website. The printing
process was performed at room temperature using a 0.30 mm diameter
(inner diameter) stainless steel extrusion needle. The scaffolds were
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Scheme 1. Schematic illustration for the preparation of 3D printed Gel/ZIF-8-CaO, composite scaffold and the significant effect in augmented vascularized bone

regeneration.

printed layer-by-layer with a starting angle of 0° and a rotation angle of
90°. The moving speed of extrusion needle was 50 mm s and the
extrusion speed was 4 mm s~ '. The printing process was performed
under 405 nm UV light. Acrylamide was rapidly cross-linked under UV
light during printing, which allowed the hydrogel to be cured immedi-
ately. After printing, the front and back of the printed scaffolds were
irradiated for 10 min each to ensure complete curing and homogeneity.

2.4. Cell culture

MC3T3-E1 cells (ATCC, CRL-2594) and HUVECs (ATCC, PCS-100-
010) were obtained from ATCC Cell Bank (Manassas, VA, USA).
MC3T3-E1 cells and HUVECs were cultured in DMEM medium with the
supplement of 10 % FBS and 1 % PS at 37 °C under 5 % CO,.

2.5. Cytocompatibility evaluation of scaffolds

For the Gel, Gel/ZIF-8, and Gel/ZIF-8-CaO; scaffolds, MC3T3-E1
cells were seeded at a density of 1 x 10* cell/well on the scaffolds
surface in 24-well plates and the medium was changed every two days.
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For cell adhesion and morphological observation, cells were cultured
for 1, 4, and 7 days and then fixed with 4 % paraformaldehyde for 30
min at room temperature. Phalloidin-Rhodamine and DAPI were used to
stain the cytoskeleton and nucleus, respectively. For the further cell
adhesion observation, cells were cultured for 2 days and then fixed with
4 % paraformaldehyde for 30 min at room temperature. Vinculin,
Phalloidin-Rhodamine, and DAPI were used to stain the focal adhesion
protein, cytoskeleton, and nucleus. Confocal laser scanning microscopy
(CLSM, FV3000RS, Olympus, Japan) was used to acquire fluorescent
stained images.

For cell proliferation evaluation, CCK-8 and living/dead cell assays
were implemented on 1, 4, and 7 days, respectively. For CCK-8 assay,
300 pL culture medium and 10 % CCK-8 working solution were added to
each well and incubated at 37 °C for 1 h. Then, 100 pL of the supernatant
was added to a 96-well plate. The absorbance at 450 nm was detected
using a microplate reader (VARIOSKAN FLASH, Thermo, USA). For
living/dead cell assay, the cells were gently washed with PBS twice at
each time point and then stained with a live/dead staining kit followed
the manufacturer’s protocol. The stained cells were imaged by an invert
fluorescence microscope (TH4-200, Olympus, Japan).
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2.6. HUVECs migration assay

HUVECs were seeded at a density of 6 x 10 cell/well into 24-well
plates for about 24 h until approximately 80 % confluence. Scratches
were made with a 200 pm pipette tip in the middle of the well, and the
medium was replaced with the scaffolds extract (with 1 % FBS). The
scratches were photographed with an inverted microscope (IX71,
Olympus, Japan) at 0 and 24 h, respectively, and quantified by ImageJ
software.

2.7. HUVECs tube formation assay

100 pL Matrigel was transferred into 48-well culture plates and
incubated at 37 °C for 1 h. HUVECs were seeded on the Matrigel surface
at a density of 3 x 10* cell/well. The cells were incubated with extracts
(with 1 % FBS) at 37 °C for 8 h and photographed using an inverted
microscope (IX71, Olympus, Japan). The tubular-network formation
parameters were quantified by ImageJ software.

2.8. Osteogenic and angiogenic genes expression

MC3T3-E1 cells were seeded at a density of 1 x 10* cell/well into 24-
well plates, and incubated with extracts at 37 °C for 7 and 14 days. The
total RNAs of the cells were extracted with TRIzol reagent and reverse
transcribed to produce complementary DNA (cDNA). The qRT-PCR was
carried out to evaluate the relative RNA expression level using the
housekeeping gene glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) as a loading control. The amplification reaction was performed
with SYBR Green detection reagent (Yeason, 11201ES03, Shanghai, P.
R. China) for 40 cycles, and the relative expression of target genes was
calculated by the 2724C* method. HUVECs were seeded at a density of 1
x 10* cell/well into 24-well plates, and incubated with extracts at 37 °C
for 3 and 7 days. The subsequent operation was the same as the pro-
cedure of MC3T3-E1 cells. The primer sequences used to measure the
expression of osteogenesis and angiogenesis related genes are shown in
Table S3 and Table S4.

2.9. Alkaline phosphatase staining

MC3T3-E1 cells were seeded at a density of 2 x 10* cell/well into 24-
well plates, and incubated at 37 °C until approximately 90 % confluence.
The cells were cultured in osteoconductive media (containing 10 mM
p-glycerophosphate, 50 pg/mL ascorbic acid, and 10~* mM dexameth-
asone) added with the scaffolds extract for 7 days at 37 °C. At the
scheduled time, the cells were fixed with 4 % paraformaldehyde for 30
min. The cells were washed with deionized water and incubated with the
BCIP/NBT kit. The cells were washed with deionized water and the
images were obtained with camera and inverted microscope (IX71,
Olympus, Japan).

2.10. Alizarin Red S staining and quantitative analysis

MC3T3-E1 cells were seeded at a density of 2 x 10* cell/well into 24-
well plates, and incubated at 37 °C until approximately 90 % confluence.
The cells were cultured in osteoconductive media added with the scaf-
folds extract for 14 days at 37 °C. At the scheduled time, the cells were
fixed with 4 % paraformaldehyde for 30 min at room temperature. The
cells were washed with deionized water and incubated with the Alizarin
Red S Staining Kit for Osteogenesis (pH = 4.2). The cells were washed
with deionized water and the images were obtained with camera and
inverted microscope (IX71, Olympus, Japan). For quantitation, acetic
acid was added to each well and incubated overnight at room temper-
ature. The collected supernatants were neutralized with ammonia and
the OD values were read at 405 nm.
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2.11. Subcutaneous implantation in rats

All animal experiments were approved by the Animal Care and
Welfare Committee of Tianjin Nankai Hospital (Approval No. NKYY-
DWLL-2023-066), and performed in compliance with the Guidelines
for Care and Use of Laboratory Animals. The SD rats (8 weeks old, 250 g,
male) were provided by the experimental center of Tianjin Nankai
Hospital and randomly divided into five groups. The rats were anes-
thetized by intraperitoneal injection of pentobarbital sodium with 2 %.
Two longitudinal incisions of approximately 1 cm were made on both
sides of the dorsal skin of each rat to form a subcutaneous pocket and
placed into sterile scaffolds. After surgery, the rats were housed and
allowed to eat and drink. Two weeks after implantation, samples were
harvested and fixed in 4 % paraformaldehyde. The samples were then
processed for hematoxylin and eosin (H&E) staining and immunofluo-
rescence staining. Images were obtained by positive fluorescence mi-
croscope (NE910, Nexcope, America) and CLSM, respectively. The
immunofluorescence staining was quantified by ImagelJ software.

2.12. Bone defect reconstruction in rats

The skull defect model was used to evaluate the effect of different
scaffolds on bone regeneration. The rats were randomly divided into
four groups for further experiments. After anesthesia with 2 % sodium
pentobarbital, two circular defects with a diameter of 5 mm were
created on both sides of the rat skull and then imbedded with scaffolds.
After 4 and 12 weeks of implantation, the samples were collected and
fixed in 4 % paraformaldehyde. The samples were scanned and recon-
structed by micro-CT. The bone tissue volume/total tissue volume (BV/
TV) value and trabecular number (Tb.N) value of the region of interest
were calculated by CT-Analyzer software. Besides, major organs (heart,
liver, spleen, lung, and kidney) were collected after 12 weeks of im-
plantation to evaluate biosafety of different scaffolds in vivo.

2.13. Histological analysis

The samples of skull defects were decalcified in EDTA solution and
embedded in paraffin. Subsequently, the samples were cut into 5 pm
sections and processed for hematoxylin and eosin (H&E) and Masson’s
trichrome staining. The immunofluorescence staining of CD31 and
a-SMA was performed at 4 weeks to assess the angiogenesis of skull
defects, and the OCN staining was carried out at 12 weeks to assess the
osteogenesis. The samples of major organs were processed for H&E
staining with a 5 pm section. Images were obtained by positive fluo-
rescence microscope and CLSM and quantified by ImageJ software.

2.14. RNA sequencing and data analysis

MC3T3-E1 cells were seeded at a density of 1 x 10* cell/well into 24-
well plates, and incubated with extracts at 37 °C for 7 days. The total
RNAs of the cells were extracted with TRIzol reagent and stored at
—80 °C before sequencing. The purity and concentration were measured
by NanoDrop 2000 (Invitrogen, USA). RNA sequencing was performed
by Illumina HiSeq X10 (Illumina, USA) and the results were analyzed by
free online novomagic Clound Platform (https://magic.novogene.com/
). Differentially expressed genes (DEGs) were selected with |fold-
change| > 1.5 and p-value < 0.05. GSEA was analyzed with |[NES| > 1,
Nominal p-value < 0.05 and FDR <0.25.

2.15. Statistical analysis

All data were expressed as mean + standard deviation (SD). All
statistical analyses were performed by one-way analysis of variance
(ANOVA). Significant differences were considered when *p < 0.05, **p
< 0.01, and ***p < 0.001.
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3. Results and discussion
3.1. Preparation and characterization of ZIF-8-CaO» nanoparticles

To achieve steady and sustainable oxygen-generating, porous MOFs
were utilized as hosts to in-situ trap CaO, guests in their cages during
MOFs crystallization. ZIF-8 was chosen as the encapsulated hosts
because of the effect of Zn?* in promoting angiogenesis and bone
regeneration, as well as its strong coordination ability [39,40]. PVP was
introduced to prevent CaO, from aggregating into clumps by forming
coordination with Ca?" and simultaneously enhanced CaO affinity to
ZIF-8 through the weak coordination interaction between the pyrroli-
done rings of PVP (C=0) and Zn?" in ZIF-8 [41].

The powder X-ray diffraction (XRD) patterns show that no peaks of
Ca04-PVP were detected in comparison with the obvious typical peaks
of bulk CaO,, which was probably due to its small size (Fig. 1A). Scan-
ning electron microscope (SEM) and transmission electron microscope
(TEM) images reveal that stable and well-dispersed spherical poly-
crystalline CaO2-PVP with uniform size around 18 nm were prepared
thanks to the protective layer formed by the adsorbed PVP on the
nanoparticles surface (Fig. 1D and E). However, the CaO; obtained by
direct mixing of CaCly, HyO5, and NH3-H50 in methanol appeared to be
bulk due to heavy agglomeration (Fig. S1, Supporting Information),
demonstrating the ability of PVP to stabilize CaO in small particles,
which was consistent with the results of SEM and TEM. Uniform particle
sizes around 18 nm and the absence of other impurity peaks in XRD
pattern can basically ensure the success of synthesis and the purity of the
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product. In addition, the successful synthesis of bulk CaO5 have been
confirmed by XRD pattern, and the addition of PVP under the same
synthetic conditions will not change the final product in previous study
[42]. To further prove the successful synthesis and the purity of
Ca0,-PVP, XRF and XPS were applied to illustrate the existing elements.
The XRF results showed the presence of only Ca in bulk CaOy and
Ca0,-PVP, indicating that CaCl, had reacted with no residue (Table S1,
Supporting Information). The XPS results showed that only Ca and O
elements could been obviously detected in the bulk CaO, and CaO,-PVP
at an atomic ratio around 1:2 (Fig. S2, Supporting Information) [14].
The elements in PVP were not significantly detected, probably due to the
lower content compared to CaO,. Moreover, we conducted a test on the
ability of CaO,-PVP to release oxygen (Fig. S3, Supporting Information).
We dispersed the well-washed CaO5-PVP in 5 mL of deionized water for
testing, while preparing 5 mL deionized water containing 480 pL Hy0,
to exclude the effect of O release from the residual H,O5 and 5 mL pure
deionized water as control. 150 uL. HNOs solution (5 M) was added to
each prepared sample to produce an obvious O, release. The CaO-PVP
group exhibited an obvious O release as the turbid liquid became clear
compared with the HyOy group and pure deionized water group. As a
result, the above results demonstrated that the CaO,-PVP nanoparticles
were successfully synthesized and no other particles or reactants were
obviously introduced.

The methanolic solution of CaO2-PVP was then briefly mixed with
zinc nitrate and 2-methylimidazole, followed by standing for 24 h. The
XRD patterns show that the crystalline texture of ZIF-8-CaO, was un-
affected by the introduction of CaOy, and the broad peak at 25° of ZIF-8-

A B C 600
( PP @ | P > 2
~ Sl ~ _ j
3 Ca0, Ca0,PVP ! E| Ca0,-PVP 2IF-8-Ca0, ~400- A
= . S 00 B e e ao—oa0-0-2-0-0-a-0-0=0
2 2Ll T T
3 . Ca0PVP 5 il Sl ZIF8-CaO, | % o [ e
c 1 c © 200+ -
- ~ - | < 57 §
+ g < 1
e cz0, ZIF-8 5o
00{ =t
| Ca0, PDF#03-086 __CaO,-PVP =T % 4
L1l i L 0_ Pore diameter (nm)
T T T T T T T T . L} = T .3 T ' T . T X T T x T v T T x T L T
10 20 3040 50 60 70 80 10 20 30 40 50 60 70 80 0.0 0.2 04 0.6 0.8 1.0
26 (degree) p/py

20 (degree)

Fig. 1. Physical characterizations of CaO,-PVP and ZIF-8-CaO,. A) XRD patterns of CaO, and CaO,-PVP. B) XRD patterns of CaO,-PVP, ZIF-8, and ZIF-8-CaO,. C)
Nitrogen sorption isotherms of ZIF-8 and ZIF-8-CaO, (inset shows the pore size distribution). D) SEM image of CaO,-PVP (inset shows the histogram of size dis-
tribution). E) TEM image of CaO»-PVP. F) SEM image and G) TEM image of ZIF-8-CaO,. H) TEM image and I) corresponding EDS elemental mapping results of ZIF-8-
CaO,. J) TEM image and K) corresponding EDS elemental mapping results of ZIF-8/CaO,.

231



Y. Yang et al.

CaO5 might be ascribed to CaO2-PVP (Fig. 1B). The SEM and TEM results
suggest that ZIF-8-CaO, presented rhombic dodecahedral morphology
consistent with ZIF-8, which further confirmed the XRD results (Fig. 1F
and G; Fig. S4, Supporting Information). The nitrogen adsorption-
desorption isotherms and pore size distribution indicate that ZIF-8-
CaO, exhibited the same microporous structure with ZIF-8. However,
the specific surface area was reduced by 460 m? g~! compared with ZIF-
8, which might be attributed to the presence of CaO, inside ZIF-8 as
suggested by the broad peak of XRD (Fig. 1C; Table S2, Supporting In-
formation). To further confirm that the CaO5 was encapsulated by ZIF-8
rather than attached on the surface, the pure ZIF-8 and CaO»-PVP were
mixed to obtain the comparison sample ZIF-8/Ca0O,, and the remaining
operations were consistent with preparing ZIF-8-CaO,. TEM was adop-
ted to investigate the existence form of CaO,. The elemental mapping
images of ZIF-8-CaO, display the coexistence and homogeneous distri-
bution of C, N, and Zn elements, with Ca element mainly distributed in
cavities center (Fig. 1H and I). However, almost no significant Ca
element was observed in ZIF-8/Ca0O5 (Fig. 1J and K). All of the above
characterization results concluded that the ZIF-8 encapsulated CaOy
nanoparticles were successfully fabricated.

25 ym

h -
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3.2. Preparation and characterization of composite scaffolds

To realize the characteristics of multi-level pore size, customizable
structure, and favorable mechanical properties, the 3D printed hydrogel
with hybrid double network was fabricated. As shown in Scheme 1, the
3D-printed composite scaffold was obtained by integrating ZIF-8-CaO4
and hydrogel monomers. The synthesized composite scaffold could
provide a suitable microenvironment for angiogenesis and bone regen-
eration through continuous physical stimulation (multi-level pore size)
and chemical intervention (O5 and ion release).

Acrylamide (AM) was selected as the covalent network monomer
because of its good photosensitivity [43]. Sodium carboxymethylcellu-
lose (CC) was chosen as the physical network monomer because of its
excellent biocompatibility and adjustable viscosity, which was further
cross-linked by Ca?" to form network [44]. Gel scaffold was fabricated
by 3D printing bioink composed of the above materials under 405 nm
UV light. To obtain the Gel/ZIF-8 and Gel/ZIF-8-CaO, composite scaf-
fold, ZIF-8 and ZIF-8-CaO, nanoparticles were mixed into the bioink
before 3D printing, respectively. As shown in Fig. 2A and B, the Gel
scaffold possessed a stable multilayer structure and homogeneous pore
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Fig. 2. Physical characterizations of composite scaffolds. A) Digital photograph and B) SEM image of Gel scaffold. C) and D) Magnified SEM images of Gel scaffold. E)
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size of around 500 pm, as did the Gel/ZIF-8-CaO, scaffold (Fig. 2E and
F). The magnified SEM images in Fig. 2C and D reveal the interconnected
porous structures within the hydrogel. As shown in Fig. 2G and H,
morphologically intact ZIF-8-CaO, nanoparticles could be clearly
observed embedded inside hydrogel without disrupting the internal
structure. The microscopic morphology of Gel/ZIF-8 was the same as the
Gel/ZIF-8-Ca0; scaffold (Fig. S5, Supporting Information). Moreover,
the internal pore sizes of Gel (~9.5 pm), Gel/ZIF-8 (~8.7 pm), and
Gel/ZIF-8-CaOy (~8.2 pm) were similar, further indicating that the
introduction of nanoparticles did not affect the cross-linking of hydrogel
(Fig. S6, Supporting Information). Meanwhile, the pore structure around
500 pm by 3D printing and the internal pore structure of 8~9 pm
constituted the multi-level pore size structure of the scaffold, which can
allow cell shuttle and efficient exchange of mineral ions. As illustrated in
Fig. 21, the energy-dispersive spectroscopy elemental scanning analysis
was further carried out to assess elemental distribution, which indicated
the existence and homogeneous distribution of ZIF-8-CaO, inside
hydrogel. The XRD patterns present the typical peaks of both the Gel and
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ZIF-8-Ca0s,, further confirming the presence of ZIF-8-CaO, in hydrogel
(Fig. 2J). Based on the above results, the Gel/ZIF-8-CaO; composite
scaffold was successfully constructed.

To explore the O, release capacity, Gel, Gel/CaO,, and Gel/ZIF-8-
CaO, scaffolds were immersed in PBS at 37 °C. We measured the dis-
solved O, every 2 days and then the O, removal operation was carried
out after each measurement. Gel/CaO; exhibited a sudden release of O
during 2 days and showed no significant difference from the Gel
thereafter (Fig. 2K). While the Gel/ZIF-8-CaO; exhibited a steady and
continuous release of Oy during 14 days compared to Gel/CaO,, sug-
gesting the encapsulation effect of ZIF-8. Fig. 2L shows the cumulative
Oy release in Gel/ZIF-8-CaO, scaffold over 14 days. Besides, we
measured the release of Zn?' at 37 °C in simulated body fluids to
simulate the fluid environment in vivo. Fig. 2M illustrates the sustained
release of Zn®" in Gel/ZIF-8 and Gel/ZIF-8-Ca0, scaffolds till 4 weeks,
which might stimulate angiogenesis and osteogenesis to some extent.
Recent study has shown that Zn?* concentrations above 100 pM might
suppress vasculogenesis, while below 70 pM could promote HUVECs
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proliferation [45]. And Zn%" concentration below 57 pg/mL could
promote MC3T3-E1 cells proliferation [46]. The concentration of Zn%*
released in Gel/ZIF-8 and Gel/ZIF-8-CaO, was about 0.45 pg/mL (6.92
puM) over 4 weeks, which was within the safe range of promoting cells
proliferation.

3.3. Mechanical properties, printability, and biocompatibility of
composite scaffolds

Excellent mechanical properties and structural customization are
critical for bone-tissue engineering scaffolds. Fig. 3A illustrates the
composition and structure of each scaffold. PAM was polymerized by
acrylamide to form a covalent network. PAM + CC remained a covalent
network structure due to which CC was not cross-linked. After CC was
cross-linked by Ca?*, Gel formed a hybrid double network structure. To
obtain Gel/ZIF-8 or Gel/ZIF-8-CaO,, ZIF-8 or ZIF-8-Ca0, was added to
the monomer mixture. As shown in Fig. 3B, PAM + CC scaffold could be
easily crushed because of the brittle single covalent network structure.
By contrast, Gel/ZIF-8-CaOs scaffold was able to recover immediately
and retain structural integrity after compression, which exhibited the
high toughness owing to the hybrid double network structure. The CC in
hydrogel composition imparts bioink injectable property. We synthe-
sized Gel scaffold bioink of different viscosities by adjusting the con-
centration of CC (The mass ratio of CC to CaCl, is 1.00, 1.23, and 1.46,
respectively). The viscosity of the Gel bioink was too high to stir evenly
with the ratio of CC to CaCl; of 1.46. By reducing the mass ratio to 1.23
or 1.00, the homogeneous Gel bioinks could be obtained. The viscosity
of the mass ratio of 1.00 was significantly lower than 1.23, which was
not suitable for 3D printing due to its high fluidity (Fig. S7A, Supporting
Information). After testing on the 3D printer, the viscosity with a mass
ratio of 1.23 was the most appropriate. Then, we prepared bioinks
containing ZIF-8 or ZIF-8-CaO, nanoparticles at this ratio. As shown in
Fig. 3C, the addition of ZIF-8 or ZIF-8-CaO, nanoparticles slightly
reduced the viscosity of the bioink, but did not affect subsequent 3D
printing. And the viscosity of the bioinks decreased with the increase of
shear rate, revealing its shear thinning properties. Remarkably, more
diverse and dedicated hydrogel models could be constructed by 3D
printing except for the grid-like scaffolds, indicating that the hydrogel
possessed outstanding customization performance (Fig. 3D). The
compressive strength of the scaffolds was investigated in Fig. 3E and
Fig. S7B (Supporting Information). According to the compressive stress-
strain curve, the compressive strength of single-network PAM (0.19
MPa) and PAM + CC (0.32 MPa) scaffolds was much lower than that of
the Gel (1.64 MPa) scaffold with hybrid double network, which could
further confirm that the hybrid double network structure has been
successfully fabricated. The intrinsic mechanical strength of single
network hydrogels is relatively low. Studies have shown that covalent
brittle networks such as PAM break the covalent bonds and cannot
recover when an external force is applied [47-49]. The low toughness of
the covalent network results in low mechanical strength. Since that the
enhancement of their fracture energy is mainly through the dissipation
of mechanical energy in the area around the crack, massive mechanical
energy can be dissipated when the crack propagates by introducing
reversible physical cross-linking to act as a sacrificial bond [50-52]. CC
was cross-linked by Ca?* to form a physical network, which shuttled
through the covalent network PAM as a sacrificial bond to dissipate
energy. The formed hybrid physically-chemically crosslinked network
enhanced the toughness and mechanical strength of the hydrogel while
achieving self-recovery properties. In addition, the nanoparticles
deposited inside the hydrogel could provide strong support in the in-
ternal pore structure and achieve high energy dissipation due to the
strong interfacial interaction of nanoparticles, which might further
improve the mechanical properties of composite hydrogel [53-55]. As
expected, the mechanical strength of scaffold was enhanced to 2.34 MPa
with the introduction of ZIF-8 or ZIF-8-CaO5 nanoparticles, which were
10 times higher than that of the PAM. Moreover, the compressive
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modulus of the Gel/ZIF-8-CaO, and Gel scaffold sharply increased to
5.92 MPa and 4.98 MPa, respectively, which were 20 times higher than
that of the PAM scaffold (0.25 MPa) (Fig. S7C, Supporting Information).
The above characterizations demonstrated that the hybrid double
network structure endowed the scaffold with excellent mechanical
strength and toughness, as well as 3D printability. Therefore, we chose
Gel, Gel/ZIF-8, and Gel/ZIF-8-CaO, for the subsequent vascularized
bone regeneration study. Before biocompatibility evaluation, the
swelling rate and degradation of various scaffolds were evaluated by
immersing in PBS at 37 °C. The scaffolds showed a consistent tendency
to reach equilibrium within 8 h, implying that the introduction of
nanoparticles did not affect the network structure within scaffolds,
which was consistent with the SEM results (Fig. S7D, Supporting In-
formation). All scaffolds incubated in PBS degraded gradually, and the
degradation of Gel/ZIF-8 and Gel/ZIF-8-CaO5 was delayed caused by
nanoparticle loading (Fig. S7E, Supporting Information). In addition, we
studied the release of Ca®>'" in Gel and Gel/ZIF-8-CaO, scaffolds
(Fig. S7F, Supporting Information). There was no significant difference
in Ca* releasing between the two scaffolds (about 0.13 mg/mL over 21
days) and the trend was similar to that of Gel degradation, indicating
that Ca®" was mainly derived from the hydrogel structure.

To assess the biocompatibility of the Gel, Gel/ZIF-8, and Gel/ZIF-8-
CaOg, scaffolds, MC3T3-E1 cells were adopted due to the important role
in bone regeneration [56]. The quantitative results of CCK-8 assay show
that the OD values incremented in control, Gel, Gel/ZIF-8, and Gel/-
ZIF-8-Ca0; groups after the first day, affirming the positive impact of
Zn%" and O, on cells viability and proliferation (Fig. 3F). We also
established the Gel/CaO; group for cytocompatibility experiment along
with other scaffolds. Studies have shown that the sudden release of high
level of O, can damage cells [16,57,58]. The CCK-8 assay results showed
that the Gel/CaOy was cytotoxic, possibly due to the sudden release of
high level of O, (Fig. S8, Supporting Information). However, Gel/-
ZIF-8-Ca0; showed an obvious cell proliferation effect, which indicated
that O5 was no longer suddenly released after encapsulation by ZIF-8.
Due to the significant cytotoxicity of unencapsulated CaO2, we would
not study Gel/CaO, scaffold further. As shown in Fig. 3G, the cells could
adhere to the various scaffolds surface after co-culturing for 1 day,
which might be attributed to the hydrophilic ability of the hydrogel.
After co-culturing for 4 days and 7 days, the cells exhibited more
spreading and abundant branched filamentous prostheses in Gel/ZIF-8
and Gel/ZIF-8-CaO, scaffolds, indicating the regulatory function of
composite scaffolds on cell adhesion and morphology. To further illus-
trate the affinity of the scaffolds for cells, we performed Vinculin fluo-
rescent staining, which is often used as a focal adhesion marker [59,60].
Focal adhesions were formed on each scaffold group, indicating that the
scaffold had a good affinity for cells due to its hydrophilicity (Fig. S9,
Supporting Information). In addition, more focal adhesions were formed
in the Gel/ZIF-8 and Gel/ZIF-8-CaO, groups due to the more stretched
cells, suggesting that the composite scaffolds had a promoting effect on
the growth of the cells. To further verify the above results, we performed
living/dead cell double staining cultured for 1, 4, and 7 days, respec-
tively (Fig. 3H). There was no visible red fluorescence in scaffold groups,
which indicated that the scaffolds were no obvious toxicity during the
7-day culture. Moreover, the cell proliferation effect was significantly
enhanced with the introduction of ZIF-8 and ZIF-8-CaO; nanoparticles,
which was consistent with the CCK-8 assay and cytoskeleton staining
results. These results fully demonstrated that our fabricated scaffolds
possessed a satisfactory cytocompatibility, and could significantly pro-
mote cell adhesion and proliferation.

3.4. In vitro angiogenic and osteogenic effect evaluation

Bone regeneration relies on a well-developed blood vessels network
to transport essential nutrients and Oy [61]. Thus, the angiogenesis
potential of scaffolds was evaluated by co-culturing the HUVECs with
various scaffolds extract. The wound healing assay was applied to
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estimate the effect of scaffolds on cell migration. All groups appeared
migration within 24 h, while the wound closure in Gel/ZIF-8 and
Gel/ZIF-8-Ca0, groups was better (Fig. 4A).

Quantitative analysis confirmed the beneficial impact of Zn?* and O,
on HUVECs migration (Fig. 4B). Subsequently, the tube formation assay
was performed by incubating HUVECs on Matrigel for 6 h. As shown in
Fig. 4C, little tubular network formed in control and Gel groups. In
contrast, Gel/ZIF-8 and Gel/ZIF-8-CaO, groups presented a detailed and
well-developed tubular network structure through analytical labeling.
The quantitative analysis of mesh, master segment, and junction
demonstrated that Zn?" and O, could effectively facilitate tube forma-
tion in HUVECs (Fig. 4D). To further confirm the positive impact of Zn?t
and O,, the mRNA expression of angiogenesis-related genes was esti-
mated by quantitative real-time PCR (qQRT-PCR) analysis. The Gel/ZIF-8
slightly upregulated the expression of basic fibroblast growth factor
(FGF-2), platelet endothelial cell adhesion molecule-1 (CD31), and
vascular endothelial growth factor (VEGF) thanks to the released Zn?t
(Fig. 4E~G). By further introducing CaO,, the expression of FGF-2, CD31,
and VEGF was obviously enhanced in Gel/ZIF-8-CaO,. However, the
expression of hypoxia-inducible factor-1 alpha (HIF-1a) was down-
regulated in Gel/ZIF-8-CaO; compared with other groups, suggesting
that the cells were supplied with adequate Oy (Fig. 4H). Overall, these
results indicated that Gel/ZIF-8-CaO, possessed excellent angiogenic
potential attributed to the dominance of O, and the assistance of Zn?*,

Studies found that blood vessels could promote bone formation
through coupling with osteogenesis [62]. To verify the osteogenic effect
of scaffolds, the activity of alkaline phosphatase (ALP), which plays an
important role in early osteogenesis, was detected by staining. As shown
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in Fig. 5A, the staining intensity and area of ALP in Gel/ZIF-8-CaO, were
significantly greater than other groups in optical pictures and micro-
scopic images analysis. In ARS staining, calcium nodules are stained red
to evaluate the mineralized deposition of cells in different groups. We
conducted ARS staining on day 14 and performed quantitative analysis
(Fig. 5A; Fig. S10, Supporting Information). As a result of culturing with
osteoinduction media, visible mineralized nodules were formed in each
group. However, the maximum area of mineralization and densification
of the distribution of calcium nodules was observed in Gel/ZIF-8-CaO,
group, which was consistent with the results of ALP staining. The mRNA
expression of osteogenesis-related genes was also studied (Fig. 5B-E).
Bone sialoprotein (BSP) is expressed after ALP, which can promote
nucleation of hydroxyapatite mineralization in vitro [63]. Osterix (OSX)
and bone morphogenetic protein-2 (BMP-2) are essential for osteoblast
proliferation, differentiation, and bone formation [64,65]. The expres-
sion of osteogenesis-related genes in the Gel group was not statistically
different from the control, indicating that Ca>" did not play a significant
role in osteogenesis in these scaffolds. Studies have found that the
concentration of Ca®* between 6 and 15 mM (0.24-0.60 mg/mL) con-
tributes to osteogenic differentiation, while below 6 mM (0.24 mg/mL)
cannot significantly promote osteogenic differentiation [66,67]. There-
fore, the low concentration of Ca®* released by the scaffolds (0.13
mg/mL) might have no significant effect of osteogenic differentiation.
The increased mRNA expression of BSP, OSX, BMP-2, and ALP in
Gel/ZIF-8 and Gel/ZIF-8-CaO; groups indicated that the facilitating ef-
fect of osteogenic differentiation was mainly due to the released O, and
Zn?*. Combined with the above in vitro experimental results, it could be
confirmed that the Gel/ZIF-8-CaO; possessed the dual functions of
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stimulating angiogenesis and osteogenesis.

3.5. In vivo angiogenesis evaluation

Rapid vascularization in early stage is key to maintaining tissue
viability and accelerating bone regeneration. Subcutaneous implanta-
tion was conducted to investigate the effect of scaffolds on early
angiogenesis. Besides the control, Gel, Gel/ZIF-8, and Gel/ZIF-8-CaOo, a
bulk scaffold without 3D printing treatment (B-Gel/ZIF-8-CaO3) was
fabricated to explore the role of 3D printed pore structure. After 14 days
of subcutaneous embedding, hematoxylin and eosin (H&E) staining and
immunofluorescence staining were performed on the subcutaneous tis-
sue around implanted scaffolds. The results of H&E staining showed that
the scaffolds were surrounded by tissue cells, illustrating that the
characteristics of extracellular matrix endowed the scaffolds with
favorable biocompatibility to facilitate ingrowth of surrounding tissues
(Fig. 6A). Besides, the cross-section of neovascularization and the
erythrocytes inside (indicated by black arrowheads) could be clearly
presented. According to the H&E staining and the results of immuno-
fluorescence, a few newly formed blood vessels could be observed in Gel
group, while the expression of CD31 and alpha smooth muscle actin
(a-SMA) was weak and no obvious difference from control (Fig. 6B). The
quantitative analysis of H&E staining and positively areas in immuno-
fluorescence staining further supported the corresponding conclusions,
suggesting that the single effect of 3D printed pore structure was
insufficient for angiogenesis (Fig. S11, Supporting Information; Fig. 6C
and 6D). The Gel/ZIF-8 promoted angiogenesis with the addition of ZIF-
8. The tissues in the H&E staining were normal, indicating that the
concentration of released Zn?>" was safe and had an angiogenesis-
promoting effect. Compared with the introduction of ZIF-8, the addi-
tion of ZIF-8-CaO, further improved the newly formed blood vessels
number and the expression levels of CD31 and a-SMA more significantly,
which was consistent with the in vitro experiment results. Moreover,
studies have shown that at least 1-2 weeks of O5 supply is required to
effectively promote angiogenesis because the reconstruction of the
vascular network takes time [15,68]. The H&E staining showed that the
Gel/ZIF-8-CaO; scaffold had no inflammatory response and no damage
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to the surrounding tissues, and the immunofluorescence staining of
Gel/ZIF-8-CaO; scaffold exhibited a significant effect on promoting
angiogenesis compared with Gel/ZIF-8. This indicated that the release of
O, from the Gel/ZIF-8-CaO5 scaffold was not sudden and the release
time could reach 1-2 weeks to significantly promote angiogenesis in
vivo. Interestingly, B-Gel/ZIF-8-CaO, group exhibited inhibition of
neovascularization compared with Gel/ZIF-8 and Gel/ZIF-8-CaO,
groups, indicating that 3D-printed pore structure was necessary to exert
the effects of Oy and Zn®". Studies found that pore size of 500 pm pos-
sesses optimal cell penetration, which can promote cell infiltration and
migration [69]. Therefore, the above findings demonstrated that the
synergy of 3D printed pore structure and sustained release of Oz could
provide a favorable microenvironment for angiogenesis.

3.6. In vivo bone regeneration evaluation

In light of excellent angiogenic bioactivity in vivo, a rat cranial bone
defect model was created to ascertain further osteogenesis functionality
of Gel/ZIF-8-CaO- scaffold for 4 and 12 weeks. The results of micro-CT
reconstruction display that the scaffold groups formed more new bone in
comparison with control (Fig. 7A). In particular, Gel/ZIF-8-CaO; scaf-
fold generated a large amount of new bone in defect from the edge to the
center after 4 weeks of implantation, while Gel/ZIF-8 and B-Gel/ZIF-8-
CaO groups only showed little new bone formation at the margins. At
12 weeks, more new bone which was still at the edge appeared in Gel/
ZIF-8 and B-Gel/ZIF-8-Ca0, groups, while the defect area of Gel/ZIF-8-
CaOy was almost covered by newly formed bone. Meanwhile, the
quantitative analysis of specific bone parameters including bone tissue
volume/total tissue volume (BV/TV) and trabecular number (Tb.N)
shows that Gel/ZIF-8-CaO, group was obviously higher than other
groups (Fig. 7B and C). Based on the above results, the significant pro-
moting effect of Gel/ZIF-8-CaO, on bone regeneration could be estab-
lished. Subsequently, H&E staining and Masson’s trichrome staining
were conducted to further evaluate the condition of the newly formed
bone after 4 and 12 weeks of implantation. The control group was filled
with fibrous tissue and had almost no new bone formation (Fig. 7D;
Fig. 12, Supporting Information). A small amount of new bone bridging
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Fig. 6. In vivo angiogenesis evaluation in subcutaneous implantation of different scaffolds for 14 days. A) Optical microscopy images of H&E staining (S: scaffold
residue, black arrow: newly formed blood vessels). B) Inmunofluorescence images of a-SMA (green) and CD31 (red) (cell nucleus: blue). C-D) Quantitative analysis of

positive areas of CD31 and o-SMA. All statistical data are presented as the mean + SD (n = 3). *P < 0.05, **P < 0.01,

the original bone was formed above and under the Gel/ZIF-8 and B-Gel/
ZIF-8-Ca0; scaffolds at 4 weeks., and it tended to grow inward as the
scaffolds were gradually degraded over 12 weeks. Surprisingly but
within the expectation, the newly formed bone in Gel/ZIF-8-CaO, grew
toward the scaffold interior at 4 weeks and was almost filled the defect
area at 12 weeks, which exhibited prominent osteoconductive and
osteoinductive properties. For the Gel/ZIF-8, the cells in the defect
center were in a state of long-term hypoxia due to the destruction and
untimely reconstruction of vascular network, which could lead to cell
viability decrease and even tissue necrosis. As for B-Gel/ZIF-8-CaOs, the
pore structure of 10 pm inside hydrogel could facilitate the efficient
exchange of mineral ions and O, generated by CaO,, while it was not
conducive to cell ingrowth and proliferation due to the lack of infiltra-
tion space. Therefore, the newly formed bone was relatively less and
mainly concentrated at the defect edge in Gel/ZIF-8 and B-Gel/ZIF-8-
Ca0O5 compared with Gel/ZIF-8-CaO,. By integrating the continuously
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***p < 0.001.

generated O, and Zn?" with 3D printed pore structure, Gel/ZIF-8-CaO-
provided a favorable microenvironment for bone regeneration. In
addition, the large area vacancy in B-Gel/ZIF-8- CaO, at 4 weeks indi-
cated that the bulk hydrogel degraded more slowly than the 3D printed
structure in Gel/ZIF-8 and Gel/ZIF-8-CaO,, which might hinder bone
regeneration. At 12 weeks, little scaffold residue was found in Gel/ZIF-8,
suggesting that the scaffold biodegradation cycle was long enough to
support new bone formation. However, there was no obvious scaffold
residue in Gel/ZIF-8-CaO; after 12 weeks, indicating that the degrada-
tion of scaffold was accelerated by ingrowing bone tissue. Moreover, we
performed in vivo biosafety testing on major organs including heart,
liver, spleen, lung and kidney by H&E staining at 12 weeks (Fig. S13,
Supporting Information). The H&E staining results of cranial bone
defect model and major organs show no significant histopathological
abnormalities in either group, suggesting that the scaffolds are
biocompatible.
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Fig. 7. In vivo bone regeneration evaluation in cranial bone defect model of different scaffolds for 4 and 12 weeks. A) Micro-CT images of transverse and coronary
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According to the immunofluorescence staining results of angiogenic
marker in Fig. 8A, the expression of CD31 and a-SMA was observed in all
groups at 4 weeks. Remarkably, Gel/ZIF-8-CaO, was verified with the
most efficient angiogenesis, as evidenced by the high expression level of
CD31 and o-SMA. The quantitative analysis of positive areas further
confirmed the above conclusion (Fig. 8C and D). The neovascularization
is able to shuttle through the 3D-printed macroporous structure, which
can provide enough Oy and nutrients for the osteoblasts to further
promote bone regeneration. The significant promotion in OCN expres-
sion of Gel/ZIF-8-CaO; illustrated the importance of the neovascular
network for bone regeneration (Fig. 8B and E). Overall, the above results
provided convincing evidence that Gel/ZIF-8-CaO; possessed remark-
able functions of promoting bone regeneration through inducing the
early angiogenesis.

3.7. Revealing mechanism of osteogenesis based on RNA sequencing

0, is a crucial factor in cell-to-cell communication, cell proliferation,
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and cell differentiation as a signaling function. Meanwhile, Oy can
upregulate the expression of vascular endothelial growth factor for the
promotion of angiogenesis and further regulate osteogenesis [70-72].
Gel/ZIF-8-CaO, scaffold exhibited the best angiogenesis and osteogenic
abilities based on in vitro and in vivo experimental results, which was
attributed to the O, released. We performed RNA-seq assay for Gel/ZIF-8
and Gel/ZIF-8-CaO; scaffolds to further reveal the underlying mecha-
nisms of Oz-promoted osteogenesis. The volcano plot displayed 557
up-regulated and 682 down-regulated differentially expressed genes
(DEGs) (Fig. 9A). Gene ontology (GO) enrichment analysis of DEGs
showed significant upregulation in the aspects of cell viability and
adhesion (positive regulation of cell motility, positive regulation of cell
adhesion, positive regulation of cell activation, etc.), cell proliferation
and migration (smooth muscle cell migration, positive regulation of
smooth muscle cell proliferation, positive regulation of cell migration,
etc.), extracellular matrix organization (extracellular matrix binding,
collagen biosynthetic process), angiogenesis (angiogenesis, positive
regulation of vasculature development, VEGF signaling pathway, etc.),
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Fig. 8. Histological evaluations of angiogenesis and bone regeneration in cranial bone defect model. A) Fluorescence images of CD31 (green) and a-SMA (red) (cell
nucleus: blue). B) Fluorescence images of OCN (red) (cell nucleus: blue). C-E) Quantitative analysis of CD31, a-SMA, and OCN. All statistical data are presented as the

mean £ SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
and osteogenic differentiation (biomineral tissue development, positive
regulation of ossification, positive regulation of osteoblast differentia-
tion, etc.) (Fig. 9B). Moreover, the transforming growth factor-f (TGF-f)
pathway and p38 mitogen-activated protein kinase (p38MAPK) cascade
were also significantly enriched, which were closely related to the
osteogenesis [73-75]. We further analyzed the important enrichment
pathways for vascular and osteogenic differentiation by GESA (Fig. 9C).
We enriched DEGs by Kyoto Encyclopedia of Genes and Genomes
(KEGG) database and the top 25 enriched KEGG pathways were pre-
sented in Fig. 9D. The pathways including the aspects of cell adhesion
(Rapl signaling pathway, Focal adhesion) and proliferation (cell cycle,
ECM-receptor interaction, FoxO signaling pathway) were identified.
Furthermore, TGF-p and MAPK pathways were also observed, which was
consistent with the GO results. It has been shown that TGF-f can not only
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control the proliferation and differentiation of osteoblasts by affecting
cell division and proliferation, but also activate the MAPK pathway to
induce osteoblast differentiation and proliferation [76-78]. In addition,
they can synthesize extracellular matrices containing OCN and BMP-2
by the induction of osteoblasts, which further promotes matrix miner-
alization [79]. We performed heat map analysis of highly expressed
DEGs (Fig. 9E), including the aspects of cell proliferation and differen-
tiation (Ghr, Emp3, etc.), extracellular matrix (Dmpl, Sppl, etc.),
angiogenesis (Vegfa, Pgk1-rs7, etc.), and osteogenesis (TIr2, Lrrc15, etc.).
Moreover, it was reported that the upregulation of Id4, Dcn, Myc, Mapk3,
Atf4, etc. was observed in the TGF-p pathway and MAPK pathway
activated by TGF-B, and they could promote the expression of
osteogenesis-related genes including BMP-2, ALP, OCN and OSX, which
was confirmed by the above qRT-PCR and fluorescent staining results



Y. Yang et al.

A

B

Bioactive Materials 40 (2024) 227-243

angiogenesis

30 o °
Down-regulation 682 Up-regulation 557
a

20
o
=2
g
a s

o .

j=]
g °
w " *

10 . e

L)
.
. &
bl .
0+
T T T T T
-10 -5 0 5 10

log, Fold Change

C

celler response to

VEGF signaling pathway VEGF stimulus

~ gos

AN

2 x“{
018 e

= i

Hi £
- %0

| SN
TENRITN I

GeliZIF-6-Ca0, (posfively correiated)

L LLLEL I L

GOIZIF3.C30, [poitively somslated)

GedzsF 8 (negatively correlated)
[T TR
Rk inOstared Datsset

QeUZIF-0 negatively carreiated)
© a3 30 T MR 1130 In 17360 M FLIH PO
ark i Grdaced Datoset

[T TRp———

— Ennchment pretle —WAE  Rarke mete scoms [ Frvchmare potie — e e

Cell cycle =
DNA replication | I
Homologous recombination - ]
Biosynthesis of amino acids - L]
Mismatch repair -| @
Cellular senescence | [ ]
Melanogenesis | [ ]
Progesterone-medialed occyte maturation | o
Qocyte meiosis | [ ]
MAPK signaling pathway | [ ]
Glycolysis / Gluconeogenesis | ]
Relaxin signaling pathway - [ ]
Nucleotide excision repair - °
p53 signaling pathway -| o
ECM-receptor interaction Py
Base excision repair |
Rap1 signaling pathway -
TGF-beta signaling pathway =
Carbon metabolism |
Glucagon signaling pathway |
Motor proteins - (&)
Axon guidance | (]
FoxO signaling pathway = ]
TNF signaling pathway | ]
Focal adhesion - [ ]
002 003 004 005
GeneRatio

0.06

pasitive regulation of smooth muscle cell proliferation -

e E

p-value
0.000
0.002
0.004

0.006
0.008

positive ion of E [ ]
cellular response to VEGF stimulus | @
smooth muscle cell migration [ ]

cell migration involved in sprouting angiogenesis =
p3BMAPK cascade -
positive regulation of cell motility -
sprouting angiogenesis - [ ]
TGF-B production - [ ]

biomineral tissue development -
positive regulation of ossification -
VEGF signaling pathway -
positive lation of dif iation
regulation of cell-cell adhesion | L ]
regulation of bone remodeling
positive regulation of cytokine production
positive regulation of cell migration -
positive regulation of cell adhesion -
extracellular matrix binding -
response to FGF ~
positive regulation of protein binding -
collagen biosynthetic process -
positive regulation of MAPK cascade - o

positive regulation of cell activation 4 @

p-value
0.00

- 0.01

0.02
0.03

0.04

0:)2 0;)3 0:)4 0:)5 D:)G
GeneRatio
positive regulation of
ossification

positive regulation of
osteoblast differentiation

o

=f

™

¢ LR T

GeliZIF-3-Ca0, (positively

Enrichment score (E5)
Enichment scors (£5)

1l JLL ALLLLL LN R LU

i
]

Selz 2 negnly somsizeed

[ S T eaE—
i

S5 <105 0 05 1 1S

Fig. 9. Gel/ZIF-8-CaO scaffold regulates pathway expressions related to osteogenesis and angiogenesis. A) Volcano plot of the differentially expressed genes (DEGs)
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versus Gel/ZIF-8. D) Top 25 results from the enriched KEGG pathways of DEGs from Gel/ZIF-8-CaO, versus Gel/ZIF-8. E) Heatmap of DEGs related to cellular

activity, angiogenesis and osteogenesis from Gel/ZIF-8-CaO, versus Gel/ZIF-8.

[80-85]. Together, the RNA-seq results were consistent with the above
in vitro and in vivo experimental results, which revealed that the Gel/-
ZIF-8-Ca0; scaffold might first enhance cell adhesion, proliferation and
differentiation, and then complete the composition of the extracellular
matrix, further promote angiogenesis and osteogenesis by releasing O,.

4. Conclusions

In conclusion, we have successfully developed a Gel/ZIF-8-CaO,
composite hydrogel scaffold from the perspective of constructing a
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favorable microenvironment for augmented vascularized bone regen-
eration without the aid of cells or growth factors. The scaffold was
capable of releasing O in a steady and sustained manner by CaO»
nanoparticles encapsulated in ZIF-8. By constructing the hybrid double
network hydrogel structure, the scaffold exhibited excellent mechanical
strength, which was 10 times greater than that of single network
hydrogel. In addition, the fast-curing and extrusible precursor made the
hydrogel 3D printable, thus repairing the irregular bone defects. In vitro
and in vivo experiments results demonstrated that the releasing Oy
promoted cell proliferation and differentiation, perfected extracellular
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matrix organization, and initiated rapid angiogenesis and osteogenesis.
In vivo results suggested that the synergy of Oy and 3D printed pore
structure significantly stimulated rapid reconstruction of early vascular
network in 2 weeks and achieve bone regeneration in all areas of the
defect in 12 weeks with the assistance of Zn?*, displaying superior
osteoconductive and osteoinductive properties. This strategy might
provide inspiration for the development of cell/factor-free scaffolds that
enhance angiogenesis and osteogenesis, which is expected to be a po-
tential clinical alternative.
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