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Background: Tissue engineering scaffolds are porous and can be loaded with growth factors to promote osteogenesis and bone repair,
which can solve the problem of clinical bone defects. The direct loading of growth factors on scaffolds is hindered by the
disadvantages of low loading capacities, and uncontrollable burst release. Zeolitic imidazolate framework-8 (ZIF-8) has osteoinductive
activity and drug-loading potential and can be loaded with growth factors to achieve sustained release. In this study, we aimed to
establish a sustained release system of composite scaffolds loaded with growth factors to achieve the goal of slow controlled release
and effective bone repair.

Methods: ZIF-8 nanoparticles loaded with bone morphogenetic protein-2 (BMP-2) were incorporated into poly-(lactide-co-glycolide)
/mesoporous bioactive glass (PLGA/MBG) porous scaffolds by a 3D-printing method. The surface morphology, chemical properties
and BMP-2 release of the prepared scaffold were investigated. The osteoblast adhesion, proliferation, spreading, and osteogenic
differentiation in vitro and the bone repair ability in vivo of the PLGA/MBG/ZIF-8/BMP-2 (PMZB) scaffold were evaluated, and
compared with those of PLGA/MBG (PM) and PLGA/MBG/ZIF-8 (PMZ) scaffolds.

Results: The results showed that the PMZB scaffold exhibited a slow and continuous BMP-2 release pattern, enhanced osteoblast
adhesion, proliferation, spreading and osteogenic differentiation in vitro, and promoted new bone formation and bone repair in vivo.
Conclusion: The PLGA/MBG/ZIF-8/BMP-2 porous scaffold could continuously and slowly release BMP-2, enhance osteogenic
activity, and promote new bone formation and bone repair at bone defects. The PMZB scaffold can be used as a bone graft material to
repair bone defect at non-weight-bearing sites.
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Introduction
Bone defects caused by trauma, infection, tumors, and fracture nonunion are common in orthopedic clinics. Autologous
or allogeneic bone grafts are usually used to restore the integrity of bone defects, but bone grafting is often restricted by
limited tissue to harvest, reduced bioactivity, donor site morbidity, pathogen transmission risk and immune rejection.’
Bone tissue engineering (BTE) scaffolds involve the use of biomaterials and growth factors that enhance cell differentia-
tion, improve osteogenic activity and promote bone repair.>

To fabricate BTE scaffolds, poly (lactide-co-glycolide) (PLGA), polycaprolactone (PCL) and polylactic acid (PLA)
have been widely used for bone tissue regeneration.*> Among these polymer biomaterials, PLGA exhibits good
biodegradability and biocompatibility,*’ and an injectable PLGA-based formulation has been approved by the Food
and Drug Administration (FDA) of US as injectable PLGA-based formulations.® However, pure PLGA for bone

regeneration is hampered by poor osteoconductivity, low hydrophilicity and suboptimal mechanical properties for use
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in load-bearing applications,® and its acidic degradation byproducts can lead to a pH decrease in the vicinity of the
implants.’ 3D-printed composites composed of biodegradable polymers and bioceramics can benefit from the advantages
of both phases and can be tailored to mimic the native bone structure.”*'® 3D printed scaffolds play an essential role in
supporting tissue reconstruction and remodeling.'®!"

As a classic type of bioceramic with a composition of CaO-SiO,—P,0s5, mesoporous bioactive glasses (MBGs) possess
favorable bioactivity and reasonable degradability.'*'> MBG scaffolds have shown great potential for BTE and drug-
delivery applications.'®'” MBG incorporation improves the osteogenic ability of polymer-based composites.”'¥ 2! Chen
et al*! prepared MBG-coated PLGA electrospun fibrous scaffolds, and found that the prepared MBG coated PLGA scaffold
exhibited well bioactivity, promoted the attachment and proliferation of human mesenchymal stem cells (h(MSCs). Wu et al’
found MBG/PLGA films exhibited enhanced mechanical strength, in vitro degradation, apatite-formation ability, and pH
stability in simulated body fluid (SBF), promoted human osteoblastic-like cell (HOB) differentiation, and possessed
excellent drug-release properties compared to bioactive glass (BG)/PLGA. Shi et al'® reported that nanosized MBG/PLGA-
coated calcium silicate scaffolds improved physicochemical, biological, and drug-delivery properties as compared to
conventional CaSiOj; scaffolds. In another study, MBG/PLGA composite microspheres could be used as an antibiotic
release system due to their combined advantages of sustained release and apatite-forming ability.'”** Thus, the MBG/
PLGA composite scaffold was selected as the basic biomaterial for the bone scaffold in this study.

By using a tissue engineering method, growth factors can be loaded on biomaterials to prepare 3D-printed tissue
engineered scaffolds, which have been used to repair bone defects.”>** One of the most widely used growth factor
families in BTE is the bone morphogenetic protein (BMP) family, especially BMP-2.> BMP-2 has important roles during
bone remodeling and homeostasis,>> which regulates the osteogenic differentiation of hMSCs.> The FDA approved the
use of recombinant BMP-2 during spinal fusion surgery, tibial shaft repair, and maxillary sinus reconstructive surgery.”
However, directly loading growth factors in scaffolds has the disadvantages of low loading capacity and uncontrollable
burst release. BMP-2 should be provided via a relatively sustained release system to achieve efficient bone
regeneration.”®

An ideal carrier of BMP-2 must achieve controlled sustained release, which promotes long-term BMP-2 activity
within the specified environment without any ectopic growth. Metal-organic frameworks (MOFs), a new class of crystal
materials with metal ions as the coordination center, have an extremely high specific surface area, high porosity,
structural diversity, and unsaturated metal coordination bonds, which are conducive to modification with or grafting of
other molecular substances.”” Zeolitic imidazolate framework-8 (ZIF-8) is a type of MOF material with osteoinductive
ability.® ZIF-8 possesses good stability, adjustable structure and function, and promising drug-delivery potential, and has
gained increasing attention in tissue engineering applications.>*~*® Therefore, ZIF-8 was considered a suitable carrier of
BMP-2 in the bone scaffolds in this study.

In this study, a novel scaffold system carrying growth factor was established to achieve a slow sustained release. ZIF-
8 nanoparticles were first prepared, and BMP-2 was loaded into the ZIF-8 nanoparticles, then PLGA/MBG scaffolds
doped with ZIF-8/BMP-2 were prepared using 3D-printing technology (Figure 1). However, whether this scaffold system
could attain a controlled-release delivery and whether it could enhance osteogenic activity and bone repair ability were
unknown. ZIF-8 nanoparticles were used as BMP-2 carrier to attain a controlled-release delivery profile and to avoid
burst release of the growth factor. BMP-2 carrying ZIF8 nanoparticles were embedded in PLGA/MBG scaffolds to obtain
a potential bone tissue substitute with bone repair ability. It was hypothesized that the PLGA/MBG/ZIF-8/BMP-2
scaffolds could slowly release BMP-2, promote osteoblast adhesion, proliferation, spreading, and osteogenic differentia-
tion in vitro, stimulate new bone formation and promote bone repair in vivo.

Materials and Methods
Preparation of MBG Powders

MBG powders were synthesized as follows according to the previous report’’ with modifications. Typically, Pluronic
P123 (2.0 g, 0.4 mmol; BASF, Frankfurt, Germany) was dissolved in HCI solution (75 mL, 120 mmol) at room
temperature while being stirred for 60 min. Tetraethyl orthosilicate (4.4 g, 21 mmol) was added at 40 °C for 20 h,
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Figure | Schematic diagram of the preparation and biological evaluation of the scaffold.

Notes: The MBG powders were synthesized by a sol-gel method. BMP@ZIF-8 nanoparticles were synthesized by a chemical synthesis method. The PLGA/MBG/ZIF-8/BMP-
2 (PMZB) scaffold was fabricated by 3D-printing technology. The PMZB scaffolds could slowly release BMP-2, promote osteoblast adhesion, proliferation, spreading, and
osteogenic differentiation in vitro, and stimulate new bone formation and promote bone repair in vivo.

and then transferred to an autoclave at 100 °C for 24 h. Afterwards, the mixture was cooled at room temperature, isolated
by filtration, dried in air for 2 days, and calcined at 550 °C for 6 h. Finally, the remaining powders is the MBG powers.

Preparation of BMP@ZIF-8 Nanoparticles

The synthesis method of BMP@ZIF-8 was as follows according to the previous report®*>** with modifications. Briefly,
1 mg BMP-2 (polyclonal rabbit, Shanghai Yanhui Biotechnology Company, Shanghai, China) and 258 mg of 2-methy-
limidazole (2-MIM) were first dissolved in 0.9 mL of deionized water. Then 13.38 mg of Zn(NO3),-6(H,0) in 0.1 mL of
deionized water was added to the 2-MIM solution under vigorous stirring, and the solution was incubated for 10 min at
30 °C. The milk-white BMP@ZIF-8 nanoparticles were obtained by centrifugation at 13,000 rpm for 10 min and then
washed twice with deionized water to remove the unreacted monomer. The ZIF-8 nanoparticles were prepared as the
described procedure except without the addition of BMP-2.
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Fabrication of 3D-Printing Porous Scaffolds
First, PLGA (LA/GA=75/25, average molecular weight ~ 15.5x10%, viscosity = 1.72 dL/g); Shandong Institute of
Medical Instruments, Jinan, China) was dissolved in methylene chloride, and then MBG powders (PLGA: MBG mass
ratio = 10: 1) were added. Then, the mixture was magnetically stirred for 8 h. BMP@ZIF-8 nanoparticles (PLGA:
BMP@ZIF-8 mass ratio = 10: 1) were added to the solution. After further evaporation of the excess organic solvent in
a fume cupboard, the homogeneous mixed compound was loaded into a 3D bioprinter (Envision TEC, Germany) for
fabrication. Relevant parameters were set (pressure = 3.0 bar, speed = 10 mm s ', temperature = 37 °C, distance between
strips = 800 mm, number of layers = 10), and the scaffold was shaped into a disc for (diameter = 10 mm, height =
3.2 mm) in vitro biological evaluations or a cylinder (5 x 5x15 mm) for in vivo animal studies. A nozzle with a diameter
of 400 mm was selected. Finally, the prepared scaffolds were placed in a fume hood for another 48 h to fully volatilize
the residual organic solvent.

The samples were prepared as the following three groups: (1) PLGA/MBG (PM): no addition of BMP@ZIF-8
nanoparticles; (2) PLGA/MBG/ZIF-8 (PMZ): no addition of BMP-2; and (3) PLGA/MBG/ZIF-§/BMP-2 (PMZB). All
samples were sterilized with ethylene oxide.

Characterization of MBG Powders and BMP@ZIF-8 Nanoparticles

The morphology of the MBG powders and BMP@ZIF-8 nanoparticles was observed by a transmission electron
microscope (TEM, JEOL, JEM-100CX, Tokyo, Japan). The particle size distribution of the BMP@ZIF-8 nanoparticles
was analyzed by Origin software (Electronic Arts Inc., USA). The N, adsorption/desorption isotherms and pore volume
of the BMP@ZIF-8 nanoparticles were measured with a Micromeritics ASAP 2010 M instrument (USA).

Characterization of the Scaffolds

After spraying with gold, the surface morphology of the scaffolds was observed by a scanning electron microscopy
(SEM, SU8220, HITACHI, Tokyo, Japan). In addition, energy dispersive X-ray spectroscopy (EDS, X-Max, Horiba,
Kyoto, Japan) was performed to observe the distribution of MBG and ZIF-8 in the scaffold. The compression moduli of
the scaffolds (n = 5) were measured by a mechanical test machine (Instron 5567, Norwood, Massachusetts, USA).

In vitro BMP-2 Release

Three scaffolds were soaked in 10 mL of phosphate-buffered saline (PBS) solution. The suspensions were placed into dialysis
bags with a molecular weight cut off of 3000 Da, and subsequently placed in a beaker containing 100 mL of PBS with the same
pH. The volume of the dissolution media was maintained at 100 mL while constantly stirring at 37 °C. At a predetermined time,
1 mL of PBS was submitted to high-performance liquid chromatography (HPLC) measurement using HPLC equipment (APS-
8026PLUS, De Aupos scientific chromatographic technology, Henan, China) to calculate the released amount of BMP-2. The
detection time points were 3, 6, 9, 18, 30, 38, 48, 56, 67, 78, 87, 96, 115, 135, 153, 174 hours.

Cell Culture

MC3T3-El cells were used as experimental cells to evaluate the effect of materials on osteoblasts in vitro. MC3T3-E1 cells
was purchased from the Typical Culture Preservation Commission Cell Bank, Chinese Academy of Sciences (Shanghai,
China). The cell culture medium was Dulbecco’s modified eagle medium (DMEM, HyClone, Thermo, USA) supplied with
10% fetal bovine serum (FBS, GibcoBRL, Grand Island, New York, USA), treptomycin sulfates (100 mg/mL, GibcoBRL,
USA) and 1% penicillin (100 U/mL, GibcoBRL, USA) in a humidified cell incubator at 37 °C with 5% CO,.

Cell Adhesion and Proliferation

Prior to cell inoculation, the specimens were placed into cell culture plates with sterile tweezers with three specimens in
each group. MC3T3-E1 cells that grew to 90% confluence were digested with 0.25% trypsin and counted with a cell
counting plate. The density of the cell suspension was adjusted to 3x10* cells/cm®. The culture plates were cultured in the
cell incubator. After 4, 12 and 24 h, the specimens were removed and washed several times with PBS. Then 50 pL of Cell
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Counting Kit-8 (CCK-8) solution (Dojindo Molecular Technologies Inc., Kumamoto, Japan) was added to each well, and
incubated for 3 h. 100 pL of the liquid was removed from each well and added to a 96-well plate. The optical density
(OD) values at 450 nm and 620 nm were read using a microplate detector (Synergy HT, Biotek, Winooski, VT, USA).
The effect of materials on cell proliferation was similarly assessed by the CCK-8 assay at 1, 3 and 7 days. The assay
procedure was essentially the same as that in the cell adhesion assay, except that the cell density was 1x10*cm?®. The
cells cultured on the tissue culture plate (TCP) served as the control group (CTL).

Cell Morphology and Spreading

The cell spreading after staining the cytoskeleton with rhodamine-labeled phalloidin was observed by confocal laser
scanning microscopy (CLSM). Cell samples were prepared according to the procedures in the cell adhesion assay. After
24 h, the material surface was washed three times with PBS and fixed with 4% paraformaldehyde for 20 min. The cells
were permeabilized with 0.1% Triton X-100 (Sigma—Aldrich, USA) for 10 min. Then, 400 uL of rhodamine-phalloidin
solution (5 U/mL, Biotium, Hayward, CA, USA) was added to stain for 30 min. Finally, the stained cytoskeleton was
visualized using CLSM (TCS SP2, Leica, Heidelberg, Germany).

The morphology and spreading of cells on the material surfaces were observed by SEM at 24 h. Cell samples were
prepared in the same way as those in the cell proliferation assay procedure. At 24 h, the cells were fixed with 2.5%
glutaraldehyde for 20 min, washed three times with PBS, and dehydrated with an alcohol gradient from 30%, 50%, 70%,
90% to 100% (10 min for each gradient). The alcohol was then replaced with hexamethyldisilazane (HMDS, Sigma—
Aldrich, USA) for 10 min. Finally, all samples were air-dried, gold sprayed, and observed by SEM (SEM, S-4800,
Hitachi, Tokyo, Japan).

Cell Osteo-Differentiation Culture

MC3T3-El cells were seeded onto the material surface at a density of 3x10%/cm?. After 24 h, the common medium was
replaced with osteogenic induction medium. The osteogenic induction medium was prepared according to our previous
study.>® The osteogenic induction solution was changed every other day.

Alkaline Phosphatase (ALP) Staining and Quantitative Analysis

After being cultured with osteogenic inductive medium for 7 and 14 days, the cells on the specimens were digested with
0.25% trypsin and cultured for 24 hours. ALP staining was performed with an ALP staining kit (Shanghai Renbao Ltd.,
Shanghai, China) according to the manufacturer instructions. ALP activity was determined through a colorimetric assay
based on p-nitrophenyl phosphate according to previously published procedures.>* The cells cultured on the TCP served
as the control group (CTL).

Alizarin Red (AR) Staining and Quantitative Analysis

After being cultured with osteogenic inductive medium for 21 and 28 days, the cells on the specimens were digested with
0.25% trypsin and cultured for 24 hours. Then the cells were fixed in 4% paraformaldehyde for 20 min, stained with 1%
AR solution (pH=4.20; Sigma—Aldrich, USA) for 45 min, washed with deionized water for several times, and dried at 37
°C. Additionally, the cells cultured on the TCP served as the control group (CTL). Finally, images of all the stained
samples were acquired using a digital scanner (Scanjet 2400, HP, Palo Alto, California, USA). For quantitative analysis,
the orange staining on the samples was dissolved in 10% cetylpyridinium chloride (pH=7.0; Sigma—Aldrich) in 10 mM
sodium phosphate (Sigma—Aldrich, USA), and the ODs were measured at 620 nm using a microplate detector** (Synergy
HT, Biotek).

Quantitative Analysis of Osteogenic Differentiation-Related Genes

The mRNA expression of mouse ALP, collagen type I (COL 1), osteoprotein (OPN), and osteocalcin (OCN) was
analyzed via real-time polymerase chain reaction (RT-PCR). The transcription levels of genes were normalized to that of
the B-actin housekeeping gene (the primers are shown in Table 1). Total RNA was collected from the cells on the
materials using TRIzol reagent (Ambion, Grand Island, New York, USA) according to the manufacturer instructions.
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Table | Primers Used in the Real-Time PCR Tests

Target Genes Primer Sequences (5’ — 3’°)

ALP F: GGGCATTGTGACTACCACTCG R: CCTCTGGTGGCATCTCGTTAT
COLI F: AACAGTCGCTTCACCTACAGC R: GGTCTTGGTGGTTTTGTATTCG
OPN F: CTTTCACTCCAATCGTCCCTAC R: CCTTAGACTCACCGCTCTTCAT
OCN F: GGACCATCTTTCTGCTCACTCTG | R: TTCACTACCTTATTGCCCTCCTG
B-actin F: GAGACCTTCAACACCCCAGC R: ATGTCACGCACGATTTCCC

Abbreviations: ALP, alkaline phosphatase; COLI, collagen type I; OPN, osteoprotein; OCN, osteocalcin; F, forward, R,
reverse.

Reverse transcription was performed by a Revert-Aid First Strand cDNA Synthesis Kit (Fermentas, Thermo Scientific
Molecular Biology, Pittsburgh, Pennsylvania, USA) according the manufacturer’s protocol. Quantitative RT-PCR was
performed using the SYBR premix EX Taq II PCR kit (TaKaRa Biotechnology Co., Dalian, China).

Animal Surgery

All animal experiments and the related experimental protocols used in the present study were approved by the Second
Affiliated Hospital of Xi’an Jiaotong University and were carried out in accordance with the UK Animals (Scientific
Procedures) Act (1986). A total of 12 SD rats (male, 180-220 g) were used for the calvaria defect experiment. They were
divided into four groups: blank control, PM, PMZ and PMZB. There were 6 samples (3 rats) in each group. The rats were
intraperitoneally injected with 10% chloral hydrate (4 mg/kg). After successful anesthesia, the rats were placed in
a supine position on the operating table and fixed. The rats were routinely disinfected with iodophor. The skin was
incised along the long axis of the parictal bone, and the periosteum was peeled off to expose the parietal bone. A trephine
was placed in the center of the bilateral parietal bone, and a bone defect with an outer diameter of 5 mm was drilled out
by a trephine. After drilling through the outer plate and barrier, the inner plate was drilled slowly and with care. Then the
specimens were implanted into the bone defects. The periosteum was sutured as intact as possible, the incision was
sutured tightly layer by layer, and the wound was sterilized with iodophor. After the operation was completed, each rat
was injected with 10,000 U of penicillin intramusitoneally per day for 3 days. The X-ray radiographs were taken at 4
w and 12 w after implantation using a dual-energy X-ray analyzer (iNSight VET DXA, Osteosys, Korea).

Micro-CT Analysis

At 12 weeks, all rats were sacrificed, the parietal bones were taken out. Then, the specimens were soaked in 75% ethanol
for 1 week, and dehydrated with 80%, 95%, and 100% ethanol for 2 days for each gradient. The specimens were scanned
by a micro-CT instrument (Venus 001, Pingseng Healthcare, China) and reconstructed at 21 pm (resolution) with
reconstruction and analysis software (Avatar 3).

Histological Evaluation

The process of preparation of histological section was the same as our previous study.>> The sections of each implant
were stained with Masson’s staining. The histological morphology of the implant/bone interfaces was observed by a light
microscope (Leica Microsystems AG, Wetzlar, Germany). The new bone tissue areas of Masson’s staining were
measured by histomorphology using Image J software.

Statistical Analysis

All statistical analyses were performed using Statistical Product and Service Solutions (SPSS) software (IBM SPSS
Statistics 19). All in vitro experiments were conducted in triplicate and repeated three times. Statistical significance was
calculated using two-way analysis of variance and least significant difference post hoc tests. When p value < 0.05, the
difference was considered statistically significant.
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Results

Figure 2 shows the characterization analysis of the prepared ZIF-8 nanoparticles. The synthesized ZIF-8 was octahedral
(Figure 2A) with a size between 70200 nm, and the particle size distribution showed that the maximum size was 127.7 £
28.59 nm (Figure 2B). As shown in the pore adsorption curve (Figure 2C), the isotherm increased rapidly at a relatively
low pressure, and the adsorption appeared to reach saturated saturation after a certain pressure, indicating that ZIF-8
nanoparticles exhibited a high specific surface area and many micropores on their surfaces. Figure 2D shows that the size
of the micropores on the ZIF-8 nanoparticle surface was approximately 1 nm. These micropores facilitated the
encapsulation and loading of BMP-2 molecules.

As shown in Figure 3A, the synthesized MBG powder had a rod-like or spherical shape with a size of approximately
100-300 nm. The BMP-2 release curve (Figure 3B) showed a slow BMP-2 release pattern. BMP-2 release was slightly
rapid and the released content of BMP-2 reached approximately 40% within 72 h; then, the release slowed down
gradually. At 174 h, the release content reached approximately 57%, and the release was supposed to continue. SEM
images of the scaffold materials showed that the PM scaffold surface had a typical three-dimensional porous structure
with square pores, while the PMZ and PMZB scaffold surfaces exhibited fine reticular structures that covered the 3D
porous structure, which was exhibited more obviously by the PMZB scaffold surface (Figure 3C). The EDS spectra
showed that the main elements on the PMZB scaffold surface were C, Ca, P, O and Mg (Figure 3D). The compressive
strength of the PMZ and PMZB scaffolds was 2.89 + 0.22 MPa and 2.90 + 0.30 MPa, respectively, which was higher
than that of the PM scaffolds (2.32 = 0.30 MPa) (p < 0.05; Figure 3E), and was within the range of human cancellous
bones (2—12MPa).*°

Cell adhesion and proliferation on the material surface were quantitatively analyzed by the CCK-8 assay, and the OD
values represented the numbers of cells. As shown in Figure 4, at each time point in the cell adhesion test, no significant
difference was found in the cell numbers among the three groups in cell adhesion test (p > 0.05). At 3 and 7 days, the cell
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Figure 2 Characterization of BMP-2@ZIF-8 nanoparticles.
Notes: (A) TEM image; (B) particle size distribution; (C) pore type analysis; (D) pore size analysis.
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Figure 3 Material characterization of the MBG powders and PLGA/MBG/ZIF-8/BMP-2 scaffold.

Notes: (A) TEM image of MBG powders; (B) BMP-2 release pattern of the PMZB scaffold; (C) SEM images of the PM. PMZ and PMZB scaffolds; (D) EDS images of the
PMZB scaffold; (E) compression moduli of the scaffolds. *Significant differences between each pair of groups.

Abbreviations: BMP-2, bone morphogenetic protein-2; PM, PLGA/MBG; PMZ, PLGA/MBG/ZIF-8; PMZB, PLGA/MBG/ZIF-8/BMP-2.

numbers on the material surface were significantly different between each pair of groups (p < 0.05). The decreasing order
of the cell numbers on the material surfaces in each group was PMZB group > PMZ group > PM group > control group.

The cytoskeleton stained with phalloidin was visualized by CLSM to assess the spreading of cells on the material
surfaces. The cytoskeleton staining results are shown in Figure 4C. The cells on the PMZB scaffold surface spread
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Figure 4 Cell adhesion and proliferation assessed by the CCK-8 assay, and cell spreading observed by CLSM.

Notes: (A) Cell adhesion of different groups after 4, 12 and 24 hours; (B) cell proliferation of different groups after |, 3 and 7 days; (C) cytoskeleton stained with phalloidin
after 24 hours. The scale bar is 50 um. The cells cultured on the TCP served as the CTL group. *Significant differences between each pair of groups.

Abbreviations: CTL, control; PM, PLGA/MBG; PMZ, PLGA/MBG/ZIF-8; PMZB, PLGA/MBG/ZIF-8/BMP-2.

efficiently, with well-formed cytoskeletal organization and a large number of interconnected actin microfilaments. The
number of cells on the PMZ scaffold surface seemed higher than that on the PM scaffold surface, and the spreading
efficiency of the cytoskeleton of the cells on the PMZ scaffold surface was better than that of cells on the PM scaffold
surface. The cells on the PM scaffold surface were dispersed and had few actin filaments.

The cell morphology on the material surface were observed by SEM, as shown in Figure 5. A large number of cells
on the PMZB scaffold surface were flat and well-spread, and were growing in the pores and on the columns between the
pores, and abundant pseudopodia and filaments were extended between the cells to anchor them to the material surface
and to connect with each other. The cells on the PMZ scaffold surface were not intimately connected, with few
pseudopodia and filaments. The cells on the PM scaffold surface were atrophied and sparsely distributed.

PMZB

' W A"sA - ."“' 3

Figure 5 Cell spreading and morphology observed by SEM after 24 hours.

Notes: The low-magnification images are shown in the upper row, and the scale bar is | mm. The high-magnification images are shown in the lower row, and the scale bar is
200 pm.

Abbreviations: PM, PLGA/MBG; PMZ, PLGA/MBG/ZIF-8; PMZB, PLGA/MBG/ZIF-8/BMP-2.
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Figure 6 shows the ALP staining and ALP activity quantitative analysis results. According to the qualitative ALP
staining results (Figure 6A) at 7 and 14 days, the intensity of ALP staining on the PMZB scaffold surface was
significantly stronger than that on the other scaffold surfaces, and the ALP staining intensities on the PMZ and PM
scaffold surfaces were stronger than that on the control group. At each time point, the decreasing order of ALP activity
was PMZB group > PMZ group > PM group > control group, with statistically significant differences between each pair
of groups (p < 0.05).

AR staining and quantitative analysis were used to evaluate the calcium nodule formation, and the results are shown
in Figure 7. According to the AR staining results (Figure 7A), the AR staining intensities on the PMZB and PMZ
scaffold surfaces were significantly stronger than those on the other two scaffold surfaces, and the AR staining intensity
on the PM scaffold surface was significantly stronger than that on the control group. According to the quantitative AR
staining results (Figure 7B and C), the number of calcium nodules on the material surfaces followed the decreasing order
of PMZB group > PMZ group > PM group > control group at 21 and 28 days, and the differences between each pair of
groups were statistically significant (p < 0.05).

Figure 8 shows the real-time quantitative PCR results of the osteogenic differentiation-related genes of MC3T3-El
cells on the material surfaces. At 7, 14 and 21 days, the decreasing order of ALP expression was PMZB group > PMZ
group > PM group > control group, and the differences between each pair of groups were statistically significant (p <
0.05). The expression of COLI in cells on the PMZB group was significantly higher than that in the other three groups at
7 and 21 days (p < 0.05). At 14 days, the PMZ and PM groups exhibited significantly higher COL1 expression than the
control group (p < 0.05). The expression of OPN in cells in the PMZB group was significantly higher than that in the
other three groups at 7, 14 and 21 days (p < 0.05). At 7 and 21 days, the PMZ and PM groups had significantly higher
OPN expression than the control group (p < 0.05). The OCN expression of cells followed the decreasing order of PMZB

PM PMZ PMZB

14 days
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Figure 6 ALP staining (A) and ALP activity measured by a quantitative colorimetric assay (B and C) after incubation for 7, 10 and 14 days.
Notes: The cells cultured on the TCP served as the CTL group. *Significant differences between each pair of groups.
Abbreviations: CTL, control; PM, PLGA/MBG; PMZ, PLGA/MBG/ZIF-8; PMZB, PLGA/MBG/ZIF-8/BMP-2; ALP, alkaline phosphatase.
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Figure 7 Alizarin red (AR) staining and quantitative analysis of MC3T3-E| cells on the material surfaces at 21 and 28 days.

Notes: (A) AR staining of different groups; (B) quantitative analysis of AR staining at 2| days; (C) quantitative analysis of AR staining at 28 days. The cells cultured on the
TCP served as the CTL group. *Significant differences between each pair of groups.
Abbreviations: CTL, control; PM, PLGA/MBG; PMZ, PLGA/MBG/ZIF8; PMZB, PLGA/MBG-ZIF8/BMP2; OD, optical density.

group > PMZ group > PM group > control group at 7, 14 and 21 days, with significant differences between each pair of
groups (p < 0.05).

Figure 9 shows the X-ray images taken at 4 and 12 weeks after material implantation at the bone defects. With
increasing the implantation time, the transparent areas of the bone defects in the PMZB and PMZ groups gradually
decreased and the densities gradually increased, which proved that new bone gradually formed to repair the bone defects.
However, the changes in the PM group and the blank control group were not obvious.

Figure 10 shows the micro—CT images and quantitative analysis results at 12 weeks after material implantation. New
bone formation around the bone defects was not obvious in the blank control group and the PM group. In the PMZ group,
the new bone around the bone defect gradually grew to the center of the bone defect. Abundant new bone formed and
covered most of the area of the bone defect in the PMZB group. Quantitative analysis showed that the bone volume
(BV)/total volume (TV) and bone mineral density (BMD) in the PMZB group were significantly higher than those in the
PM group, PMZ group and blank control group (p < 0.05). The BV/TV and BMD in the PMZ group were significantly
higher than those in the blank control group (p < 0.05). The BV/TV in the PM group was significantly higher than that in
the blank control group (p < 0.05).

Figure 11 shows the Masson’s trichome staining results at 12 weeks after material implantation. New bone formation
was the most obvious in the PMZB group, a small amount of new bone formation was observed in the PMZ group, and
no obvious new bone formation was observed in the PM group and the blank control group (Figure 11A). In addition,
there was no apparent material residue in the PM, PMZ and PMZB groups. The new bone tissue area of the PMZB group
was 16.3 £ 2.1%, which was obvious higher than those of the PMZ (1.3 = 0.6%), PM (0.2 + 0.1%) and blank groups
(0%) (p < 0.05; Figure 11B).
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Figure 8 Real-time quantitative PCR results of the osteogenic differentiation genes of MC3T3-E| cells on the material surfaces at 7, 14 and 2| days.

Notes: (A) Day 7; (B) day 14; (C) day 21. The cells cultured on the TCP served as the CTL group. *Significant differences between different groups.

Abbreviations: CTL, control; PM, PLGA/MBG; PMZ, PLGA/MBG/ZIF-8; PMZB, PLGA/MBG/ZIF-8/BMP-2; ALP, alkaline phosphatase; COLI, collagen type |; OPN,
osteoprotein; OCN, osteocalcin.

Discussion

Using 3D-printing technology, it is feasible to precisely and rapidly fabricate 3D interconnected porous tissue engineer-
ing scaffolds.” Various nanomaterials have been applied in bone tissue engineering and medical application.*”° Tissue
engineering scaffolds with nanomaterials can be loaded with growth factors to enhance their osteogenic activity and bone
repair ability. Porous scaffold materials can gradually degrade and slowly release growth factors to promote new bone
formation and bone regeneration, and then promote bone repair at bone defects. However, no single material or strategy
has yet achieved the required spatiotemporal release due to the disadvantages of low growth factor loading capacity, low

stability, short release and uncontrolled release.*’
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Figure 9 X-ray images taken at 4 and |12 weeks after material implantation at the bone defects.
Abbreviations: PM, PLGA/MBG; PMZ, PLGA/MBG/ZIF-8; PMZB, PLGA/MBG/ZIF-8/BMP-2.

BMP-2 is an important osteoinductive growth factor that is approved by the US FDA for clinical use to induce bone
formation via the enhancement of osteoblast progenitor cell recruitment and angiogenesis, and the stimulation of the
MSC osteogenic differentiation.*'** To achieve sustained controlled BMP-2 release, a preferable candidate for BMP-2
delivery is highly desired. ZIF-8 has been extensively studied in the medical field due to its high porosity, good structural
tunability, adjustable surface functionality and appropriate biodegradability.’ The high porosity of ZIF-8 nanoparticles
allows it to encapsulate a large amount of growth factors®® and control the release of these loaded growth factors.** In
this study, ZIF-8 nanoparticles loaded with BMP-2 were first prepared, and then the BMP-2@ ZIF-8 nanoparticles were
incorporated into a PLGA/MBG composite to prepare a sustained-release scaffold system by a 3D-printing method. The
ZIF-8 particles were nanoscale and porous with a high specific surface area, which was beneficial for BMP-2 loading.
The PLGA/MBG composite served as a matrix material to dope with the BMP-2@ZIF-8 nanoparticles and to contribute
mechanical support. Both the PLGA/MBG composite and the ZIF-8 nanoparticles exhibited appropriate biodegradability,
which could create favorable conditions for the slow release of BMP-2.
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Figure 10 Micro—CT images and quantitative analysis results at 12 weeks after material implantation.
Notes: (A) Micro-CT reconstruction; (B) quantitative analysis of BV/TV; (C) quantitative analysis of BMD. *Significant differences between different groups.
Abbreviations: PM, PLGA/MBG; PMZ, PLGA/MBG/ZIF-8; PMZB, PLGA/MBG/ZIF-8/BMP-2; BV, bone volume; TV, total volume; BMD, bone mineral density; B, blank.

In this study, approximately 40% of the total BMP-2 was released about 40% within 72 h; only 57% of the total
BMP-2 was released at 174 h (7.25 days), and the residual BMP-2 was continuously released over a long time. Therefore,
the PMZB scaffold achieved sustained release without burst release. Some researchers used MBG to load gentamicin
(GS) and found that GS release from the MBG was very fast with approximately 60% in the first 24 h (burst release), and
more than 80% was released in two days (without sustained release).'” When they used PLGA/MBG to load GS, they
found that MBG/PLGA composite microspheres showed an initial release of approximately 33% in the first day, and 48%
in 2 days,'” which is a faster release than that of the PMZB scaffold in this study. In another study, copper (Cu)-loaded
ZIF-8 nanoparticles and PLGA were combined to fabricate porous PLGA/ZIF8-Cu scaffolds using 3D printing technol-
ogy, and the Cu ions were slowly and continuously released from PLGA/ZIF8-Cu scaffolds over 25 days.** Based on
previous literature,” it could be assumed that the PMZB scaffold exhibited third-level sustained drug release:* (1) BMP-
2 was directly released from the pore surface; (2) BMP-2 was released in a delayed manner after the disappearance of the
coordination between BMP-2 and the metal coordination centre; and (3) BMP-2 was completely released, accompanied
by the degradation of ZIF-8 and PLGA/MBG. These results indicated that the ZIF-8 nanoparticles in the PLGA/MBG
scaffold were excellent sustained-release carriers.

The interaction between a biomaterial and osteoblasts is an important indicator of the biocompatibility and bone
bioactivity of the biomaterial. Favorable tissue engineering scaffolds can elicit physical and chemical signals to support
cell adhesion, spreading, proliferation and differentiation. Osteoblast initial adhesion and spreading are very important
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Figure 11 Masson’s trichome staining results at 12 weeks after material implantation.
Notes: (A) Representative photos; (B) quantitative analysis. The red arrows indicate newly formed bone tissues. *Significant differences between different groups.
Abbreviations: PM, PLGA/MBG; PMZ, PLGA/MBG/ZIF-8; PMZB, PLGA/MBG/ZIF-8/BMP-2.

for subsequent cell proliferation and differentiation.*>*® In this study, it was found that spreading and proliferation of
MC3T3-E1 cells on the material surface in the PMZB group was significantly promoted, compared to those in the PMZ,
PM and CTL groups. The improvement in proliferation was attributed to the increased surface hydrophilicity (compared
to that in the CTL group), the degradation products of MBG (compared to those in the CTL group), the addition of ZIF-8
(compared to that in the CTL and PM groups), and the loading of BMP-2 (compared to that in the CTL, PM and PMZ
groups). The scaffold surface hydrophilicity has been proven to regulate the osteoblast proliferation and spreading
in vitro,*” and degradation of MBGs could release silicon and calcium ions that play an important role in cell
proliferation.*® In addition, ZIF-8 can effectively promote osteoblast proliferation and spreading.*’

Osteoblasts secrete extracellular matrix proteins such as ALP, COL1, OPN and OCN, and the deposition of calcium
and COL1 provides structural support to the skeleton.’® In this study, it was found that the PMZB scaffold could
significantly promote the osteogenic differentiation of cells on the material surface, enhance ALP expression and calcium
nodule formation, and increase the expression of osteogenic differentiation-related genes (ALP, COL1, OPN and OCN).
On the one hand, slowly released BMP-2 promoted osteogenic differentiation.”’ On the other hand, the degradation of
ZIF-8 and the released Zn were beneficial for osteogenesis.*”>* A previous study showed that nanoscale ZIF-8 coating on
titanium could effectively promote osteoblast differentiation, and increase the expression of osteogenic-related genes
such as ALP, Runt-related transcription factor-2 (Runx2), OCN and BMP 2, and the ZIF-8 coating could slowly degrade
approximately 19.1% of Zn** within 24 h in the body fluid environment.** Another study has shown that Zn** can
enhance the ALP activity of osteoblasts and affect the synthesis of OPN and OCN, leading to changes in the expression
level of Runx2 and other osteogenesis-related genes.>” In addition, the degradation of MBG in PMZB scaffold released
Ca, Si, and P ions, which also promoted the osteogenic differentiation of M3T3-E1 cells.”?

The most intuitive method for evaluating the bone repair ability of materials is to measure the effect of the materials
implanted into bone defects in vivo. The calvarial bone defect model is popular among researchers, as the bone structure
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allows for the generation of a standardized defect that can be analyzed.>* A rat calvarial bone defect model was applied to
evaluate the bone repair ability of the prepared PMZB scaffold, and it was found using histology and radiographic
analysis that the PMZB scaffold could significantly promote new bone formation and bone repair in vivo. As tissue
regeneration and repair often take a long time, the controlled release of growth factors is crucial for bone repair and new
bone formation.” In this study, sustained BMP-2 release was observed over a long time, which was beneficial for
osteoblast proliferation and osteogenic differentiation, and could further promote new bone formation. In addition, the
silicon ions released from the MBGs play an important role in homeostasis and bone remodeling processes.™

BMP-2 is most sought-after growth factor for nonunion bone healing, but its cost inhibits its use in first-line
therapeutic strategies.”” Loading BMP-2 on the PMZB scaffold could achieve the effect of slow controlled release
through a three-stage sustained release mechanism and biological effect for promoting bone repair. When used for bone
defect repair, the dosage of BMP-2 could be greatly reduced, the cost could be reduced, and the occurrence of heterotopic
ossification could be avoided. The selected carrier materials ZIF-8 and MBG could also play roles in osteoconduction
and osteoinduction, finally achieving the purpose of effective bone repair.

The optimal bone substitute should be osteoconductive, osteoinductive, osteogenetic, and cost effective, with suitable
mechanical properties.’® The compressive strength of the PMZB scaffolds was within the range of human cancellous
bones. The prepared PLGA/MBG scaffold doped with BNP-2@ZIF-8 nanoparticles was proved to be osteoconductive
and osteoinductive, with enhanced osteogenic activity and bone repair ability. We considered that the PLGA/MBG/ZIF-8/
BMP-2 porous scaffold was a solid alternative bone substitute to existing therapeutics at the non-weight-bearing sites.

Conclusion

In this study, a sustained release system of composite scaffolds loaded with growth factors was established to achieve the
goal of slow controlled release and effective bone repair. A PLGA/MBG porous scaffold was fabricated and incorporated
with ZIF-8 nanoparticles loaded with BMP-2 growth factor by a 3D printing method. The PLGA/MBG/ZIF-8/BMP-2
porous scaffold could continuously and slowly release BMP-2, promote the adhesion, proliferation, spreading and
osteogenic differentiation of MC3T3-E1 cells in vitro, and enhance new bone formation and bone repair at bone defects
in vivo. With enhanced osteogenic activity and bone repair ability, this porous scaffold can be used as a bone graft
material to repair bone defects at the non-weight-bearing sites.
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