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A B S T R A C T   

Long-term nonunion of bone defects has always been a major problem in orthopedic treatment. Artificial bone 
graft materials such as Poly (lactic-co-glycolic acid)/β-tricalcium phosphate (PLGA/β-TCP) scaffolds are expected 
to solve this problem due to their suitable degradation rate and good osteoconductivity. However, insufficient 
mechanical properties, lack of osteoinductivity and infections after implanted limit its large-scale clinical 
application. Hence, we proposed a novel bone repair bioscaffold by adding zinc submicron particles to PLGA/ 
β-TCP using low temperature rapid prototyping 3D printing technology. We first screened the scaffolds with 1 wt 
% Zn that had good biocompatibility and could stably release a safe dose of zinc ions within 16 weeks to ensure 
long-term non-toxicity. As designed, the scaffold had a multi-level porous structure of biomimetic cancellous 
bone, and the Young’s modulus (63.41 ± 1.89 MPa) and compressive strength (2.887 ± 0.025 MPa) of the 
scaffold were close to those of cancellous bone. In addition, after a series of in vitro and in vivo experiments, the 
scaffolds proved to have no adverse effects on the viability of BMSCs and promoted their adhesion and osteogenic 
differentiation, as well as exhibiting higher osteogenic and anti-inflammatory properties than PLGA/β-TCP 
scaffold without zinc particles. We also found that this osteogenic and anti-inflammatory effect might be related 
to Wnt/β-catenin, P38 MAPK and NFkB pathways. This study lay a foundation for the follow-up study of bone 
regeneration mechanism of Zn-containing biomaterials. We envision that this scaffold may become a new 
strategy for clinical treatment of bone defects.   

1. Introduction 

Bone defects usually occur in a variety of orthopedic diseases. Long- 
term non-union of bone defects can lead to physical disability, and the 
economic burden caused by the loss of an individual’s ability to work is 
detrimental to both the individual and society [1]. Therefore, the 

treatment of bone defects is particularly important, and one of the most 
effective treatment methods is bone grafting. However, natural bone 
grafts such as autologous and allograft bone are subject to infection and 
disease transmission, thus we urgently need to develop more optimal 
bone grafts to solve these clinical problems [2,3]. And artificial bone 
grafts designed by various new technologies may be more ideal bone 
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grafts at present [4]. In recent years, poly (lactic-co-glycolic acid)/-
β-tricalcium phosphate (PLGA/β-TCP) composite has been considered to 
be an excellent artificial bone graft material due to its osteogenesis ca-
pacity, suitable degradation rate and bio-safety properties [5–7]. How-
ever, the insufficient mechanical properties [8] and the lack of 
osteoinductivity [6], together with the acidic degradation products of 
PLGA that induce inflammation [9] jointly limit its further clinical 
application. Thus, many researchers were enthused to improve the 
biomechanical, osteogenic and anti-inflammatory properties of 
PLGA/β-TCP scaffolds. 

Through researches of degradable metal bone implants, it is found 
that metal elements such as magnesium (Mg) and zinc (Zn) can be 
manufactured into orthopedic implants and achieve excellent mechan-
ical properties [10–14]. Some researchers have added Mg particles to 
PLGA/β-TCP scaffold to improve the mechanical properties [15]. At the 
same time, the degradation of Mg and Zn metals in vivo can release Mg2+

and Zn2+ that beneficial to osteogenesis, thereby improving the 
osteoinductivity of scaffolds [16]. Compared with loading growth fac-
tors such as BMP-2 and FGF-2 to PLGA/β-TCP scaffolds to improve 
osteoinductivity [17,18], adding Mg and Zn elements is costless, more 
safer, and avoid heterotopic ossification [19]. Nonetheless, Mg releases 
hydrogen during its degradation in vivo will result in of rapid degrada-
tion [20]. The degradation rate of Zn is more moderate than Mg [21]. 
Therefore, adding Zn to PLGA/β-TCP may be a better choice. 

However, the threshold concentration of Zn ions (Zn2+) in vivo is low 
[22]. Although bulk zinc has strong mechanical properties, a large 
amount of Zn left in the body may cause toxicity once degraded, which is 
a safety hazard [23]. It is necessary to add smaller-sized Zn particles to 
PLGA/β-TCP to ensure that the released Zn2+ after Zn degradation is 
biosafe and also has a mechanical strength similar to that of bone. At 
present, there are few studies on adding Zn particles to PLGA/β-TCP for 
bone tissue engineering. But many studies have confirmed that the 
addition of Zn particles to polymers have impact on the cytotoxicity 
[24], structure [25], osteoinductivity [26], and anti-inflammatory ef-
fects [27] of polymers. However, the fabrication technology of Zn con-
taining polymers were diversed. For example, the electrostatic spinning 
technology can mimic the extracellular matrix structure and thus facil-
itate cell proliferation, but the mechanical properties of the scaffolds are 
very low [24]. In contrast, the freeze-drying and sintering technologies 
could produce scaffolds with good mechanical properties and porous 
structures, but the structure is not controllable [25,26,28]. The selective 
laser sintering technology can fabricate scaffolds with controllable 
structure, but the high temperature can adversely affect the activity and 
long-term release of Zn2+ [29]. To solve the above problems, we pro-
posed to use a low-temperature rapid prototyping (LT-RP) 3D printing 
technology to fabricate scaffolds. By comparing with other fabrication 
technologies (Table S1), we found that LT-RP 3D printing technology 
could improve the mechanical properties of fabricated scaffolds. More-
over, the scaffold had a structure that mimicked cancellous bone and 
could release Zn2+ stably over a longer period of time. Therefore, this 
study was proposed to incorporate Zn submicron particles (Zn-SPs, 400 
nm) into the PLGA/β-TCP by LT-RP 3D printing technology for contin-
uously and safely release Zn2+. Ultimately, this long-term release of 
Zn2+ made the scaffold had osteogenic and anti-inflammatory effects, 
suggesting that the scaffold is suitable for bone repair. Considering that 
the osteogenic and anti-inflammatory mechanisms of Zn-added poly-
mers are currently unknown, there are no studies on the 
anti-inflammatory mechanisms of Zn-SPs-containing scaffolds [30,31]. 
We further explored the possible mechanisms by which 
Zn-SPs-containing PLGA/β-TCP scaffolds affect osteogenic differentia-
tion and inflammatory responses by proteomic analysis. Therefore, this 
study not only laying a foundation for Zn and Zn containing polymers on 
bone repair mechanisms, but also for the clinical applications of 
Zn-containing biomaterials. 

2. Materials and methods 

2.1. Fabrication of 3D-printed scaffolds 

A medical-grade PLGA polymer (Glycolide (GA): Lactide (LA) ratio of 
85:15, Jinan Daigang Biomaterial Co., Ltd., Shandong, China) was dis-
solved in 1,4-dioxane reagent (Sinopharm Chemical Reagent Co., Ltd., 
Shanghai, China). Different proportions of medical-grade β-TCP parti-
cles (Beijing Deke Daojin Technology Co., Ltd., Beijing, China) and 
medical-grade Zn-SPs at a particle size of 400 nm (nm) (Beijing Zhongke 
Yanuo New Material Technology Co., Ltd., Beijing, China) were added 
and stirred slowly for 12 h to form a homogeneous suspension. Pure 
PLGA (P), PLGA/β-TCP (w/w of 4:1, 3:1, 2:1) and PLGA/β-TCP/Zn (Zn 
content of 1 wt%, 2 wt%, 3 wt%, 4 wt%) were used to fabricate eight sets 
of scaffolds. 

According to previous studies, pore size of 500–600 μm and porosity 
of 60–70% in 3D printed Ti6Al4V scaffolds are optimal design param-
eters for promoting osteogenesis [32]. Therefore, to ensure that the 
mechanical properties of the scaffold were sufficient, the scaffold 
structure was designed according to the following structural parameters: 
pore size = 500 μm, porosity = 60%. Porous scaffolds were fabricated at 
− 10 ◦C by low-temperature rapid prototyping 3D printing technology 
(BioScaffolder3.2, Gesim, Germany). Low-temperature 3D printing 
technology has been shown to have advantages in the multilevel porous 
structure of biomimetic cancellous bone [33]. The shapes and sizes of 
the scaffolds remained consistent within each group. After the scaffold 
was fabricated, it was lyophilized in a freeze dryer (FD-1A-50, Shanghai 
Yuming Instrument Co., Ltd., Shanghai, China) for 48 h, and then dried 
in a vacuum oven at 37 ◦C for 7 days to completely remove the residual 
solvent 1,4-dioxane. Before the biological experiments were conducted, 
the scaffolds were immersed in a 75% ethanol solution to remove re-
sidual organic solvents and then sterilized by UV irradiation. The scaf-
folds were then soaked in sterile phosphate buffer saline (PBS) to remove 
the residual ethanol solution, and then used in both in vitro and in vivo 
experiments. 

2.2. Characterization of 3D-printed scaffolds 

Surface topography imaging and elemental analysis of the scaffolds 
were performed using a field emission scanning electron microscope and 
energy-dispersive X-ray spectroscopy (SEM-EDS, GEMINISEM 500, 
Zeiss, Oberkochen, Germany). The porosity of the scaffolds was calcu-
lated using the ethanol replacement method [15], according to the 
following formula:  

Porosity (%) = (V1–V3)/(V2–V3) × 100%                                                

where V1 is the total volume after adding absolute ethanol to the 
graduated cylinder and immersing the scaffold sample in it. V2 is the 
total volume recorded after the air in the pores of the material was 
evacuated by a vacuum desiccator, and the pores were filled with 
ethanol. V3 is the total volume of the material after the graduated cyl-
inder was removed. The pore connectivity of the scaffolds was calcu-
lated using high-resolution micro-CT (Siemens, Munich, Germany) 
imaging according to the following formula:  

pore connectivity = (connected pore volume/sum of connected and closed pore 
volumes) × 100%                                                                                  

The paste used to print the scaffold was put into a mold and cast into 
a 1-mm thick film. After the solvent evaporated, it was cut into a 10 mm 
× 10 mm-size test sample for Fourier transform infrared (FTIR). The 
functional groups of the scaffolds were analyzed by FTIR spectroscopy 
(Nicolet IS50, Thermo Fisher, MA, USA) using the KBr particle technique 
at room temperature ranging from 500 to 3000 cm− 1. The mechanical 
properties of the scaffolds (10 mm × 10 mm × 4 mm) were tested. A 
dynamic material testing machine (AGS-X 5 KN, SHIMADZU, Kyoto, 
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Japan) was used to assess a loading pressure of 250 N (N) at a speed of 1 
mm/min. Three samples in each group were tested to obtain the load- 
displacement curve, and Young’s modulus and compressive strength 
of the support also were calculated. The scaffold (10 mm × 10 mm × 4 
mm) was immersed in a centrifuge tube containing 10 mL PBS under a 
constant temperature incubator shaker at 37 ◦C for 1, 4, and 7 days and 
2, 4, 6, 8, 10, and 12 weeks. The degradation solution was collected at 
each time point. The concentrations of Ca2+ and Zn2+ in the solution 
were measured by inductively coupled plasma emission spectrometry 
(iCAP6300, Thermo Fisher, MA, USA). 

2.3. In vitro cell experiments 

2.3.1. Cytocompatibility test 
Rat BMSCs (Cyagen Biosciences, CA, USA) were used to study the 

effects of the scaffold (5 mm × 5 mm × 2 mm) on cell viability, adhesion 
and proliferation. The BMSCs were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM, Gibco, MA, USA) with 10% fetal bovine serum 
(FBS, Gibco, MA, USA) and 1% penicillin-streptomycin (PS, Gibco, MA, 
USA) at 37 ◦C and 5% CO2. The scaffolds were presoaked in a medium 
processed in 48-well cell culture plates. The BMSCs were then seeded on 
the scaffolds in well plates at a density of 2 × 104 cells/well. After 7 days 
of culture, the cells were stained using a live/dead cell assay kit (Thermo 
Fisher, MA, USA) for 15 min. Living cells (green) and dead cells (red) 
were observed under a fluorescence microscope (Axio Imager. d2, 
ZEISS, Oberkochen, Germany), and cell viability was analyzed. Cell 
morphology was also observed after 7 days of culture. Cells were washed 
3 times with PBS, fixed with 4% paraformaldehyde solution for 10 min, 
soaked with 0.2% Triton X-100 for 15 min, and then washed with PBS. 
Fluorescein isothiocyanate (FITC, Sigma, MA, USA)-phalloidin and 4,6- 
Diamidino-2-phenylindole dihydrochloride (DAPI, Sigma, MA, USA) 
were stained for 30 min and 5 min, respectively, to label the actin and 
nuclei of the cells. The cell morphology on the scaffold was then 
observed by laser scanning confocal microscopy (LSCM, ECLIPSE Ti2, 
Nikon, Tokyo, Japan). Cell proliferation was analyzed using a Cell 
Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan). After 1, 4, and 7 
days of culture, 200 μl DMEM containing 10% CCK-8 was added to each 
well in 48-well plates and incubated for 1 h. Then 100 μl of the mixture 
was transferred to each well in the 96-well plates. The absorbance of the 
solution was measured at 450 nm using a microplate reader (Synergy-
Neo2, Biotek, VA, USA). After 7 days of culture, according to the in-
structions of Annexin V FITC Apoptosis Detection Kit (Dojindo), the cells 
were collected and made into a cell suspension with a concentration of 
more than 1 × 105 cells/ml. Cell apoptosis was detected by flow 
cytometry (Attune Nxt 3L-BRV, Thermo Fisher, USA). All experiments 
were performed in triplicate. 

2.3.2. Alkaline phosphatase (ALP) activity 
The BMSCs were cultured in an osteogenic induction medium on 7th, 

14th day and then stained with ALP using a chromogenic kit (Beyotime, 
Jiangsu, China). The scaffolds were removed before ALP staining to 
unify the method with ARS staining. Images were taken using a digital 
camera and a microscope. After 7 and 14 days of culture, the cells were 
lysed using RIPA lysis buffer (Thermo Fisher, MA, USA), and the proteins 
were collected. ALP activity was then measured using an ALP detection 
kit (Beyotime, Jiangsu, China), and then the BCA protein detection kit 
(Thermo Fisher, MA, USA) was used to detect the total protein con-
centration for data normalization. 

2.3.3. Alizarin red S (ARS) staining 
The scaffolds and BMSCs were cultured in an osteogenic induction 

medium. ARS staining was used to show the mineralized nodules. The 
scaffolds were removed before ARS staining to exclude the interference 
of Ca components in the scaffolds on the staining. After 21 days of 
culture, the BMSCs were fixed with 4% paraformaldehyde solution, 
washed three times with PBS, and stained with a 2% ARS (Beyotime, 

Jiangsu, China) solution. They were incubated at room temperature for 
30 min and then washed with distilled water. Images were taken by 
digital camera and microscope. The mixture was then augmented with 
10% acetic acid and incubated overnight. The mixture was then 
centrifuged at 20,000 g for 15 min to obtain a supernatant that was 
neutralized with 10% ammonium hydroxide. Then 100 μl/well of the 
mixture was added to the 96-well plate, and a microplate reader was 
used to measure the absorbance of the solution at 405 nm for quanti-
tative analysis. 

2.3.4. Quantitative real-time PCR (Polymerase Chain Reaction) analysis 
Real-time PCR was used to detect mRNA transcription levels of 

osteogenic specific gene runt-associated transcription factor 2 (Runx2), 
type I collagen (Col I), osteopontin (OPN), and osteocalcin (OCN). The 
cells were cocultured with the scaffold at a density of 2 × 105 cells/well 
in a 6-well cell culture plate. After 14 days of osteogenic induction, total 
RNA was extracted from the cells using TRizol reagent (Invitrogen, MA, 
USA). RNA samples were post-reverse-transcribed using Bestar™ qPCR 
RT Kit (DBI® Bioscience, Germany), Bestar® SybrGreen qPCR Master 
Mix (DBI® Bioscience, Germany), and real-time PCR (QuantStudio 3, 
Applied Biosystems, MA, USA). Real-time quantitative PCR detection 
was then performed with β-actin as a reference. The primer sequences 
are described in Supplementary Table S2. 

2.3.5. Western bolt analysis 
The total amount of cellular protein was extracted and quantified 

after 14 days of osteogenic induction culturing with the scaffolds and 
BMSCs. The samples were then subjected to SDS electrophoresis and 
transferred to a polyvinylidene fluoride membrane (0.22 μm, Millipore, 
MA, USA). After 1 h of sealing with 5% skim milk, the primary antibody 
was incubated: Runx2 (Abcam, AB236639, 1:1000), Col I (Proteintech, 
14695-1-AP, 1:1000), OPN (Proteintech, 22952-1-AP, 1:1000), and OCN 
(AB clone A6205, 1:2000), and then left overnight at 4 ◦C. After washing 
three times with TBST, the cells were incubated with enzyme-linked 
secondary antibody (EASYBIO, BE0101/BE0102, 1:500). The protein 
signal was visualized using a chemiluminescence imaging instrument 
(5200, Tanon, Shanghai, China), and then quantitatively analyzed by 
Image-J software. 

2.3.6. Proteomics analysis 
The BMSCs were cocultured osteogenically with the scaffolds for 14 

days. Proteins were extracted in 8 M urea and digested using FASP. The 
tryptic peptides were desalted on C18 cartridges. The elution products 
were resolved in 0.1% FA with iRT spiked. They were delivered to liquid 
chromatography (EASY-nLC1000, Thermo Fisher Scientific, MA, USA) 
coupled with a mass spectrometer (Orbitrap Fusion Lumos, Thermo 
Fisher Scientific, MA, USA). Peptides were separated by a capillary LC 
column (75 μm × 100 mm, C18). The eluted duration was 60 min. The 
data were acquired by data-independent acquisition (DIA) using the 
following parameters: positive mode was set. One cycle contained one 
full and 19 segment fragments scans. The full scan range was from 350 to 
1300 m/z screened at 120,000 resolutions. Fragment spectra were 
collected at a resolution of 3000. Raw data were analyzed using Spec-
tronaut (version 14.3, Biognosys, Schlieren, Switzerland). The spectral 
library was generated using all the raw data files. The search parameters 
were set to MS and MS/MS tolerances at 10 ppm and 0.02 Da. Two 
missed cleavages were allowed; the fixed modification was carbamido-
methylation, and the SwissProt database was rat-restricted. The samples 
were quantitatively evaluated based on the MS2 area. Cross runs were 
normalized according to the global abundance area. 

2.3.7. RAW cell polarization 
In a 12-well plate, 1 × 105 murine-derived macrophage cells 

(RAW264.7) were seeded per well. After culturing for 4 days, the cells 
were digested, centrifuged, and washed with 1% BSA for 0.5 h to block 
non-specific antigens. Cells were then stained with fluorescent- 
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conjugated CD68 and CD86 antibodies (eBioscience, USA) as M1 
markers and CD206 antibody (eBioscience, USA) as M2 marker for 1 h at 
room temperature [34]. After washing the cells three times with 1% 
BSA, 100 μl of the suspension was aspirated into a 96-well plate for 
analysis by flow cytometry (LSRFortessa, BD, USA). 

2.4. In vivo repair of bone defects by scaffolds 

2.4.1. Bone defect model and scaffold implantation 
A rat model of a femoral condyle defect was used to study the oste-

ogenic ability of the scaffolds in vivo. The animal experiments were 
approved by the Animal Ethics Committee at Peking Union Medical 
College Hospital (XHDW-2022-018). Eight-week-old (300–350 g) male 
Sprague Dawley (SD) rats (Charles River Laboratories, Beijing, China) 
were injected intraperitoneally with 3% sodium pentobarbital (30 mg/ 
kg body weight) during general anesthesia. The skin and hair were 
removed and disinfected, and the femoral condyle was cut open to 
expose it. Then, a cylindrical hole with a diameter of 3 mm and a depth 
of 3 mm was made using an electric drill, and the temperature was 
maintained with ice derived from salt water, at all times. The broken 
bones were removed, and the drilled holes were rinsed. The scaffolds 
were implanted into the defect and then divided into four experimental 
groups according to the following implantation conditions: 1. No scaf-
fold implantation group (Control); 2. P scaffold implantation group (P); 
3. PLGA/β-TCP (2:1) scaffold implantation group (PT); 4. PLGA/β-TCP/ 
Zn (1 wt%) scaffold implantation group (PTZ). Finally, the incision was 
closed layer by layer with sutures, and antibiotics were administered for 
3 days after the surgery. 

2.4.2. Radiographical evaluation 
The rats were sacrificed at 4th, 8th, and 12th week postoperatively, 

and the femoral condyles were removed to evaluate new bone formation 
in the scaffold at the defect using high-resolution Micro-CT (Siemens, 
Munich, Germany). Scanning was performed with resolution 20 μm, 
voltage 60 kV, and current 400 μA. The mean CT values of new bone and 
scaffold analyzed by INVEON Workplace software were 3590HU and 
1890HU, respectively. Region of interest (ROI) was selected according 
to the anatomical location of the bone defect. First, the CT value of the 
new bone tissue was used to identify and select the new bone tissue in 
the ROI. Then, the scaffold in the ROI was identified and selected by 
using the CT value of the scaffold. By removing the selected portion of 
the scaffold from the selected portion of the newly formed bone tissue, 
the actual portion of the newly formed bone tissue in the scaffold could 
be obtained. Statistical analysis was performed on the bone tissue vol-
ume/total tissue volume (BV/TV), trabecular number (Tb⋅N), trabecular 
separation/spacing (Tb.Sp) of new bone tissue in each group. 

2.4.3. Histological and immunohistochemical analysis 
Femur samples were decalcified by 10% EDTA (Beyotime, Jiangsu, 

China) at 37 ◦C for 8 weeks. After decalcification, the paraffin- 
embedded femoral tissue (about 2 mm in thickness) containing the 
bone defect was cut into serial sections 3 μm thick. The sections were 
routinely histologically stained by hematoxylin and eosin (H&E) and 
Sirius red (SR, Beyotime, Jiangsu, China). Immunohistochemical stain-
ing of osteogenesis-related markers BMP2 (Proteintech, 66,383-1-lg), 
OPN (Proteintech, 22952-1-AP), anti-inflammatory marker IL-10 (Pro-
teintech, 60,269-1-lg) and pro-inflammatory marker TNF-α (Pro-
teintech, 60,291-1-lg) were performed to assess the expression of 
proteins associated with osteogenesis and inflammatory responses in the 
implanted scaffold area. Signal intensities were quantified using Image-J 
software. All tests were repeated in three specimens. The immunohis-
tochemical experiments were performed in parallel using the same 
concentration of nonspecific immunoglobulin from the same species as 
the isotype control. The results are shown in Supplementary Fig. S4. 

2.5. Statistical analysis 

All quantitative data in the experiments were presented as means ±
standard deviations (SD). The each two groups of data were compared 
using the Student’s t-test. A value of p < 0.05 was considered statistically 
significant. The statistical analysis and graphing were performed using 
GraphPad Prism software (GraphPad Software Inc, CA, USA). 

3. Results 

3.1. Effects of the scaffolds on the cytocompatibility of BMSCs and 
screening of the composition ratios of the scaffolds 

The size of the scaffold used in cell experiments was 5 mm × 5 mm ×
2 mm (Fig. 1a). We first evaluated the cell proliferation ability of scaf-
folds in different ratios of PLGA and β-TCP (w/w of 4:1, 3:1, 2:1), and 
found that the proliferation ability of PLGA/β-TCP scaffolds was better 
when the ratio was 2:1 (Fig. 1b). Additioned that previous studies have 
confirmed the osteogenic effect by adding 0.65–5 wt% Zn to polymers 
[24,27,35–38]. On this basis, we explored the non-toxic Zn addition 
content in the following experiment. Therefore, we further added 
different ratios (1 wt%, 2 wt%, 3 wt%, 4 wt%) of Zn-SPs into the 
PLGA/β-TCP (2:1, PT) scaffold. The results showed that PLGA/β-TCP/Zn 
(Zn-SPs content of 1 wt%, PTZ) scaffolds had a high cell proliferation 
rate than the other group, and cell proliferation of the other three groups 
almost unchanged at 1st, 4th, 7th day (Fig. 1c). Furthermore, the PTZ 
group has a low apoptosis ratio and dead cell ratio of 15.184 ± 3.436% 
and 3%, respectively. However, in the other three group (Zn-SPs content 
of 2 wt%, 3 wt%, 4 wt%), the apoptosis ratios and dead cell ratios were 
74.667 ± 2.901%, 74.833 ± 4.500%, 74.667 ± 3.083% and 88.220 ±
0.078%, 94.308 ± 0.710%, 97.001 ± 0.620%, respectively (Fig. 1d, e, g 
and h). It indicated that the scaffolds have obvious cytotoxicity when the 
Zn-SPs exceed 2 wt%, and the higher the content of Zn-SPs the more 
obvious cytotoxicity was found. Meanwhile, we found that the ratio of 
viable and apoptotic cells on P and PT scaffolds was not significantly 
different from that of PTZ scaffolds, which also had good cytocompati-
bility. BMSCs were also found attached well on P, PT and PTZ scaffolds, 
and the antennae of BMSCs in PTZ group were distributed and extended 
more widely than P and PT groups (Fig. 1f). Therefore, we will further 
study the P, PT and PTZ scaffolds to verify the changes in the osteo-
genesis and anti-inflammatory capabilities after adding Zn-SPs. 

3.2. Analysis of the structure, composition, mechanical properties and 
Ca2+/Zn2+ release of the scaffolds 

There were no significant differences in size, pore size, porosity and 
connectivity among P, PT and PTZ printed by 3D LT-RP. The dimensions 
of the printed scaffolds were 10 mm × 10 mm × 2 mm (Fig. 1a), with 
pore diameters ranging 506.6–531.3 μm and porosities ranging 66.4%– 
68.2% (Fig. 2a, Fig. S1, Table 1). The top and side views of the pore 
structure inside the scaffold showed that all pores were interconnected 
with 100% connectivity (Fig. 2b). The SEM results showed that the 
microporous structures on the surface of the three scaffolds were 
different (Fig. 2c). The surface of P was rich in microporous structures 
with pore sizes ranging 0–20 μm. In PT scaffold, the β-TCP particles were 
uniformly dispersed in the PLGA matrix, forming a much smaller surface 
pore structure ranging 0–10 μm, while a small amount of particle ag-
gregation was observed on the surface of PT scaffold. Whereas the 
addition of Zn-SPs formed a more finer pore structure with pore sizes of 
0–6 μm in the PTZ scaffold, especially some micropores were below 1 
μm, while less particle aggregation was observed on PTZ scaffold. 

We also found that the elements distribution of three groups of 
scaffolds was approximately the same and dispersed uniformly. The 
distributions of O and C elements in the three scaffolds, as well as Ca and 
P elements in the PT and PTZ scaffolds, were similar (Fig. S2). The added 
Zn elements were scattered along the contour of the PTZ scaffold 
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(Fig. 2d). In addition, the presence of PLGA matrix and β-TCP particles in 
the scaffolds could be supported by FTIR (Fig. 2e). The presence of four 
absorption peaks (1181.67, 1746.71, 1081.39, 1267.97) suggested the 
presence of esters in the PTZ composites. The appearance of three ab-
sorption peaks (2851.24, 2946.7, 1381.75) suggested the presence of 
methyl groups in the material. And esters and methyl groups are the 
main groups of PLGA matrix. The presence of three other absorption 
peaks (561.18, 602.65, 1043.3) proved the presence of phosphate, 
indicating that β-TCP particles were successfully incorporated into the 
PLGA matrix. The addition of Zn-SPs showed no new characteristic 
peaks in the FTIR curves, indicating that Zn-SPs did not chemically react 
with PLGA or β-TCP. The stress-strain curves were obtained from the 
mechanical tests (Fig. S3), we also found that the compressive strength 
of the scaffold was improved after the addition of Zn-SPs. The 

compressive strength of the PTZ scaffold (2.887 ± 0.025 MPa) was 
higher than that of PT scaffold (2.563 ± 0.103 MPa) (Fig. 2g). However, 
there was no significant difference of the Young’s modulus between PTZ 
(63.41 ± 1.89 MPa) and PT scaffold (60.41 ± 0.74 MPa) (Fig. 2f). 

The release of Ca2+ from PT, PTZ and Zn2+ from PTZ was detected by 
soaking the scaffolds in PBS for various time. The Ca2+ was produced by 
the degradation of β-TCP in PT and PTZ scaffolds, whereas Zn2+ was 
produced by the degradation of Zn-SPs. The cumulative release curves of 
Ca2+ and Zn2+ were observed for 16 weeks (Fig. 2h). During the first 14 
days of degradation, a steady rise of Ca2+ concentration in PTZ scaffolds 
was observed, from 0.187 ± 0.055 μg/mL at 1 day to 1.331 ± 0.251 μg/ 
mL at 14th day. This steady increase of the Ca2+ continued until 16th 
week, with the concentration reached 13.244 ± 0.626 μg/mL, and the 
increased releasing trend indicated that the Ca2+ concentration would 

Fig. 1. The macrostructure of scaffolds and the cytocompatibility studies of scaffolds in vitro. a. Top view (top line) and side view (bottom line) of LT-RP 3D printed 
P, PT, and PTZ scaffolds (10 mm × 10 mm × 2 mm), the scaffolds were cut into 5 mm × 5 mm × 2 mm (right) in the cell experiments. b. The effect of well plate and 
scaffolds with different ratios of PLGA and β-TCP (w/w of 4:1, 3:1, 2:1) on the proliferation of BMSCs. (*p < 0.05, **p < 0.01, ***p < 0.001 b y Student’s t-test, n =
3). c. The effects of P, PT, PTZ and PLGA/β-TCP/Zn (Zn-SPs content of 2 wt%, 3 wt%, and 4 wt%) scaffolds on the proliferation of BMSCs. d. Live/dead cells on P, PT, 
PTZ and PLGA/β-TCP/Zn (Zn-SPs content of 2 wt%, 3 wt%, and 4 wt%) scaffolds was detected by live/dead assay after 7 days of culture. Live cells with esterase 
activity appeared green, whereas dead cells with compromised plasma membranes appeared red. The bottom image was merged with the two top images. Scale bar, 
200 μm. e. Quantitative analysis of cell viability on all scaffolds. f. Cytoskeleton (green, FITC-phalloidin) and nuclei (blue, DAPI) were imaged by confocal microscopy 
after 7 days of culture. Scale bar, 50 μm. g. Dot plot of Annexin V-FITC/PI of BMSCs in six groups. h. Quantitative analysis of apoptotic cells in six groups. 
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continue to rise afterwards. The released Ca2+ in PTZ was similar to that 
of PT scaffolds, indicating that the addition of Zn-SPs have no signifi-
cantly effect on the release of Ca2+. However, Zn2+ was released slowly 
during the first 7 days, and the concentration was only 0.149 ± 0.021 
μg/mL at 7th day. After 7 days, Zn2+ was gradually and steadily released 
over time and continued until 12th week, reaching a concentration of 
1.792 ± 0.201 μg/mL. However, the release of Zn2+ was gradually 
plateaued until 16th week with the concentration of 2.055 ± 0.223 μg/ 
mL, and the accumulated release ratio of Zn was 48.2% at 16th week in 
PTZ scaffold. 

3.3. Osteogenic differentiation of BMSCs with scaffolds 

By ALP and ARS staining, we observed the effects of PTZ scaffolds on 
osteogenic activity and osteomineralization of BMSCs, respectively. 
After the addition of Zn-SPs, the ALP activity of BMSCs in PTZ group was 
higher than PT group, and this increased activity was more pronounced 
at 7th day and lasted until 14th day (Fig. 3a). The PT group showed more 
calcium deposition than the P group, and the density of calcium depo-
sition in PTZ group was higher than PT group (Fig. 3b). 

To further confirm the osteogenic differentiation ability of PTZ 
scaffold, we also examined the expression of osteogenic genes and 
proteins at specific time points using RT-qPCR and WB techniques. 
Osteogenic differentiation markers such as Runx2, Col I, OPN and OCN 
were detected, and β-actin was used as a reference. The results showed 
that the addition of Zn-SPs caused an increase in OPN and OCN gene 
expression during the first 7 days (Fig. 3c). At 14th day, Runx2, Col I and 
OPN gene expressions were higher in PTZ group than PT group (Fig. 3c), 
and Runx2, Col I and OCN protein expressions were also higher than PT 
group (Fig. 3d). The up-regulation of osteogenic gene and protein 

expression suggested the enhancement of osteogenic differentiation 
ability after the addition of Zn-SPs. Changes in gene and protein 
expression at different time points might be related to the period in 
which they performed their functions. 

We further investigated the molecular mechanism of how does Zn- 
SPs promote osteogenic differentiation of BMSCs. We performed prote-
omic analysis using the Ingenuity Pathway Analysis (IPA) platform, as 
shown in Fig. 4a. The volcano map of all detected and expressed proteins 
showed a total of 5169 proteins, and the differentially expressed protein 
clusters showed 43 proteins upregulated and 28 proteins downregulated 
in PTZ group compared to the PT group. Based on the analysis of known 
proteins, 25 proteins related to osteogenesis were screened out (Fig. 4b). 
The heat map showed that the expression of proteins favoring osteogenic 
differentiation were upregulated in PTZ group compared to PT group, 
while the expression of proteins related to inhibition of osteogenic dif-
ferentiation and pro-inflammation were lower than that of the PT group 
(Fig. 4b). The network diagram (Fig. 4c) also listed the protein in-
teractions and expressions that favored the osteogenic process. The re-
sults showed that the addition of Zn-SPs upregulated the expression of 
osteogenic proteins and suppressed the expression of proteins that un-
favorable to osteogenesis. Our further analysis revealed that several 
proteins (BCL9L, FZD2, ENPP1, HTRA1, CACNA2D1, CADM4 and 
RDH16) had direct or indirect effects on the expression of CTNNB1 
protein (β-catenin). Among them, the expression of BCL9L, FZD2, 
ENPP1 and HTRA1, which directly affected β-catenin, was upregulated 
(Fig. 4d). 

3.4. Anti-inflammatory effect of scaffolds on cells in vitro 

We also noted changes in anti-inflammatory and pro-inflammatory 
protein expression using proteomic analysis (Fig. 4b). The heat map 
showed that the expression of anti-inflammatory-related proteins was 
upregulated in PTZ group compared to PT group, and the expression of 
pro-inflammatory-related proteins was lower than PT group, suggesting 
that the addition of Zn-SPs may have equipped the scaffold with an anti- 
inflammatory effect. To verify the existence of anti-inflammatory effect, 
we investigated the macrophage polarization affected by PTZ scaffold. 
The results showed that the percentage of macrophages with M1 
phenotype decreased and the percentage of M2 phenotype increased in 

Fig. 2. Characterization of the scaffolds. a. SEM images of the surface topography of PTZ scaffolds. b. Micro-CT images of the internal pore connectivity of PTZ 
scaffolds. c. SEM images of the surface topography of the three groups of scaffolds. d. Ca (blue), P (yellow) and Zn element (green) analysis of PTZ scaffold using SEM- 
EDS. e. FTIR analysis of functional groups in three scaffolds. f. Stress-strain curves of the three scaffolds. f. The Young’s modulus of three scaffolds. g. The compressive 
strength of three scaffolds. h. Cumulative release of Ca2+ from PT, PTZ scaffolds and Zn2+ from PTZ scaffolds within 16 weeks in vitro. 

Table 1 
Macropore size, porosity and internal pore connectivity of scaffolds.  

Group (n = 3) P PT PTZ 

Macropore size (μm) 506.6 ± 18.2 531.3 ± 28.5 515.7 ± 15.2 
Porosity (%) 68.2 ± 2.8 67.1 ± 3.2 66.4 ± 5.3 
Internal pore connectivity (%) 100 100 100  
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PTZ group compared with PT group (Fig. 4h), indicating that the addi-
tion of Zn-SPs prompted the conversion of macrophages from M1 
phenotype to M2 phenotype. To further investigate the mechanism by 
which this anti-inflammatory effect occurs. We further performed a 
predictive analysis of cellular pathways using IPA software (Fig. 4e). The 
upregulation of the anti-inflammatory protein CCN2 and the down-
regulation of the pro-inflammatory proteins IL1RN and EIF2AK2 indi-
cated the activation of the P38 MAPK pathway as well as the inhibition 
of the NFkB pathway. Moreover, through changes in the expression of 
multiple proteins, we also found that the expression of the pro- 
inflammatory protein TNF was downregulated (Fig. 4g). The above re-
sults showed that the scaffold could promote anti-inflammatory 
response and inhibit pro-inflammatory response. 

3.5. Radiographical evaluation of bone regeneration 

A cylindrical structure with diameter and depth of 3 mm (Fig. 5a) 
was printed for in vivo experiments. A rat femoral condyle defect with 
diameter and depth of 3 mm was constructed firsty, and the implanted 

scaffolds could fill the bone defect well (Fig. 5b). Fig. 5c showed the 
micro-CT 3D reconstructed images of the new bone tissue in the rat 
femoral condyle defect at 4th, 8th, and 12th week after surgery. In the 
4th week after surgery, the amount of new bone in each group was low. 
The bone regeneration rate of PTZ scaffold was faster than the other 
groups, and new bone was observed along the outline of the scaffold. At 
8th week after surgery, the formed new bone in PT and PTZ groups have 
passed through the transverse diameter of the scaffold. At 12th week 
after the surgery, the amount of new bone increased than the 8th week 
in PT and PTZ groups. The new bone not only covered the bottom sur-
face of the bone defect, but also grew to a certain depth along the 
scaffold. 

We performed a quantitative analysis of the 3D reconstructed new 
bone tissue (Fig. 5d–f). We found that at 4th, 8th and 12th week post-
operatively, Tb⋅N in PTZ group was always higher than PT group while 
Tb. Sp was always lower than PT group, indicating that the amount of 
new bone was high and dense in PTZ group. In contrast, the BV/TV value 
in PTZ group has nosignificantly difference with that in PT group at 4th 
week, but were higher than those in PT group at 8th and 12th week, 

Fig. 3. Osteogenic differentiation ability of BMSCs co-cultured with three groups of scaffolds. a. A quantitative analysis was performed after ALP staining at 7th and 
14th day. b. Calcium deposits were stained with alizarin red S and quantitatively analyzed after 21 days of culture. c. The expression levels of Runx2, Col I, OPN and 
OCN were analyzed by RT-qPCR after 7 and 14 days. d. The expression levels and quantitative analysis of Runx2, Col I, OPN, and OCN proteins detected by WB after 
14 days. β -Actin was used as a protein loading control. 
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indicating that the new bone grew faster after 4 weeks in PTZ group. 

3.6. Histological and immunohistochemical analysis of bone regeneration 

The formation of new bone were reconfirmed by histological 

analysis. At 4th week postoperatively, the formation of new bone was 
not visible in four groups, but new fibrous tissue (red arrows) appeared 
in control and P groups (Fig. 6b). And osteoblasts (purple arrows) 
appeared in PTZ group at 4th week (Fig. 6a). The amount of new bone 
(blue arrows) was higher in PTZ group than PT group at 8th and 12th 

Fig. 4. Protein expression and bioinformatics analysis of BMSCs with PT and PTZ scaffolds. a. Volcano plot of differentially expressed proteins between PT and PTZ 
groups. (1.5-fold change; red: upregulated proteins; green: downregulated proteins). b. Heat map of osteogenesis related protein expression (red dotted box marked 
the expression of anti-inflammatory and pro-inflammatory related proteins). c. Network diagram showing the connections between osteogenesis related proteins. d. 
The expression of various proteins (BCL9L, FZD2, ENPP1, HTRA1, CACNA2D1, CADM4, and RDH16) that directly or indirectly affect the expression of CTNNB1 
protein. e. The expression level of anti-inflammatory protein (CCN2) and pro-inflammatory proteins (IL1RN and EIF2AK2) and related cellular pathway prediction 
analysis (orange: activation; blue: inhibition; yellow: unpredictable). f. Schematic diagram of the molecular mechanism of PTZ group to promote osteogenic dif-
ferentiation and produce anti-inflammatory effects in cells. g. Expression prediction map of pro-inflammatory protein TNF and its expression-related proteins. h. Flow 
cytometry results of surface marker CD68, CD86 and CD206 of polarized RAW264.7 cells in three groups. 
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week (Fig. 6a). At 12th week postoperatively, a small amount of new 
bone was also observed in the control and P groups, while more fibrous 
tissue was seen to be encapsulated. In contrast, PTZ group had less new 
fibrous tissue than the other three groups and residual scaffolds (black 
arrows) could be seen in some sections (Fig. 6b). 

To further clarify the mechanism of PTZ scaffolds in promoting bone 

regeneration, we applied immunohistochemical staining and quantita-
tive analysis to detect the expression levels of BMP2, OPN, IL-10 and 
TNF-α in tissues (Fig. 7). We performed nonspecific immunohisto-
chemical isotype control staining to ensure that the staining was spe-
cifically binding firstly (Fig. S4). We found that BMP2 and OPN were 
significantly expressed at 4th week in PTZ group, and the expression 

Fig. 5. Animal experiments and micro-CT analysis of bone regeneration. a. Top view (top) and side view (bottom) of the P, PT, and PTZ scaffolds (D = 3 mm, H = 3 
mm) used in the animal experiments. b. Images of the surgical area without scaffold implantation (control group) and after implantation of three groups of scaffolds. 
c. Representative micro-CT 3D images of the region of interest (ROI) in the femoral condyle defect area at 4th, 8th and 12th week post-surgery. Scale bar, 3 mm and 1 
mm. Quantitative analysis of BV/TV (d), Tb⋅N (e) and Tb. Sp (f) of the new trabecular bone in the bone defect area at 4th, 8th and 12th week after surgery (control 
group shown in gray). 
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levels were gradually increased over time until 12 weeks. Regarding to 
the inflammatory response, the expression of IL-10 was significantly 
higher and TNF-α was significantly lower in PTZ groups than the other 
three groups within 12 weeks after implantation. 

4. Discussion 

Previous studies have confirmed that PLGA/β-TCP scaffolds have 
good biocompatibility in animals and humans [27,39,40]. PLGA/β-TCP 
at a ratio of 2:1 showed the best effect on the proliferation of BMSCs 
compared with the ratio of 4:1 and 3:1. Also, it has been shown that the 
addition of Mg and Zn can improve the mechanical and osteoinductive 
properties of PLGA/β-TCP composite scaffolds [15,27]. However, the 
problem of the rapid degradation of Mg makes Zn a more suitable metal 
for degradable bone grafts. But one limitation of Zn containing scaffold 
is the toxicity caused by excess Zn2+ [41,42]. Therefore, we first 
screened out that the Zn content of 1 wt% was non-toxic, and once Zn 
content exceeded 2 wt%, the released Zn2+ produced obvious toxicity. 
Meanwhile, PTZ scaffolds continued to release Zn2+ for 16 weeks and 
remained at 2.055 ± 0.223 μg/mL, which below the critical toxic con-
centration (8.45 μg/mL) [43]. This controlled release of Zn2+ could kept 
Zn2+ at a low concentration and reduce the toxicity, which is crucial for 
the safe application of PTZ scaffolds to humans in the future. 

In terms of the structure of scaffolds, the internal pores were con-
nected, and the large pore size was about 500 μm and the porosity was 
ranging from 60 to 70%, which are favorable for osteogenesis [33,44]. 
At the same time, it was observed that after adding Zn-SPs, many mi-
cropores with the diameter under 1 μm were generated. This multi-level 

pore structure and porosity are similar to native cancellous bone [45], 
and are favorable for BMSCs ingrowth, proliferation, and osteogenic 
differentiation [46,47]. In terms of composition, the PTZ scaffold con-
tained Ca, P and Zn elements, while demonstrating the successful mixing 
of PLGA matrix and β-TCP, and the uniformly dispersed Zn SPs in PTZ 
scaffold. From the FTIR results we can found that Zn-SPs did not 
chemically react with PLGA or β-TCP, and no characteristic peaks were 
detected. However, the scattered distribution of Zn-SPs in PTZ facili-
tated a continuous and stable release of Zn2+ from the scaffold during 
degradation, leading to a long time efficient osteogenesis. 

The printed fibers of the scaffolds were spaced vertically and hori-
zontally, and this arrangement (I0◦) has been shown to improve me-
chanics more than other arrangement angles (I10◦, I20◦, IC30◦, I40◦, 
I45◦) [48]. Besides that, the agglomeration of β-TCP particles was 
observed on the surface of the PT scaffold, which was not conducive to 
the mechanical properties of the scaffold [49]. However, after Zn-SPs 
added, this agglomeration phenomenon was reduced, possibly because 
Zn-SPs filled the voids between β-TCP particles, and further improving 
compressive strength of the scaffold. The Young’s modulus and 
improved compressive strength of PTZ scaffold are close to cancellous 
bone (Young’s modulus: 0.05–0.5 GPA, compressive strength: 0.1–16 
MPa) [50], which is beneficial for its future application in orthopedic 
treatment. Besides, the addition amount of Zn-SPs was limited since the 
threshold concentration of Zn2+ (8.45 μg/mL) was much lower than that 
of Mg2+ (2 mg/mL) [51]. And high Mg containing scaffold may lead to 
excessive loss of mechanical properties due to hydrogen production in 
the progress of degradation in vivo. The degradation rate of Zn in the 
human body is more moderate than Mg, which can match the rate of 

Fig. 6. Histological images and quantitative analysis of new bone after scaffold implantation. a. H&E staining image of decalcified tissue section under a 100 ×
microscope; purple arrows showed osteoblasts; blue arrows showed new bone tissue. Scale bar, 100 μm. b. Sirius red staining images and quantitative analysis of 
decalcified tissue section under a 200 × microscope; red arrows showed new fibrous tissue; black arrows showed scaffold. Scale bar, 50 μm. 
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Fig. 7. Immunohistochemical analysis of new bone formation after scaffold implantation. a-d. Expression level and quantitative analysis of BMP2 and OPN after 
scaffold implantation for 4, 8, and 12 weeks. Scale bar, 20 μm. e-h. Expression level and quantitative analysis of IL-10 and TNF-α after scaffold implantation for 4, 8, 
and 12 weeks. Scale bar, 100 μm. 
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bone regeneration [52]. However, the mechanical properties of PTZ 
should be further improved in the future since they are not fully meet the 
needs of bone defect regeneration. 

Next, the proliferation, adhesion and osteogenic differentiation of 
BMSCs cultured with scaffolds were verified. The addition of Zn-SPs did 
not adversely affect the proliferation of BMSCs. Interestingly, the pro-
liferation of BMSCs may be affected by the 20 μm microporous structure 
on the scaffold surface in the early stage [53], and the proliferation was 
fast. However, with the continuous release of Ca2+ from the scaffold, the 
proliferation rate of BMSCs was further enhanced. While PTZ scaffold 
was more favorable for the adhesion of BMSCs. This may because the 
early release of Zn2+ promotes the adhesion of BMSCs. The improved 
adhesion property is beneficial to the osseointegration in the early stage 
of osteogenesis [54], which provides a basis for the subsequent osteo-
genic differentiation of BMSCs. Subsequently, we investigated the effect 
of scaffolds on the osteogenic differentiation of BMSCs, the addition of 
Zn-SPs enhanced the osteoinductivity and promoted the osteogenic ac-
tivity and mineralization process of BMSCs. 

Given that there are lacking of mechanism research on Zn-containing 
biomaterials promoting bone repair, hence the expression of 
osteogenesis-related genes and proteins in different stages of osteo-
genesis was analyzed to explore the potential molecular mechanism of 
PTZ scaffold. Runx2 is a key osteogenesis specific transcription factor 
and is considered an early marker of osteogenic differentiation. Col I and 
OPN are considered to be markers associated with osteogenic mineral-
ization, while OCN is considered to be a late marker of osteogenic dif-
ferentiation [55]. The addition of Zn-SPs have up-regulation effect on 
the expression of osteogenic related genes and proteins at earlier stage. 
As time progressed, the scaffolds without Zn-SPs only up-regulated the 
expression of Runx2, Col I, OPN and OCN at the gene level, while the 
scaffolds with Zn-SPs up-regulated the expression at protein level as 
well. These indicated that the scaffold had little effect on the osteogenic 
differentiation of BMSCs without the addition of Zn-SPs, and the BMSCs 
were in the early stage of osteogenesis. The addition of Zn-SPs can 
accelerate the osteogenic differentiation process. 

However, the mechanism by which Zn-SPs trigger the osteogenic 
differentiation and mineralization process of BMSCs remains unclear. It 
has been pointed out that particles with a size of 30–150 nm are more 
favorable for endocytosis, but the particle size of Zn-SPs in this study 
was 400 nm, which is not conducive to endocytosis. Therefore, the Zn- 
SPs-added scaffolds promoted the osteogenic differentiation and 
mineralization of BMSCs most likely because of the release of Zn2+ from 
the degradation of Zn-SPs [56,57]. But if Zn2+ can’t maintained at a 
certain concentration, the osteogenic activity will be weakened. It was 
confirmed that the expression of ALP and Col I were up-regulated when 
BMSCs were cultured in the medium with a Zn2+ concentration of 3.2 
nM on the 7th day, but were down-regulated on the 14th day [58]. In 
contrast, PTZ scaffold that we designed achieved a long-term stable 
release of Zn2+, and highly expressed ALP, Runx2, Col I, OPN and OCN 
until 14 days, indicating that this promoting osteogenic effect was sus-
tained. While Runx2 is the main regulator of the other osteogenic 
markers mentioned above [59]. 

It has been noted that Zn2+ affect the osteogenic activity through the 
expression of Runx2, but the specific mechanism is unknown [60]. 
Therefore, we further explored the cellular pathway mechanism of 
BMSCs differentiation affected by PTZ scaffold. The expression of four 
proteins (BCL9L, FZD2, ENPP1 and HTRA1) directly related to β-catenin 
was up-regulated by proteomic analysis. β-Catenin is a key target of the 
Wnt/β-catenin signaling pathway [61], and we speculated that the 
Wnt/β-catenin signaling pathway might play an important role in pro-
motion of osteogenic differentiation and mineralization of BMSCs 
affected by PTZ scaffolds. Among the four proteins, the increased ac-
tivity of FZD2 could explain the activation of Wnt/β-catenin signaling 
pathway [62]. Furthermore, ENPP1 and HTRA1 have been shown 
closely related to osteogenesis and are present downstream of Runx2 
[63–65]. In this study, we found that Runx2 and its downstream targets 

ALP, Col I, OPN, OCN, ENPP1, HTRA1 and other proteins were highly 
expressed when BMSCs cultured with PTZ scaffolds. We also found that 
although the expression of the vascularization related proteins SNTB1 
and ARNT was up-regulated, but the VEGF pathway that plays an 
angiogenic role in bone repair [66] might not be activated. Interestingly, 
the up-regulation of the anti-inflammatory related protein CCN2 and the 
down-regulation of the pro-inflammatory related proteins IL1RN and 
EIF2AK2 might indicate the activation of P38 MAPK pathway and the 
inhibition of NFkB pathway, resulting in an immune microenvironment 
favorable for osteogenesis [67,68]. The anti-inflammatory effect might 
also related to Zn2+ release [69]. However, the specific cellular mech-
anism of Zn2+ induces osteogenic differentiation of BMSCs through 
Wnt/β-catenin signaling pathway has not been clarified in previous 
studies. Our study speculated that the specific cellular mechanism of 
promoting the osteogenic differentiationmight be that the generated 
Zn2+ activated the receptor FZD2 on the membrane of BMSCs, and then 
Wnt/β-catenin pathway is activated, resulting in the up-regulation of 
Runx2 protein in nucleus. Subsequently, the downstream proteins of 
ENPP1, HTRA1, ALP, Col I, OPN and OCN was up-regulated, which 
promoted the osteogenic differentiation process (Fig. 5f). 

Finally, in vivo experiments were carried out to reconfirm our hy-
pothesis about the cellular mechanism. The added of Zn-SPs formed 
more new bone compared to the other groups, and the most likely reason 
was that Zn-SPs accelerated osteogenic differentiation and mineraliza-
tion. The new formed bone was grew from the periphery to the inside of 
scaffold due to the pore connectivity and macroporous structure. The 
good osteoconductivity of the scaffold was demonstrated by the growth 
of new bone into the interior of the scaffold. Most importantly, the new 
formed bone in PTZ group was more dense than other groups, indicating 
the Zn2+ released from PTZ enhanced the osteoinductivity of scaffolds. 
We also observed that PTZ group formed the largest amount of new bone 
tissue by histological staining than that in PT group, and this scaffold 
have less fibrous tissue formation. Those may be related to the anti- 
inflammatory effect of PTZ scaffold found in vitro experiments. During 
bone regeneration progress, severe inflammatory response and excessive 
fibrous tissue formation hinder the bone regeneration [70,71]. Some 
studies have pointed out that Zn2+ can regulate the bone immune 
microenvironment in the early stage of osteogenesis to achieve good 
bone regeneration effect [72,73]. To further elucidate the mechanism by 
which PTZ scaffolds promote bone regeneration and anti-inflammatory, 
we detected the expressions of osteogenesis-related proteins BMP2, 
OPN, anti-inflammatory related protein IL-10 and pro-inflammatory 
related protein TNF-α in bone tissue. After addition of Zn-SPs, BMP2 
and OPN were upregulated at 4th,8th, and 12th week, indicating the 
long-term osteogenic-promoting ability. We also found that the 
expression of IL-10 and TNF-α increased over time after PTZ implanta-
tion, indicating the persistence of immune response. This is essential in 
the process of bone tissue repair [74]. The expression of IL-10 was 
higher in PTZ group at 4, 8 and 12 weeks compared to the other three 
groups, while the expression of TNF-α was lower, indicating a sustained 
anti-inflammatory effect after the addition of Zn-SPs. Moreover, the M1 
phenotype of macrophages was higher in PTZ group than the other two 
groups, further proving the existence of anti-inflammatory properties of 
PTZ scaffolds. While it has been confirmed that BMP2 can promote 
osteogenic differentiation of BMSCs by increasing the expression of Wnt 
ligand protein and β-catenin protein [75,76]. IL-10 can also form an 
immune microenvironment favorable for the osteogenic differentiation 
of BMSCs by activating the P38 MAPK pathway and inhibiting the NFkB 
pathway [77]. Therefore, we concluded that the cellular mechanism of 
PTZ scaffold promoting bone regeneration is through activate the 
Wnt/β-catenin signaling pathway, and exhibit anti-inflammatory effect 
by activating P38 MAPK pathway and inhibiting NFkB pathway. 

5. Conclusion 

In summary, we used LT-RP 3D printing technology to add Zn-SPs to 

C. Li et al.                                                                                                                                                                                                                                        



Bioactive Materials 24 (2023) 361–375

373

PLGA/β-TCP for bone repair. The printed PTZ scaffold had a bionic 
structure with improved mechanical, osteoinductive and anti- 
inflammatory properties. After adding 1 wt% Zn-SPs to PLGA/β-TCP, 
the PTZ scaffold produced cytocompatibility and was able to release a 
safe dose of Zn2+ for 16 weeks to ensure long-term non-cytotoxicity. At 
the same time, the multi-level pore structure generated by added Zn-SPs 
mimicked cancellous bone, which was beneficial to the ingrowth and 
osteogenic differentiation of BMSCs. The PTZ scaffold had a Young’s 
modulus of 63.41 ± 1.89 MPa and compressive strength of 2.887 ±
0.025 MPa, which were close to cancellous bone. In addition, the 
addition of Zn-SPs had no adversely effects on the viability and prolif-
eration of BMSCs, but also promoted their adhesion and osteogenic 
differentiation, and exhibited anti-inflammatory properties in vivo. We 
also found that PTZ promoted bone regeneration by activating the Wnt/ 
β-catenin signaling pathway, and achieved anti-inflammatory effects by 
activating the P38 MAPK pathway and inhibiting the NFkB pathway. 
The addition of Zn-SPs made up for the deficiencies of PLGA/β-TCP 
scaffolds in mechanical, osteoinductive and anti-inflammatory proper-
ties. This study can lay the foundation for the subsequent study of bone 
regeneration mechanism of Zn-containing biomaterials, which is ex-
pected to be a new strategy for clinical treatment of bone defects. 
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