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A B S T R A C T   

Critical-sized bone defect repair in patients with diabetes mellitus remains a challenge in clinical treatment 
because of dysfunction of macrophage polarization and the inflammatory microenvironment in the bone defect 
region. Three-dimensional (3D) bioprinted scaffolds loaded with live cells and bioactive factors can improve cell 
viability and the inflammatory microenvironment and further accelerating bone repair. Here, we used modified 
bioinks comprising gelatin, gelatin methacryloyl (GelMA), and 4-arm poly (ethylene glycol) acrylate (PEG) to 
fabricate 3D bioprinted scaffolds containing BMSCs, RAW264.7 macrophages, and BMP-4-loaded mesoporous 
silica nanoparticles (MSNs). Addition of MSNs effectively improved the mechanical strength of GelMA/gelatin/ 
PEG scaffolds. Moreover, MSNs sustainably released BMP-4 for long-term effectiveness. In 3D bioprinted scaf-
folds, BMP-4 promoted the polarization of RAW264.7 to M2 macrophages, which secrete anti-inflammatory 
factors and thereby reduce the levels of pro-inflammatory factors. BMP-4 released from MSNs and BMP-2 se-
creted from M2 macrophages collectively stimulated the osteogenic differentiation of BMSCs in the 3D bio-
printed scaffolds. Furthermore, in calvarial critical-size defect models of diabetic rats, 3D bioprinted scaffolds 
loaded with MSNs/BMP-4 induced M2 macrophage polarization and improved the inflammatory micro-
environment. And 3D bioprinted scaffolds with MSNs/BMP-4, BMSCs, and RAW264.7 cells significantly ac-
celerated bone repair. In conclusion, our results indicated that implanting 3D bioprinted scaffolds containing 
MSNs/BMP-4, BMSCs, and RAW264.7 cells in bone defects may be an effective method for improving diabetic 
bone repair, owing to the direct effects of BMP-4 on promoting osteogenesis of BMSCs and regulating M2 type 
macrophage polarization to improve the inflammatory microenvironment and secrete BMP-2.   
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1. Introduction 

Diabetes mellitus (DM) is a chronic metabolic disease that affected 
387 million individuals worldwide in 2013, and the number of patients 
with DM is expected to increase to over 590 million by 2035 [1]. DM 
increases the risk of fracture from 20% to 300% [2]. The process of 
bone regeneration under high-glucose conditions is markedly impaired; 
thus, the incidences of fracture nonunion and delayed union and the 
rate of compromised bone repair are high, resulting in an increased 
incidence of bone defects in individuals with DM [3,4]. Therefore, there 
is an urgent need to develop effective methods to accelerate bone repair 
or regeneration in patients with DM exhibiting bone defects. 

Three-dimensional (3D) printing technology has been developed to 
fabricate scaffolds with ideal geometries and structures exhibiting 
precise control of pore size, porosity, and pore morphology in order to 
treat large-scale bone defects [5–7]. However, for patients with DM, the 
local microenvironment at the region of the bone defect becomes in-
flamed, which can lead to vascular occlusion and reduced neovascu-
larization, and because traditional 3D-printed scaffolds usually induce 
cell homing, local tissue responses, and functional stimulation, these 
scaffolds may use the host as a bioreactor to recruit host endogenous 
cells for tissue regeneration; therefore, the growth and viability of 
loaded cells is decreased in traditional 3D-printed scaffolds [5,6,8,9]. In 
addition, before in vivo transplantation, 3D-printed scaffolds require 
cell seeding and long-term cultivation in vitro, which increases the risk 
of infection and lengthens the time needed for surgery [10,11]. Re-
cently, 3D bioprinting technology was developed to facilitate rapid 
bone defect repair. This approach uses extrusion or jetting methods to 
deliver living cells in hydrogels, macromolecules, and biomaterials to 
generate bone tissue [9,12]. Compared with conventional 3D printing, 
3D bioprinting with high numbers of loaded osteogenesis-related cells 
and better controllability of cell distribution and cell deposition could 
avoid the above limitations of 3D printing and effectively improve the 
osteoconductive and osteogenic potential of scaffolds, which may be 
helpful for accelerating bone defect repair for patients with DM 
[9,12–14]. 

Many bioinks, such as gelatin, gelatin methacryloyl (GelMA), and 
sodium alginate, have been used for cell loading and bone regeneration 
in 3D bioprinting [8]. However, it is still difficult to fabricate large- 
scale scaffolds with adequate printability, biocompatibility, and me-
chanical stability using these bioinks [15,16]. GelMA shows good 
printability and biocompatibility and can form covalently crosslinked 
hydrogels under UV light exposure [17,18]. Previous studies have 
shown that high-concentration GelMA possesses good shear-thinning 
behavior and high mechanical strength [16]. However, this material 
can cause some problems; for example, a high concentration of GelMA 
results in smaller pore sizes and lower swelling ratios, thereby reducing 
the diffusion of nutrients and oxygen required for the cells to survive 
[19]. Although low-concentration GelMA hydrogels (≤5 w/v%) are 
more suitable for cell-laden bioink owing to the high cell stability and 
viability [20,21], poor printability during extrusion-based 3D printing 
is unavoidable, as well as the poor mechanical strength and long 
crosslinking time [16]. To overcome these problems, some studies have 
focused on blending low-concentration GelMA with other components, 
such as gelatin, alginate, and nanoclay [16,22,23]. Previous studies 
have reported that low concentrations of GelMA (≤5 w/v%) and ge-
latin composite bioinks can improve the viscosity of single GelMA and 
provide a reversible thermo-crosslinking mechanism for gelatin upon 
irreversible photo-crosslinking of GelMA, thereby improving early 
mechanical support. Importantly, the GelMA and gelatin composite 
bioinks can be successfully printed and show satisfactory printability 
and biocompatibility [16]. In addition, gelatin gradually dissolves when 
the temperature increases, resulting in increased porosity and pro-
moting the exchange of nutrients and oxygen. However, the elasticity 
modulus of GelMA and gelatin composite hydrogels is approximately 
3–5 kPa, which can be further improved to meet the requirement of 

specific tissues [16,24]. Four-arm poly (ethylene glycol) acrylate (PEG), 
one of the most widely utilized biomaterials for preparation of synthetic 
bioinks, improves the mechanical strength of hydrogels [25]. Previous 
studies have shown that 5–7.5% GelMA and 2.5–5% PEG bioinks can be 
successfully printed and possess satisfactory biocompatibility. More-
over, these hydrogels can provide up to 50–100 kPa compressive stress, 
which is significantly higher than that of GelMA/gelatin composited 
hydrogels [25]. Moreover, PEG has high water content and exhibits 
nonfouling and viscoelastic properties, making it highly biocompatible 
and tunable within hydrogels and allowing for the expansion and 
growth of laden cells [26,27]. However, few studies have evaluated the 
biochemical characteristics of GelMA/gelatin/PEG hybrid hydrogels. 

In addition to bioinks, appropriate loading of cytokines is another 
important factor affecting 3D bioprinting for bone defect repair. DM is 
an inflammatory disease characterized by elevated levels of pro-in-
flammatory cytokines, such as interleukin (IL)-1β, IL-6, and C-reactive 
protein [28]. However, current approaches developed for bone re-
generation in DM directly target osteoblasts or osteoclasts, and other 
critical roles of inflammation control under diabetic conditions have 
not been thoroughly studied, leading to limited improvement of the 
healing process [29–32]. Macrophage polarization plays key roles in 
the regulation of inflammation, and the ratio of M2/M1 type macro-
phages is significantly reduced in patients with DM, resulting in in-
flammatory damage to the body that cannot be repaired through self- 
regulation [33]. In particular, in the bone defect region in patients with 
DM, classical activated macrophages (M1 type macrophages) dominate 
in the pro-inflammatory state, and many pro-inflammatory cytokines 
(such as IL-1β, IL-6 and tumor necrosis factor [TNF]-α) secreted by M1 
type macrophages inhibit the osteogenic differentiation of bone marrow 
mesenchymal stem cells (BMSCs) and osteoblasts by affecting multiple 
signaling pathways, further promoting their apoptosis and the differ-
entiation of monocytes to osteoclasts [31,32,34–36]. At the same time, 
selectively activated macrophages (M2 type macrophages), which in-
hibit the inflammatory response, are gradually consumed in the in-
flammatory body of DM, disrupting self-regulation of the body's in-
flammatory damage status and inhibiting macrophage polarization to 
the M2 type. Thus, the roles of M2 type macrophages in secreting anti- 
inflammatory cytokines (e.g., IL-4, IL-10, IL-1Rα, arginase-1) and pro-
moting the repair of damaged tissues and neovascularization are 
eliminated [37]. Additionally, the secretion of transforming growth 
factor-β (TGF-β), osteopontin (OPN), and bone morphogenic protein-2 
(BMP-2) by M2 type macrophages is also reduced, further inhibiting the 
migration and osteogenic differentiation of BMSCs and eventually 
leading to bone repair failure [31,32]. 

Therefore, in 3D-bioprinted scaffolds, appropriate loading of 
bioactive factors that could promote osteogenesis and M2 type macro-
phage polarization is critical for bone defect repair in patients with DM. 
BMP-4, which belongs to the TGF-β superfamily, can directly induce 
osteogenic differentiation of BMSCs and osteoblasts through the Smad 
signaling pathway [38]. Recently, many studies have reported that the 
expression of BMP-4 is decreased in the serum of patients with DM and 
the calvarial defects of a DM rat model [39,40]. In addition, Martínez 
et al. and Valencia et al. reported that BMP-4 could induce macro-
phages to the M2 type by enhancing the secretion of IL-10 [41,42]. 
Therefore, BMP-4 may be a viable loading cytokine for 3D bioprinting 
to stimulate the healing of bone defects in patients with DM. 

A scaffold-based controlled sustained release system for local dis-
semination of BMP-4 can prolong the release period and extend the 
functional half-life of this factor [43]. Mesoporous silica nanoparticles 
(MSNs) have attracted much attention in the small molecule delivery 
field owing to their desirable characteristics [44–46]. For example, 
MSNs possess an open-pore structure, and the sizes of the pores and the 
MSNs themselves can be controlled synthetically [44,45]. Previous 
studies have reported that macroporous MSNs can load BMPs through 
physical encapsulation and realize continuous release [44,45]. Ad-
ditionally, the printability of hydrogels for 3D printing was not 
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obviously affected after addition of MSNs [44,45]. However, the effects 
of MSNs on the characteristics of bioinks and 3D bioprinted scaffolds 
have not been elucidated. 

In this study, we aimed to evaluate the incorporation of MSNs in 
GelMA/gelatin/PEG bioinks to construct composite bioinks for 3D 
bioprinting. Additionally, we examined the biofunctions of BMP-4 and 
its sustainable release from MSNs for modulation of macrophage po-
larization and inhibition of inflammation in order to assess the roles of 
BMP-4 and M2 type macrophages in osteogenic differentiation of 
BMSCs and in a calvarial defect repair model in DM rats. 

2. Methods 

2.1. Synthesis of large macroporous MSNs 

Large macroporous MSNs were prepared as previously described 
[46]. Briefly, 1 g cetrimonium bromide was dissolved in an emulsion 
made of 150 mL deionized water, 20 mL ethanol, 40 mL ethyl ether, 
2 mL aqueous ammonia, and 0.1125 g calcium nitrate (Ca 
(NO3)2.4H2O). After vigorously stirring at 25 °C for 30 min, 600 μL 
tetraethyl orthosilicate was added to the mixture. The molar ratio of 
Si:Ca was 85:15. The mixture was vigorously stirred at 30 °C (a tem-
perature shown to increase pore size) for 4 h. A white precipitate was 
obtained, filtered, washed with pure water, dried in air at 60 °C for 
24 h, and calcined at 550 °C for 5 h to prepare MSNs. 

2.2. Preparation of bioinks for material tests 

The compositions of different bioinks (Table 1) were used to eval-
uate the characteristics of the materials. All procedures were performed 
in the dark. Briefly, freeze-dried GelMA polymers (EFL-GM-90; Suzhou 
Intelligent Manufacturing Research Institute, Suzhou, China) were 
dissolved in deionized water in glass bottles with rotator at 40 °C and 
maintained for 1 h to form homogeneous solutions. Next, gelatin 
(VETEC, USA), PEG (JenKem Technology, Beijing, China), lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, SE-3DP; StemEasy, 
Jiangyin, China), and MSNs were successively added into the GelMA 
solutions, and the solutions were continuously stirred at 40 °C for 1 h in 
a water bath. Finally, homogeneous bioinks was successfully obtained. 

2.3. Material characterization 

2.3.1. Printability 
5%GelMA/2%gelatin/2%PEG, 5%GelMA/3%gelatin/2%PEG, and 

5%GelMA/5%gelatin/2%PEG were prepared to preliminarily in-
vestigate the printability. In brief, above bioinks were printed using a 2- 
mL syringe equipped with a 0.26 mm inner diameter needle [16]. 

2.3.2. Rheology 
The rheological characteristics of the prepared bioinks were eval-

uated using a rheometer (HAAKE MARS 60; Germany). A 50-mm-dia-
meter plate-plate geometry was used in all tests. First, all samples were 
placed on the plate at 40 °C to completely fill the 1-mm gap between the 
two plates. Tests of viscosity and shear stress were performed by 
varying the shear rate from 1 to 500 s−1 with rotational tests at 20 °C. 
The viscosity was then measured with the temperature ramped from 37 

to 15 °C at a rate of 1 °C min−1. The shear rate was maintained at 1 s−1. 
The storage modulus (G′) and loss modulus (G″) were tested as a 
function of temperature at a constant frequency of 1 Hz and a constant 
strain of 0.1%, whereas the hydrogel samples were equilibrated at 40 °C 
and then cooled at a rate of 1 °C min−1 from 40 to 10 °C. 

2.3.3. Mechanical properties 
The compressive strength of the prepared bioinks was measured 

with a testing machine (HY–940FS; Hengyu, China) with a speed of 
1 mm min−1. For unconfined tests, the composite bioinks were cured in 
the disks (5 mm thick and 10 mm diameter) by being exposed to 
365 nm ultraviolet (UV) light (1 W cm−2) for 2 min. Five parallel 
samples were used in the experiments. 

2.3.4. Swelling test 
To measure the swelling of composite hydrogels, the 5%GelMA/3% 

gelatin/2%PEG/0.4%MSNs (denoted as GelMA/gelatin/PEG/0.4% 
MSNs) bioinks were cured in the standard mold 
(length × width × height: 8 mm × 8 mm × 2 mm) by being exposed 
to 365 nm UV light (1 W cm−2) for 2 min. Three parallel samples were 
lyophilized and weighed to determine the dry weight of each sample 
(W0). Then, above samples were immersed into PBS at 37 °C. After 
immersing for different time points, the samples were rubbed with a 
filter paper to remove the excess water, and the swollen weight of each 
samples was recorded (Wx). The swelling ratio was then calculated as Q 
= (Wx – W0)/W0*100 [47]. 

2.3.5. Degradation test in vitro and in vivo 
Above methods in swelling test were used to fabricate standard 

samples to measure the degradation of the GelMA/gelatin/PEG/0.4% 
MSNs composite hydrogels. The samples were incubated with col-
lagenase II (2U/ml, BioFroxx, Germany) at 37 °C. The collagenase so-
lution was refreshed weekly. After immersing 1, 3, 5, 7, 14, and 21 
days, samples were removed. The samples were subsequently lyophi-
lized and weighed to determine the dry weight of each sample (Wt), and 
the dry weight of 0 day was recorded as Wdry. The degradation ratio 
was then calculated as DR = (Wdry – Wt)/Wdry*100% [47]. Then, above 
sterile samples were fabricated, and implanted subcutaneously on the 
back of C57BL/6 mouse. After implanting 7, 14, and 21 days, mice were 
routinely executed, and the samples were carefully cleaned to remove 
the adjacent tissue. The same methods were used to calculate de-
gradation ratio [47,48]. Three parallel samples were used in the ex-
periments. 

2.3.6. Material composition and morphology 
The morphologies of MSNs were evaluated by transmission electron 

microscopy (TEM, JEM-2100F; JEOL, Japan), and the average diameter 
of MSNs was calculated from the TEM images of five independent re-
gions. Nitrogen adsorption–desorption measurement was conducted 
with a ASAP 2420 (Micromeritics, USA) surface area and pore size 
analyzer. Pore size and surface area of MSNs were analyzed by the 
Barrett–Joyner–Halenda (BJH) and Brunauer–Emmett–Teller (BET) 
methods, respectively. Then the surface morphology of composite hy-
drogels with or without MSNs were observed by scanning electron 
microscopy (SEM, TM-1000; Hitachi, Japan). The pH value of GelMA/ 
gelatin/PEG/0.4% MSNs solution was evaluated by pH meter 
(FiveEasy; Mettler Toledo, Switzerland). 

2.4. Loading of MSNs with BMP-4 and evaluation of BMP-4 release 

For loading of BMP-4, 1 μg mL−1 BMP-4 (R&D Systems, 
Minneapolis, MN, USA) was added to 1 mg mL−1 MSNs dissolved in 
phosphate-buffered saline (PBS). Vortex oscillation was then carried out 
for 10 s. The solution was shaken at room temperature (25 °C) for 24 h 
in the dark. After centrifugation at 8000 rpm for 8 min, the supernatant 
was used to assess the loading content, and the remaining sediment was 

Table 1 
The compositions of different bioinks.        

Bioinks GelMA Gelatin LAP PEG MSNs  

GelMA/gelatin/PEG 5% 3% 0.2% 2% – 
GelMA/gelatin/PEG/0.4% MSNs 5% 3% 0.2% 2% 0.4% 
GelMA/gelatin/PEG/0.8% MSNs 5% 3% 0.2% 2% 0.8% 

Units = w/v %.  
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the MSNs/BMP-4. 
The release of BMP-4 from MSNs was then assessed. The MSNs/ 

BMP-4 mixture was added to 1.5-mL EP tubes with 1 mL simulated 
body fluid (SBF; Leagene Biotechnology, Beijing, China) at room tem-
perature with shaking at 120 rpm. After 12 h or 1, 3, 5, 7, 9, 14, 21, or 
28 days, the EP tubes were centrifuged at 2000 rpm for 3 min, and all 
supernatants were collected and supplemented with SBF. A BMP-4 en-
zyme-linked immunosorbent assay kit (Abcam, USA) was used to 
evaluate the concentrations of the supernatants according to the man-
ufacturer's instructions. Five parallel samples were used in the experi-
ments. 

2.5. Isolation and culture of primary BMSCs 

Five healthy 3-week-old male Sprague-Dawley rats were purchased 
from the Animal Laboratory of Shanghai Jie-Si-Jie Co. (Shanghai, 
China). As previously described, all rats were euthanized and immersed 
in 75% alcohol for 5 min. Then, soft tissue was dissected from both 
lower limbs using sterile operation methods. The whole marrow was 
flushed out of the bone cavities thoroughly by drawing and expelling 
with a 1-mL syringe using PBS five times. Marrow aspirates were fil-
tered using a 70-μm nylon mesh filter and centrifuged. Next, BMSCs 
were cultured with α-MEM medium (Hyclone, Logan, UT, USA) sup-
plemented with 10% fetal bovine serum (FBS; Gibco, Paisley, UK), 1% 
penicillin-streptomycin (Hyclone), and 0.4% gentamicin (Sangon 
Biotech, Shanghai, China), and the medium was replaced every 3–4 
days. The cells were used at passages 3–5. 

2.6. RAW264.7 cell culture 

RAW264.7 cells were obtained from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China) and cultured with high-glucose 
Dulbecco's modified Eagle's medium (DMEM; glucose concentration: 
25 mM; Hyclone) supplemented with 10% FBS (Gibco), 1% penicillin- 
streptomycin, and 0.4% gentamicin. 

2.7. Bioink preparation and the 3D bioprinting process 

According to the experimental grouping, MSNs/BMP-4 (BMP- 
4:MSNs = 1 μg:1 mg), BMSCs, and RAW264.7 cells were added to 5% 
GelMA, 3% gelatin, 2% PEG, and 0.2% LAP composite bioinks 
(Table 2). Finally, homogeneous bioinks were successfully obtained. 

Scaffolds were fabricated using 3D-Bioplotter (Bio-Architect; 
Regenovo, Hangzhou, China). Bioink solutions were sterilized using a 
0.22-μm filter unit (Millipore, Billerica, MA, USA). Next, bioinks were 
loaded into plastic sterile syringes barrel and subjected to rapid thermo- 
crosslinking by adjusting the syringe barrel temperature controller be-
tween 12 and 22 °C for stable filament deposition. The temperature of 
the bottle platform was adjusted to 1–4 °C lower than the syringe 
temperature to maintain the printed scaffolds. Then, printed scaffolds 
were placed under a temporary UV light source (365 nm, 0.5 W cm−2) 
for fast curing. After the whole printing process, the scaffolds were 

exposed to UV light for 2 min for long-term stability by photo-cross-
linking of GelMA. All 3D bioprinting processes were performed at room 
temperature in the dark, with sterile procedures. 

2.8. Cell viability assay 

After incubation in conditioned medium, Live-Dead staining was 
performed on day 1, and Cell Counting Kit-8 (CCK-8) assays were 
performed on day 1, 3, 5, and 7 to assess cell viability. Briefly, after 
washing twice with PBS to remove excess medium from the scaffolds, 
three scaffolds were visualized with fluorescent dyes (Live Dead Cell 
Kit; KeyGEN, Biotech, Nanjing, China) at 37 °C for 30 min. Then, 
scaffolds were rinsed twice with PBS and analyzed using fluorescence 
microscopy. Image Pro Plus 6.0 software (NIH) was used to evaluate 
cell viability in the fluorescence images (cell viability [%] = number of 
live cells/number of total cells × 100). In addition, the other three 
scaffolds were rinsed with PBS and incubated in 10% CCK-8 reagent 
(Dojindo, Kumamoto, Japan) containing medium for 2 h at 37 °C, and 
the absorbance was then determined at 450 nm using a spectro-
photometer (Infinite M200 Pro; Tecan, Switzerland). 

2.9. Assessment of macrophage polarization 

The polarization of RAW264.7 cells in the RAW and RAW/BMP-4 
groups was assessed by fluorescence staining to evaluate the expression 
levels of CCR7 (red, M1 marker) and CD206 (green, M2 marker). 
Briefly, after incubation in high-glucose DMEM for 2 and 5 days, scaf-
folds were fixed with 4% paraformaldehyde (Biosharp, Hefei, China) for 
15 min, permeabilized with 0.1% Triton-X for 30 min, and blocked 
using 5% bovine serum albumin (BSA) for 1 h. Samples were incubated 
with M1 primary polyclonal IgG rabbit anti-mouse antibodies for CCR7 
(1:100; Abcam) overnight at 4 °C and then with secondary goat anti- 
rabbit Alexa Fluor 594 antibodies (1:500; Abcam) for 2 h at room 
temperature. Next, samples were incubated with M2 primary poly-
clonal IgG mouse anti-mouse antibodies for CD206 (1:50; Abcam) 
overnight at 4 °C and then with secondary goat anti-mouse Alexa Fluor 
488 antibodies (1:500; Abcam) for 2 h at room temperature. Finally, the 
nuclei were stained blue with 4′,6-diamidino-2-phenylindole, dihy-
drochloride (DAPI) for 5 min and observed with a fluorescence confocal 
microscope (Leica, Germany). Image Pro Plus 6.0 software (NIH) was 
used to quantitatively analyze the fluorescence intensities of CCR7 and 
CD206 for five different view regions from three independent scaffolds. 

2.10. Gene expression levels of inflammatory factors 

The gene expression levels of pro-inflammatory factors. including 
IL-1β, IL-6, and TNF-α, and anti-inflammatory factors, including IL- 
1Rα, IL-4, and IL-10, were assessed by quantitative real-time poly-
merase chain reaction (qRT-PCR). Briefly, different scaffolds were in-
cubated in high-glucose DMEM for 2 days, and total RNA was extracted 
using a Qiagen RNeasy Mini kit (Valencia, CA, USA) and subjected to 
cDNA synthesis. qRT-PCR was performed using a SYBR Premix Ex 
TaqTM kit (TaKaRa, Otsu, Japan) and an Applied Biosystems 7500 
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). 
qRT-PCR was performed in triplicate using the following cycling 
parameters: initial denaturation at 95 °C for 30 s; 40 cycles of dena-
turation at 95 °C for 5 s and annealing at 60 °C for 34 s. The sequences 
of primers are listed in Supplemental Table 2, and glyceraldehyde-3- 
phosphate dehydrogenase was used as a quantitative control for RNA 
levels. 

2.11. BMP-2 expression evaluation 

The expression levels of BMP-2 in RAW264.7 cells in the RAW and 
RAW/BMP-4 groups were assessed by fluorescence staining. Briefly, 
after incubation in high-glucose DMEM for 3 days, scaffolds were fixed 

Table 2 
Compositions of cell-loaded bioinks for 3D bioprinting.       

Groups Bioink composition 
(w/v) 

MSNs/ 
BMP-4 
(w/v) 

RAW264.7 
amount (mL−1) 

BMSCs 
amount  
(mL−1)  

RAW 5% GelMA, 3% 
Gelatin, 2% PEG, 
0.2% LAP 

– 107 – 
BMSC – – 107 

RAW/BMP-4 0.4% 107 – 
BMSC/BMP-4 0.4% – 107 

BMSC/RAW – 106 107 

BMSC/RAW/ 
BMP-4 

0.4% 106 107 
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with 4% paraformaldehyde (Biosharp) for 15 min, permeabilized by 
0.1% Triton-X for 30 min, and blocked using 5% BSA for 1 h. Samples 
were then incubated with primary polyclonal IgG rabbit anti-mouse 
antibodies targeting BMP-2 (1:100; Abcam) overnight at 4 °C and then 
with secondary goat anti-rabbit Alexa Fluor 594 antibodies (1:500; 
Abcam) for 2 h at room temperature. The cytoskeleton was stained with 
phalloidin (ThermoFisher, USA) for 2 h at room temperature, and the 
nuclei were stained blue with DAPI (ThermoFisher) for 5 min. A 
fluorescence confocal microscope (Leica) was used to acquire re-
presentative images. Image Pro Plus 6.0 software (NIH) was used to 
quantitatively analyze the fluorescence intensity of BMP-2 in five dif-
ferent views for three independently prepared scaffolds. 

2.12. Osteogenic differentiation of BMSCs in 3D-bioprinted scaffolds 

Representative proteins (Runx2 and OPN) indicating osteogenic 
differentiation were evaluated in the BMSC, BMSC/BMP-4, BMSC/ 
RAW, and BMSC/RAW/BMP-4 groups by fluorescence staining. Briefly, 
after culture of cells in conditioned medium for 12 days, scaffolds were 
fixed with 4% paraformaldehyde (Biosharp) for 15 min, permeabilized 
with 0.1% Triton-X for 30 min, and blocked with 5% BSA for 1 h. 
Samples were then incubated with primary polyclonal IgG rabbit anti- 
rat antibodies targeting Runx2 (1:500; Abcam) and OPN (1:200; 
Abcam) overnight at 4 °C and then with secondary goat anti-rabbit 
Alexa Fluor 594 antibodies (1:200; Abcam) for detection of Runx2 or 
secondary goat anti-rabbit Alexa Fluor 488 antibodies (1:500; Abcam) 
for detection of OPN for 2 h at room temperature. The cytoskeleton was 
stained with Alexa Fluor 488 for detection of Runx2 or Alexa Fluor 594 
phalloidin (ThermoFisher) for detection of OPN for 2 h at room tem-
perature. Nuclei were stained with DAPI for 5 min. A fluorescence 
confocal microscope (Leica, Germany) was used to acquire re-
presentative images. Image Pro Plus 6.0 software (NIH) was used to 
quantitatively analyze the fluorescence intensity of Runx2 and OPN in 
five different views for three independent scaffolds. 

2.13. Alkaline phosphatase (ALP) and Alizarin red staining 

After incubation on conditioned medium for 5 days, scaffolds for the 
BMSC, BMSC/BMP-4, BMSC/RAW, and BMSC/RAW/BMP-4 groups 
were fixed with 4% paraformaldehyde for 15 min and blocked with 1% 
BSA for 1 h. ALP staining was then performed for detection of ALP 
activity using an ALP kit (Beyotime, Shanghai, China) according to the 
manufacturer's instructions. After incubation on the scaffolds for 21 
days, the scaffolds were fixed and stained with Alizarin red dye 
(Cyagen, Guangzhou, China) according to the manufacturer's instruc-
tions. Image Pro Plus 6.0 software (NIH) was used to quantitatively 
analyze the staining intensity of ALP and Alizarin red for five different 
independently prepared scaffolds. 

2.14. Animal study 

2.14.1. Calvarial defect model in DM rats 
Four-week-old male Sprague-Dawley rats were fed with a high-fat 

diet for 4 weeks and administered a single low dose (30 mg kg−1) of 
streptozotocin (STZ) via intraperitoneal injection to establish the type 2 
DM model. After 7 days of STZ injection, blood was collected by tail 
cutting to test random plasma glucose levels (PGLs) using a glucometer. 
Rats with a PGL above 16.7 mM were considered diabetic, and rats with 
a PGL below this value were excluded [49]. Thirty-six rats from the DM 
model were used to establish a calvarial defect model [50], and the 
average PGLs of above DM rats was 20.76  ±  1.56 mM. Briefly, all rats 
were anesthetized with an intraperitoneal injection of 1% pentobarbital 
(10 μL g−1). After sterilization with povidone iodine, the skin was 
prepared, and sterile dressing was applied to the calvarial area. Then, a 
5 mm diameter calvarial defect was made using a circular bit on both 
sides, being careful to avoid damaging the brain tissue. Different 

scaffolds after 3D bioprinting were placed in the right defect area, and 
the left side holes were as the control. Finally, the skin was sutured, and 
the wound was disinfected. The use of rats and all related procedures in 
this study were approved by the Shanghai Ninth People's Hospital, 
Shanghai Jiao Tong University School of Medicine Animal Care and Use 
Committee and complied with the guidelines of the National Institutes 
of Health Guide for Care and Use of Laboratory Animals (approval no. 
GB14925-2010). 

2.14.2. Immunohistochemistry and imaging analysis 
Three days after surgery, six random rats from the RAW and RAW/ 

BMP-4 groups were sacrificed. Paraffin-embedded sections of the cal-
varial defect area were routinely prepared and subjected to im-
munohistochemical staining. Briefly, tissue sections (5 μm thick) were 
deparaffinized, rehydrated in a series of descending concentrations of 
ethanol, and placed in an antigen retrieval solution (20 min microwave 
irradiation in 0.1 M PBS, pH 7.4). Then, endogenous peroxidase was 
blocked using 3% H2O2. After three rinses in PBS for 5 min each, 
nonspecific binding was blocked by incubation in 10% normal rabbit 
serum for 30 min at room temperature. Then, the sections were in-
cubated with primary polyclonal anti-M1 antibodies (1:5000; 
Servicebio, Wuhan, China) and primary polyclonal anti-M2 antibodies 
(1:200; Servicebio), followed by incubation with secondary goat anti- 
rabbit Alexa Fluor 594 antibodies (1:200; Abcam) for M1 or Alexa Fluor 
488 antibodies for M2 (1:500; Abcam). Nuclei were stained with DAPI 
for 10 min. Then, additional sections from the above specimens were 
incubated with primary polyclonal anti-IL-1β antibodies (1:600; 
Servicebio) and primary polyclonal anti-IL-10 antibodies (1:200; 
Servicebio), followed by incubation with secondary goat anti-rabbit 
horseradish peroxidase-conjugated antibodies (1:200; Servicebio). 
Immunoreactivity was visualized using a DAB chromogenic reagent 
(DAKO, Glostrup, Denmark). Sections were counterstained with he-
matoxylin for 3 min. A fluorescence microscope (Eclipse C1, Nikon, 
Japan) was used to acquire representative images. Image Pro Plus 6.0 
software (NIH) was used to quantitatively analyze the fluorescence 
intensities of CCR7, CD206, IL-1β, and IL-10 in five different views from 
all specimens. 

2.14.3. Micro-computed tomography (micro-CT) 
Two months after surgery, 24 rats from the BMSC, BMSC/BMP-4, 

BMSC/RAW, and BMSC/BMP-4/RAW groups were sacrificed, and 
skulls were removed intact. All samples were examined on a micro-CT 
scanning system (Bruker skyscan1176; Germany). Briefly, the speci-
mens were scanned with a spot size of 10 μm, current of 250 μA, and 
maximum voltage of 40 kV. After scanning, 3D images were re-
constructed. The bone volume fraction (BV/TV), and bone mineral 
density (BMD) were calculated using auxiliary software. 

2.14.4. Hematoxylin and eosin (HE) and masson staining 
After micro-CT examination, calvarial specimens with different 

scaffolds were fixed with 4% paraformaldehyde, decalcified in 10% 
ethylenediaminetetraacetic acid, embedded in paraffin, and sectioned 
at a thickness of 5 μm. The sections were stained with HE and Masson 
staining and observed by light microscopy (Leica, Germany). 

2.15. Statistical analysis 

Statistical analysis was performed with SPSS version 19.0 (IBM, 
Armonk, IL, USA). All results are shown as means  ±  standard devia-
tions. Results were analyzed by independent t-tests and one-way ana-
lysis of variance. Results with P values of less than 0.05 were considered 
significant. 
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3. Results and discussion 

3.1. Bioink formulation and characterization 

It is essential to select the appropriate bioink for extrusion-based 3D 
bioprinting to meet many necessary requirements of printability, me-
chanical strength, and biocompatibility, and effective bioprinted scaf-
folds could provide a suitable environment for effective cell growth, 
differentiation, and tissue formation. In this study, the composite bioink 
designed contained certain percentages of GelMA, gelatin, PEG, and 
MSNs to facilitate 3D bioprinting. The crosslinking and inner mod-
ification mechanism of the GelMA/gelatin/PEG hydrogel were showed 
in Fig. S1, and gelatin was reversible thermo-crosslinking, and GelMA 
and PEG was irreversible photo-crosslinking during 3D bioprinting. 

As shown in Fig. S2 and Supplement Table 1, the TEM image of 
MSNs showed the large mesoporous structure with an average particle 
size of 139.7 nm. The surface area and pore size of as-prepared MSNs 
were 541.6 m2/g and 8.9 nm, respectively, which was similar with 
previous study [46]. Therefore, the MSNs with large pores was suc-
cessfully prepared and could be used for BMP-4 loading in this study. 

The results of printability test showed that the extruded filaments at 
the nozzle outlet were irregular and not smooth for 5%GelMA/2%ge-
latin/2%PEG, while 5%GelMA/3%gelatin/2%PEG and 5%GelMA/5% 
gelatin/2%PEG could form uniform and smooth filaments (Fig. S3). 
Thus, the 5%GelMA/3%gelatin/2%PEG was considered as printable 
bioinks and employed in the following studies. 

Furthermore, we evaluated the rheological characteristics of the 

materials to further determine printability. As shown in Fig. 1A, adding 
MSNs enhanced the shear-thinning behavior of GelMA/gelatin/PEG 
bioinks, and the high viscosity after printing enabled the scaffold to 
maintain its structures with high resolution (Fig. 1G–I). As shown in  
Fig. 1B, the viscosity of MSNs-based bioinks decreased dramatically 
when the temperature was increased from 20 °C to 25 °C. Additionally, 
GelMA/gelatin/PEG/0.4% MSNs bioinks remained liquid at 37 °C, but 
transformed into a gel state at 20 °C (Fig. S4A and S4B). Thus, the 
tunable viscosity of the composite bioink facilitated the formation of 
stable filaments by changing the temperature of the nozzle and syringe 
barrel as appropriate for living cells. As shown in Fig. 1C, as a thermo- 
reversible crosslinking hydrogel, gelatin induced rapid thermo-cross-
linking of all bioinks, instantly maintaining the structure of the printed 
filaments and yielding a finer shape. 

As shown in Fig. 1D and E, the compressive strength of GelMA/ 
gelatin/PEG hydrogels reached up to approximately 
121.26  ±  6.33 kPa. In addition, after adding MSNs, the compressive 
strength and elasticity modulus of GelMA/gelatin/PEG/MSNs hydro-
gels was significantly higher than that of GelMA/gelatin/PEG hydro-
gels, which enabled the scaffold shape to be maintained. Moreover, the 
compressive strength and elasticity modulus of 0.4% MSNs-based hy-
drogels were approximately 194.63  ±  9.58 and 46.41  ±  2.60 kPa, 
respectively; those for the 0.8% MSNs-based hydrogel were 
233.06  ±  8.35 and 56.09  ±  2.52 kPa, respectively. Because 0.4% 
MSNs was sufficient to load necessary BMP-4 and because the rheolo-
gical and mechanical results were not obviously different compared 
with those of the 0.8% MSNs-based bioink, we chose the 0.4% MSNs- 

Fig. 1. Characterization of the bioink and 3D-bioprinted scaffolds. (A) Viscosity as a function of shear rate at 20 °C. (B) Viscosity as a function of temperature. (C) 
Effects of temperature on the storage modulus (G′) and loss modulus (G″). (D) Compressive stress-strain curves. (E) Elasticity modulus. (F) Cumulative release of 
BMP-4 from MSNs at different times. (G) 3D bioprinting process (Tsyringe means the temperature of the syringe barrel). (H, I) Top and side views of the 3D-bioprinted 
scaffold (*P  <  0.05). 
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Fig. 2. Polarization and expression of inflammatory cytokines and BMP-2 in RAW264.7 macrophages in the 3D-bioprinted scaffolds. (A, B) Fluorescence staining and 
quantification of an M1 marker (CCR7) and M2 marker (CD206) at 2 days. (C, D) Fluorescence staining and quantification of an M1 marker and M2 marker at 5 days. 
(E, F) Expression of genes encoding the selected inflammatory cytokines. (G, H) Fluorescence staining and quantification analysis for BMP-2 (*P  <  0.05). 
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based bioink in order to minimize the influence of Si iron on macro-
phage polarization and osteogenesis [46,51,52]. This GelMA/gelatin/ 
PEG/0.4% MSNs bioink could be successfully composited and printed 
(Fig. 1G–I). Additionally, the bioink showed the reversible thermo- 
crosslinking characteristics of gelatin, which could help to regulate the 
printability of the material following adjustment of the temperature of 
the nozzle and syringe barrel in the printer head and induce rapid 
thermo-crosslinking to maintain the shape of the printed filaments. 
Furthermore, the bioink possessed the irreversible photo-crosslinking 
ability of GelMA, which could help to maintain the special structure of 
3D bioprinted scaffolds for a long time. This formulation also resulted 
in good mechanical strength. What's more, we found that MSNs could 
be embedded in the polymer matrix of hydrogel (Fig. S4C and S4D) due 
to the nano-scaled particle size. In the previous study [53], it suggested 

that the porosity of the hydrogel-based scaffold could be affected by the 
incorporation of MSNs into the polymer matrix when the feeding ratio 
of MSNs up to 5%. However, the used content of MSNs in this study was 
only 0.4%, thus such low ratio of MSNs might have no obvious influ-
ence on the porosity of the hydrogel. 

As shown in Fig. S5, the swelling ratio of GelMA/gelatin/PEG/0.4% 
MSNs hydrogel had continually increased within the first 5 h of im-
mersion in PBS, and reached 582.92  ±  19.36% at 24 h immersion, 
which was similar with previous studies [47,54]. The good swelling 
ability of above hydrogel could provide a moist environment for the 
cells to grow, and increase the diffusion of nutrients and oxygen re-
quired for the cells to survive [19,47,54]. In addition, the degradation 
ratio of GelMA/gelatin/PEG/0.4%MSNs hydrogel respectively was 
55.53  ±  1.99% in vitro and 47.12  ±  1.57% in vivo for 21 days. 

Fig. 3. Osteogenic differentiation of BMSCs in the 3D-bioprinted scaffolds. (A, B) Fluorescence staining for Runx2 and OPN. (C) ALP and Alizarin red staining. (D–G) 
Quantitative analyses of the above assays (*P  <  0.05). 
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Almost 53% mass of polymer matrix was residual after in vivo im-
plantation, which was helpful for maintaining the early special three- 
dimensional structure of the scaffolds [47,48]. Thus, the biodegradable 
characteristic not only could maintain the release of BMP-4 from hy-
drogel, but also provide sufficient space for cell growth and tissue in-
growths when implanted into the bone defect [46,55]. 

3.2. Sustained release of BMP-4 from MSNs 

In our study, we prepared macroporous MSNs and added them into 
GelMA/gelatin/PEG hydrogels. Then, we added 1 μg mL−1 BMP-4 to 
1 mg mL−1 MSNs to evaluate the loading and cumulative release of BMP-4 
from MSNs. The results showed that the loading rate was approximately 
48.52%  ±  4.67% and that BMP-4 exhibited sustained release from MSNs 
in vitro (Fig. 1F), consistent with previous studies [46]. Accordingly, BMP- 
4-loaded MSNs were mixed with GelMA, gelatin, and PEG to yield BMP-4- 
loaded hydrogels for subsequent experiments. According to previous stu-
dies, the release concentration of BMP-4 used in our study was sufficient to 
induce macrophage polarization and osteogenic differentiation of BMSCs 
[41,56]. In addition, the pH condition is an important factor to affect the 
drug release from nanocarrier. Thus, we detected the pH value of GelMA/ 
gelatin/PEG/0.4%MSNs solution. It was found that the pH value of 
GelMA/gelatin/PEG/0.4%MSNs solution was measured to be 
7.22  ±  0.04, which was close to the pH of SBF solution (pH = 7.4). 
Therefore, it was considered that the release behavior of BMP-4 from 
MSNs in the hydrogels might be the same. 

3.3. Biocompatibility of scaffolds 

To identify whether the bioink component, printing process, and UV 
crosslinking may affect the viability of loaded cells for different groups, 

we performed Live/Dead assays and CCK-8 assays. The results of Live/ 
Dead assays showed that more than 90% of cells were viable on day 1 in 
all groups (Fig. S6A and S6B). Moreover, the results of CCK-8 assays 
showed that cells were able to grow well and showed good proliferation 
in all groups (Fig. S6C). Taken together, these results showed that the 
GelMA/gelatin/PEG/MSNs scaffold exhibited satisfactory biocompat-
ibility. 

3.4. Macrophage polarization of RAW264.7 cells in the 3D-bioprinted 
scaffolds 

In patients with DM, inflammatory responses are dysregulated; for 
example, the ratio of M2/M1 type macrophages is decreased, which 
affects osteogenesis [32,33]. The increased number of M1 macrophages 
secrete a large number of pro-inflammatory factors, thereby altering the 
pro-inflammation reaction and further inhibiting osteogenesis 
[31,32,34,35]. For example, TNF-α, IL-1β, and IL-6 inhibit BMSCs and 
osteoblast proliferation and osteogenic differentiation, promote osteo-
blast apoptosis, and activate osteoclasts. Lipopolysaccharide and TNF-α 
stimulate osteoblasts to secrete receptor activator of nuclear factor κΒ 
(NF-κB) ligand, which binds to monocyte macrophage membrane re-
ceptors and promotes the differentiation of monocyte macrophages to 
osteoclasts by activating the NF-κB pathway. During this process, 
elimination of free radicals is difficult, and increased reactive oxygen 
species (ROS) are observed, further amplifying the inflammatory cas-
cade. Importantly, ROS can inhibit the osteogenic differentiation of 
BMSCs [31,32,34–36]. In contrast, M2 type macrophages are gradually 
consumed in the inflammatory body, disrupting self-regulating repair of 
inflammation-induced damage [33]. The anti-inflammatory response of 
M2 type macrophages, which involves secretion of anti-inflammatory 
cytokines, is eliminated, and the secretion of BMP-2 by M2 type 

Fig. 4. Polarization of and expression of inflammatory factors in RAW264.7 macrophages for different groups in vivo. (A, B) Fluorescence staining and quantification 
of CCR7 and CD206. (C, D) Immunohistochemical staining and quantification of IL-1β and IL-10 (the arrow indicates the immunopositive cells; *P  <  0.05). 
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macrophages is also reduced, further inhibiting the osteogenic differ-
entiation of BMSCs [31]. Therefore, the decreased ratio of M2/M1 type 
macrophages could lead to changes in the quality and structure of the 
bone. These alterations could further inhibit new bone formation, affect 
bone reconstruction, and cause failure of bone defect repair processes. 

BMP-4 directly induces the osteogenic differentiation of BMSCs by 
activating the Smad signaling pathway [38]. Recently, many studies 
have reported that BMPs induce the polarization of M2 type macro-
phages [41,42,57,58]. Lee et al. [57] reported that BMP-6 secreted by 
renal cancer cells can bind to BMPR-II on macrophages and then 
phosphorylate Smad5 in target cells. After phosphorylated Smad5 en-
ters the nucleus, it physically binds to phosphorylated signal transducer 
and activator of transcription and then to single nucleotide poly-
morphisms in the promoter region of the IL-10 gene, promoting the 
transcription and expression of IL-10 and further enhancing macro-
phage polarization to the M2 type. Moreover, BMP-4 and BMP-7 also 
activate the Smad signaling pathway to induce the transcription and 
expression of IL-10 [41,58]. Therefore, in our study, we used BMP-4 as 
a loading factor for 3D bioprinting and evaluated the roles of BMP-4 in 
M2 type polarization. 

First, we performed fluorescence staining in vitro to evaluate the 
expression of M1 (CCR7) and M2 (CD206) markers in RAW264.7 
macrophages in the RAW and RAW/BMP-4 groups. As shown in Fig. 2A 
and 2B, at 2 days, the fluorescence intensity of CCR7 was significantly 
decreased in the RAW/BMP-4 group compared with that in the RAW 
group (P  <  0.05). In contrast, the fluorescence intensity of CD206 was 
significantly higher in the RAW/BMP-4 group than in the RAW group 
(P  <  0.05). Furthermore, after 5 days culture, the fluorescence in-
tensity of CCR7 was also significantly decreased in the RAW/BMP-4 
group compared with that in the RAW group (P  <  0.05). By contrast, 
the fluorescence intensity of CD206 was significantly higher in the 
RAW/BMP-4 group than in the RAW group (P  <  0.05) (Fig. 2C and 

2D). With the culture time prolonging, the fluorescence intensity of 
CD206 was also significantly increased in the RAW/BMP-4 groups. 
These findings indicated that BMP-4 could induce M2 type macrophage 
polarization. 

In vivo, we implanted scaffolds from the RAW and RAW/BMP-4 
groups into the calvarial defects of DM rats and performed im-
munohistochemical staining for detection of CCR7 and CD206 to 
evaluate macrophage polarization at 3 days after operation. The results 
also showed that BMP-4 could induce M2 type macrophage polarization 
(Fig. 4A and 4B). 

Furthermore, we performed qRT-PCR to evaluate the gene expres-
sion of key inflammatory cytokines in the RAW and RAW/BMP-4 
groups in vitro. As shown in Fig. 2E and 2F, compared with the RAW 
group, genes encoding pro-inflammatory cytokines, including IL-1β, IL- 
6, and TNF-α, were significantly downregulated in the RAW/BMP-4 
group (P  <  0.05). In contrast, genes encoding anti-inflammatory cy-
tokines, including IL-1Rα, IL-4, and IL-10, were significantly upregu-
lated in the RAW/BMP-4 group (P  <  0.05). 

In vivo, we performed immunohistochemical staining for detection 
of IL-1β and IL-10. The results also showed that BMP-4 could reduce the 
expression of IL-1β and increase the expression of IL-10 (Fig. 4C and 
4D). Thus, these results showed that BMP-4 could induce M2 type po-
larization in macrophages, further inhibiting the inflammatory reac-
tion. 

3.5. Osteogenic differentiation of BMSCs in the 3D-bioprinted scaffolds 

M2 type macrophages provide an anti-inflammatory micro-
environment to facilitate tissue healing and produce BMP-2 improve 
the osteogenesis potential of BMSCs [32,37,59,60]. BMP-2 can upre-
gulate ALP, osteocalcin, and OPN through the Smad signaling pathway, 
thereby promoting the osteogenic differentiation of BMSCs and 

Fig. 5. Osteogenic roles of different groups in vivo. (A) 3D reconstruction of micro-CT images. The scaffolds were implanted in the right side. (B–C) Quantitative 
analysis of micro-CT images, including BV/TV and BMD (*P  <  0.05). 
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osteoblasts [61]. In our study, we found that the expression of BMP-2 
was significantly increased in the RAW/BMP-4 group compared with 
that in the RAW group, indicating that M2 type macrophages activated 
by BMP-4 could secrete BMP-2 (Fig. 2G and 2H). 

To further evaluate the osteogenic effects of the different groups, we 
performed immunofluorescence staining for Runx2, OPN, and ALP and 
Alizarin red staining at different times in vitro. As shown in Fig. 3A, B, 
D, and E, Runx2 and OPN expression levels were the highest in BMSCs 
in the BMSC/BMP-4/RAW group (P  <  0.05), followed by those in the 
BMSC/BMP-4 and BMSC/RAW groups. As shown in Fig. 3C and 3F, the 
results of ALP staining also showed that the highest expression of ALP 
was observed in the BMSC/RAW/BMP-4 group (P  <  0.05). To further 
study the mineralization level of BMSCs in different scaffolds, we 
conducted Alizarin red staining at 21 days. More calcified nodules were 
stained red in the BMSC/BMP-4/RAW group than in the other three 
groups (P  <  0.05; Fig. 3C), and the trend was further confirmed by 
quantitative analysis (Fig. 3G). 

In our in vivo study, we established 5 mm calvarial critical-size 
defect models in DM rats (Fig. S7.) After 2 months of implantation, 
micro-CT was used to observe the new bone formation and quantita-
tively analyze the micro-CT data. The results confirmed that the indexes 
reflected new bone formation (Fig. 5A–C). We found that the BV/TV of 
BMSC/RAW/BMP-4 group was 59.48  ±  0.89% at 8 weeks post-
operatively, which was 2.0-fold times, 4.2-fold times and 5.8-fold times 
higher than that of BMSC/BMP-4, BMSC/RAW, and BMSC groups. Also, 
the BMD result revealed the same tendency. Notably, the newly formed 
bone was greatest in the BMSC/RAW/BMP-4 group, indicating the 
better bone regeneration performance. 

Furthermore, we performed HE staining and Masson staining to 
observe new bone growth in the calvarial region (Fig. 6). Both new 

bone formation and neovascularization were observed at the bone de-
fect region in the BMSC/RAW/BMP-4, BMSC/BMP-4, BMSC/RAW, and 
BMSC groups. The new bone volume and degree of neovascularization 
were higher in the BMSC/RAW/BMP-4 group than in the other groups. 

Taken together, these results showed that the scaffolds in the BMSC/ 
RAW/BMP-4 group showed the best osteogenic properties, followed by 
those in the BMSC/BMP-4 group. These findings confirmed that BMP-4 
directly induced the osteogenic differentiation of BMSCs and promoted 
M2 type macrophage polarization, which could enhance osteogenesis. 

There were some limitations to this study. Primarily, the effects of 
BMP-4 on polarization and osteogenesis and the ability of polarized 
macrophages to promote osteogenesis were not explored in sufficient 
detail. Indeed, further studies are needed to evaluate these mechanisms. 
Additionally, the previous studies suggested that BMSCs could improve 
the M2 type polarization and further reduced the inflammatory re-
sponses [62,63]. However, the aim of our study was to study the roles 
of BMP-4 to regulate macrophage polarization and inflammatory re-
sponses, and further clarified the function of M2 type macrophage to 
promote BMSCs osteogenesis. Therefore, for avoiding the effect of 
BMSCs on macrophage polarization, and clarifying the roles of BMP-4, 
we only designed the RAW group and RAW/BMP-4 groups in Fig. 2 and 
4. 

4. Conclusion 

In summary, the prepared GelMA/gelatin/PEG/MSNs composite 
bioinks showed satisfactory printability, mechanical stability, and bio-
compatibility. In 3D-bioprinted scaffolds loaded with BMSCs and 
RAW264.7 macrophages, the sustained release of BMP-4 from MSNs 
induced M2 type macrophage polarization and thereby inhibited 

Fig. 6. HE and Masson staining of different groups in vivo. (A) Masson staining. (B) HE staining. (C) Neovascularization in bone defects (the arrow indicates the 
border of the bone defect). 
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inflammatory reactions. In addition, loading of BMP-4 and secretion of 
BMP-2 by M2 type macrophages promoted the osteogenic differentia-
tion of BMSCs and further accelerated bone repair in DM bone defects. 
This may represent an effective method for management of bone defects 
in patients with DM. 
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