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A B S T R A C T   

Large bone defects face a high risk of pathogen exposure due to open wounds, which leads to high infection rates 
and delayed bone union. To promote successful repair of infectious bone defects, fabrication of a scaffold with 
dual functions of osteo-induction and bacterial inhibition is required. This study describes creation of an engi
neered progenitor cell line (C3H10T1/2) capable of doxycycline (DOX)-mediated release of bone morphogenetic 
protein-2 (BMP2). Three-dimensional bioprinting technology enabled creation of scaffolds, comprising poly
caprolactone/mesoporous bioactive glass/DOX and bioink, containing these engineered cells. In vivo and in vitro 
experiments confirmed that the scaffold could actively secrete BMP2 to significantly promote osteoblast dif
ferentiation and induce ectopic bone formation. Additionally, the scaffold exhibited broad-spectrum antibacterial 
capacity, thereby ensuring the survival of embedded engineered cells when facing high risk of infection. These 
findings demonstrated the efficacy of this bioprinted scaffold to release BMP2 in a controlled manner and prevent 
the occurrence of infection; thus, showing its potential for repairing infectious bone defects.   

1. Introduction 

Large bone defect can be caused by traumatic injury, bone tumor, 
etc., and its clinical treatment remains a major challenge. Currently, 
autologous bone transplantation is still the gold standard for the treat
ment of large bone defects, but this treatment also faces some limita
tions, including limited graft supply, size issues, and donor-site 
morbidity [1]. Recently, biomaterials have demonstrated a potential for 
broad application in the treatment of large bone defect, and they have, 
thus, attracted great attention from researchers. 

Scaffolds, osteogenic cells, and growth factors are three essential 
elements required for effective bone repair and regeneration. Tradi
tional tissue-engineering methods involve loading growth factors or 
stem cells into a porous scaffold to enhance the bone-inducing and 
osteogenic abilities of the scaffold [2] [–] [4]. Bone morphogenetic 
protein-2 (BMP2) is a classic growth factor capable of inducing osteo
genic differentiation of stem cells, with previous studies confirming a 

bone-inducing role for BMP2-loaded biomaterials [5,6]. However, there 
are some limitations to the direct use of growth factors that can un
dermine their effectiveness [7] [–] [9]: 1) the need for high dosages; 2) 
instability during scaffold fabrication and in vivo application; 3) a short 
lifetime in vivo, which makes it difficult for growth factors to maintain 
their function for extended periods; and 4) a high cost, creating a 
financial burden for patients. 

Conversely, cells can be functionalized to secrete growth factors by 
genetic engineering, thereby potentially addressing the limitations 
associated with their direct application [10,11]. Plasmids [12], adeno
viruses [13], adeno-associated viruses [14], and lentiviruses [15] are 
commonly used items in this technology. Compared with other 
gene-transfection systems, lentiviruses allow transfer of long gene 
fragments with a high transfection success rate, low immunogenicity, 
and stable expression of the target gene for long periods [16] [–] [18]. 
Lentiviruses have been used in clinical trials to treat genetic and rare 
diseases, such as transfusion-dependent beta thalassemia and cerebral 
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adrenoleukodystrophy [19,20]. However, some studies have reported 
that application of growth factors in vivo might result in serious com
plications that introduce unpredictable risks to patients, including 
dysphagia, dysphonia, cervical swelling, wound complications, and 
ectopic bone formation [21,22]. These potential consequences require 
attention concerning gene expression profiles during gene therapy. The 
Tet-on system is a commonly used gene-control system [23,24], where 
gene expression is regulated by doxycycline (DOX). In the presence of 
DOX, the reverse tetracycline transactivator is activated along with the 
tetracycline response element on the promoter to initiate transcription 
of downstream target genes, whereas in the absence of DOX the target 
gene is not expressed (Scheme 1b) [25]. According to previous studies, 
the Tet-on system is highly sensitive to DOX, with 100% activation of 
target genes at very low concentrations of DOX (1 μg mL− 1). 

Interestingly, DOX is also a broad-spectrum antibiotic that shows 
protective effects against infection [26]. Large bone defects frequently 
introduce a high risk of infection and are more difficult to treat, with 
increased pathogen exposure due to local open wounds and existence of 
an orthopedic implant, such as internal fixation device, contributing to 
high infection rates [27]. Additionally, colonized bacteria can impair the 
function of osteogenic cells, leading to delayed bone union or chronic 
osteomyelitis [28,29]. Therefore, it is possible that the application of 
DOX within a Tet-on system allows to inhibit bacterial infections and 
promote the repair of infectious bone defects. 

Given its unique advantages in the preparation of medical implants 
and bone substitutes, such as high reproducibility and fabrication of 
customized and accurately shaped scaffolds/constructs, three- 
dimensional (3D)-printing technology has been widely applied [30] 
[–] [34]. Additionally, the development of 3D-bioprinting technology 
allows direct loading of living cells onto scaffolds during the fabrication 
process, with reports confirming cell survival and functional mainte
nance [35,36]. Compared with traditional tissue-engineering methods, 
3D bioprinting has the following advantages: 1) long-term cultivation 
for cell attachment and proliferation on the scaffold is unnecessary; 2) 
the bioprinting method increases the amount of cells loaded in the 
scaffold and ensures their uniform distribution [37]; and 3) the porous 
structure of the printed scaffold allows sufficient nutrient transfer to the 
inner part of the scaffold, and also enables the embedded engineered 
cells to release growth factors [38]. In addition, porosity and the pres
ence of interconnected pore networks are important for cellular migra
tion, differentiation, and bone repair. 

In this study, we fabricated a dual-functional scaffold combining 
genetic engineering and 3D bioprinting. A lentiviral vector harboring 
BMP2 and the Tet-on system, enabling DOX-controlled expression of 
BMP2, was used to transfect cells, which were then loaded in bioink. In 
particular, DOX-loaded mesoporous bioactive glass (MBG) and poly
caprolactone (PCL) were mixed to prepare a PCL/MBG/DOX mixture. 
This composite matrix and cell-loaded bioink were subsequently used 
for scaffolds printing. We expected that DOX released during the 
degradation of the bioprinted scaffold could stimulate BMP2 expression 
and inhibit the growth of bacteria (Scheme 1). Furthermore, the inter
ruption of DOX release would block the production of BMP2, thereby 
avoiding the side effects of continuous BMP2 release. 

2. Materials and methods 

2.1. Materials 

Puromycin and blasticidin were purchased from InvivoGen (San 
Diego, CA, USA). DOX and fluorescein isothiocyanate (FITC) were pur
chased from Sigma-Aldrich (St. Louis, MO, USA). The mouse BMP2 
ELISA kit ab119582 was purchased from Abcam (Cambridge, UK). 
Methacrylated gelatin (GelMA), methacrylated hyaluronic acid 
(HAMA), and the photoinitiator phenyl-2,4,6-trimethylbenzoylph 
osphonite (lithium phenyl-2,4,6-trimethylbenzoylphosphinate; LAP) 
were provided by StemEasy (Jiangsu, China). Calcium nitrate 

tetrahydrate [Ca(NO3)2⋅4H2O], tetraethyl orthosilicate (TEOS), triethyl 
phosphate (TEP), and a polyethylene oxide-poly propylene oxide- 
polyethylene oxide triblock copolymer (PEO-PPO-PEO, P123) were all 
purchased from Aladdin (Shanghai, China). PCL (average molecular 
weight = 8.0 × 104 Da) was purchased from the Shandong Institute of 
Medical Instruments (Shandong, China). 

2.2. Establishment of cells exhibiting controlled BMP2 expression 

To establish cells stably expressing BMP2, murine mesenchymal stem 
cells (C3H10T1/2) were seeded in six-well plates and infected with a 
lentiviral vector harboring Tet-on-BMP2 and a puromycin resistance 
gene, as well as another lentiviral vector (mCherry) harboring a blasti
cidin resistance gene. Cells were grown to 50% confluence and selected 
with 1 μg mL− 1 puromycin and 5 μg mL− 1 blasticidin for 14 days. Len
tiviruses were obtained from Hanbio (Shanghai, China). 

2.3. Confirmation of BMP2 expression 

2.3.1. Reverse Transcription Quantitative PCR (RT-qPCR) 
BMP2-transfected cells were cultured in six-well plates (1 × 105 per 

well) and treated with 1 μg mL− 1 DOX for 24 h (single stimulation) or on 
culture days 1, 4, and 7 (multiple stimulation). For multiple stimulation, 
DOX was administered for 24 h, and the medium was then replaced by 
fresh medium without DOX. Total RNA was extracted with the Trizol 
reagent (Invitrogen, Carlsbad, CA, USA) on the following days for RT- 
qPCR analysis using the primers shown in Table 1. 

2.3.2. ELISA analysis of BMP2 levels 
For both types of stimulation, supernatants were collected daily and 

centrifuged to remove cell debris. A BMP2 ELISA kit was used according 
to the manufacturer’s instructions to evaluate the levels of BMP2 
secreted by the transfected cells at different time points following DOX 
stimulation. 

2.4. Fabrication of DOX-containing and DOX-free bioprinted scaffolds 

2.4.1. Preparation of MBG powder 
Ca(NO3)2 ⋅ 4H2O, TEOS, and TEP were used as the calcium, silicon, 

and phosphorus sources, respectively, and P123 was used as a template. 
The mass of each required reagent [2.8 g of Ca(NO3)2⋅4H2O, 1.46 g of 
TEP, 13.4 g of TEOS, and 8 g of P123] and 1 mL of HCl solution as a 
catalyzer were dissolved in 50 mL of absolute ethanol at room temper
ature and stirred with a magnetic stirrer. After incubation for 72 h to 
obtain a gel, the compound was dried at room temperature and then 
transferred to a muffle furnace and heated at 650 ◦C for 5 h after a 
temperature increase of 2 ◦C min− 1. The resulting solid was ground with 
a mortar to obtain MBG powder. The morphology of MBG particles was 
assessed with transmission electron microscopy (TEM; Talos L120C, 
Thermo Fisher Scientific, Waltham, MA, USA). Moreover, N2 adsorp
tion–desorption isotherms of MBG were obtained using a TriStar 3000 
porosimeter (Micromeritics, Norcross, GA, USA) under continuous 
adsorption at 77 K. Finally, Brunauer–Emmet–Teller and Bar
rett–Joyner–Halenda analyses were performed to determine the surface 
area, pore size, and pore volume. 

2.4.2. Preparation of the PCL/MBG/DOX Mixture 
DOX, MBG, and PCL (at a 2:10:88 mass ratio) were weighed, and 

DOX and MBG were dispersed in ddH2O. After magnetic stirring over
night, the MBG/DOX mixture in the suspension was re-lyophilized in 
vacuo. The obtained MBG/DOX powder was observed by TEM to ensure 
its mesoporous structure, which was expected to load DOX. The MBG/ 
DOX powder and PCL were then transferred to a high-temperature mixer 
and thoroughly mixed at 90 ◦C for 30 min to obtain a uniformly mixed 
PCL/MBG/DOX compound, which was used for the subsequent 3D 
printing process. 
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2.4.3. Preparation of bioink containing BMP2-transfected cells 
Bioink containing 5% GelMA, 1% HAMA, and 0.5% LAP was pre

pared according to the manufacturer’s instruction. BMP2-transfected 
cells were digested with trypsin and collected by centrifugation at 37 ◦C 
and 300×g for 5 min, and subsequently mixed with bioink at a final 
concentration of 1 × 107 cells mL− 1. The obtained cell-loaded bioink 
was used for 3D bioprinting of the hybrid scaffold. 

2.4.4. 3D bioprinting 
The PCL/MBG/DOX and cell-loaded bioink mixtures were loaded 

into a tube of a Bioplottor™ 3D printer (manufacturer series, Envi
sionTEC, Dearborn, MI, USA), with the following parameters: thickness 
of each layer, 0.32 mm; distance between each strip, 1.6 mm; printing 
speed, 20 mm s− 1 for bioink and 5 mm s− 1 for PCL/MBG/DOX; and 
pressure, 8 bar for the PCL/MBG/DOX and 2 bar for the bioink. The 
printing temperature for the PCL/MBG/DOX mixture and cell-loaded 
bioink was 90 ◦C and 25 ◦C, respectively while the diameter of the 
nozzle used for both materials was 0.4 mm. The PCL/MBG/DOX mixture 
was printed as the frame structure of the scaffold, and then the bioink 
was alternately printed between the stripes of PCL/MBG/DOX at each 
layer. Blue light at 405 nm at an intensity of 10 nm cm− 2 was used to 
quickly crosslink the bioink. Also, scaffolds without DOX, containing 
only PCL/MBG and cell-loaded bioink, were printed and used as a 
control. 

2.5. Characterization of the bioprinted scaffold 

2.5.1. DOX release kinetics 
Both DOX-containing and DOX-free scaffolds were immersed in 

simulated body fluid at a ratio of 1 g:15 mL. At each predetermined time 
point (2, 6, 12, and 24 h; and 3, 5, 7, 14, and 21 days), the supernatants 
were collected and stored at 4 ◦C until further use. The absorbance of 
DOX standard solutions (0.01, 0.1, 1.0, 10.0, 100.0, and 500.0 μg mL− 1) 
at 250 nm was measured using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific) to generate a standard curve, which was used to 
calculate the DOX concentration of the supernatant collected at different 
time points. 

2.5.2. Scaffold surface morphology 
After completing the fabrication process of the cell-loaded scaffold 

(day 1), we fixed the scaffold with 2.5% glutaraldehyde for 2 h and then 
dehydrated it with an alcohol gradient (50, 70, 80, 90, 95, and 100%; 10 
min each). We then sprayed the scaffolds with gold and observed their 
surface morphology by scanning electron microscopy (SEM; SU8220, 
Hitachi, Tokyo, Japan). 

2.6. Cell survival and proliferation in the scaffold 

2.6.1. Confocal laser scanning microscopy 
Because cells in the bioink were transfected with a vector carrying 

the mCherry gene, they spontaneously exhibited red fluorescence, 
which allowed evaluation of cell survival. After culturing the scaffolds in 
vitro for specific time periods (1 and 21 days), a confocal laser scanning 
microscope (CLSM; TCS SP8, Leica, Wetzlar, Germany) was used to 
observe the red fluorescent protein (RFP) signal from each scaffold. 

2.6.2. Cell counting Kit-8 (CCK-8) assay 
At 1, 7, 14 and 21 days, the medium was replaced with a 10-fold 

serially diluted CCK-8 reagent (Dojindo Laboratories, Tokyo, Japan). 
After a 2-h incubation at 37 ◦C, the absorbance of 100 μL of supernatant 
was measured at 450 nm. 

2.7. Measurement of BMP2 secretion and osteogenesis by the scaffold 

2.7.1. ELISA analysis of BMP2 levels 
The bioprinted scaffolds were inoculated in a 12-well plate and 

cultured at 37 ◦C with 5% CO2. The medium was changed and collected 
every 72 h, and then centrifuged to remove cell debris and stored at 
− 80 ◦C until measurement. We used a BMP2 ELISA kit to detect BMP2 
levels in the culture supernatant. 

2.7.2. Alkaline phosphatase (ALP) Staining 
Bone marrow-derived mesenchymal stem cells (BMSCs; 1 × 105 cells 

mL− 1) were incubated in a 12-well plate for 24 h, after which the culture 
medium was replaced with osteogenic induction medium [fetal bovine 
serum (10%), penicillin (100 IU mL− 1), streptomycin (100 IU mL− 1), 
dexamethasone (0.1 μM), ascorbate (50 μg mL− 1), and β-glycer
ophosphate (10 mM)]. The scaffolds were placed in the upper chamber 
of a Transwell plate (Corning, New York, NY, USA) and co-cultured with 
BMSCs. The medium was changed every 3 days, and ALP staining was 
performed on the 7th and 14th day. 

2.7.3. Alizarin Red staining and quantitative analysis 
On the 21st day of co-culture, BMSCs in the Transwell plate were 

fixed with 4% paraformaldehyde and stained with 500 μL of Alizarin 
Red staining solution for 5 min. After washing to remove excess dye, 
stained cells were observed under microscope. We then added a 10% 
cetylpyridinium chloride solution to each well to dissolve the dye, and 
measured the absorbance at 562 nm. 

2.8. Evaluation of scaffold-specific antibacterial activity 

Pathogens that commonly appear in orthopedic clinics, including 
methicillin-resistant Staphylococcus aureus (MRSA; ATCC 43300; Amer
ican Type Culture Collection, Manassas, VA, USA), methicillin-resistant 
Staphylococcus epidermidis (MRSE287; isolated from the prosthetic sur
face of a patient with periprosthetic joint infection at the Shanghai Ninth 
Hospital), Escherichia coli (ATCC25922; American Type Culture Collec
tion), and Pseudomonas aeruginosa (NCTC12903; National Collection of 
Type Cultures, Porton Down, UK), were used for antibacterial experi
ments. A single bacterial colony growing on an agar plate was trans
ferred to 15 mL of tryptic soy broth and then shaken overnight at 37 ◦C 
and 120 rpm. The bacterial solution (1 mL) was centrifuged at 37 ◦C and 
5000 rpm for 5 min, and bacterial concentration was adjusted to 1 × 106 

CFU mL− 1. 

2.8.1. Detection of antimicrobial kinetics 
To assess the ability of the scaffolds to inhibit bacterial proliferation, 

scaffolds were co-cultured with the four bacterial suspensions, and 
absorbance at 600 nm in each well was determined at specific time 
points (4, 8, 18, 30, and 48 h). 

2.8.2. Spread plate analysis 
After cultivating the scaffold with each of the four bacterial sus

pensions for 24 h, the scaffolds were gently washed three times with 
phosphate-buffered saline (PBS) and placed in a centrifuge tube con
taining 2 mL of PBS for ultrasonication at 50 Hz for 10 min to dislodge 
adhered bacteria. The suspension in the centrifuge tubes was then 
serially diluted (10 fold) and plated onto agar plates for counting. 

2.8.3. SEM 
After 24 h, scaffolds co-cultured with bacterial suspensions under

went SEM analysis. Prior to detection, gold was sprayed on the scaffolds 

Table 1 
Primers used in this study.  

Gene  Primers（5′-3′） 

BMP2 F GGGACCCGCTGTCTTCTAGT  
R TCAACTCAAATTCGCTGAGGAC 

β-actin F GGCTGTATTCCCCTCCATCG  
R CCAGTTGGTAACAATGCCATGT  
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following dehydration by an alcohol gradient. Bacterial distribution and 
morphology were observed. 

2.8.4. CLSM analysis 
CLSM was used to assess cellular activity according to RFP signals 

after co-culture with bacterial suspensions to evaluate the competitive 
growth of osteogenic cells and bacteria. MRSA was pretreated with FITC 
to evaluate variable fluorescence and avoid nonspecific adsorption of 
the dye on the scaffold. Briefly, we prepared a filter-sterilized buffer 
[FITC (0.1 mg mL− 1) and Na2CO3/NaHCO3–NaCl (0.2 M); pH 9.2] that 
was used to resuspend bacteria (1 × 106 CFU mL− 1), which were then 
incubated on ice for 30 min. Bacteria were then collected by centrifu
gation at 4 ◦C and 5000 rpm and washed three times with PBS. After co- 
culture with the pretreated bacteria (1 × 106 CFU mL− 1) for 6 h and 24 
h, the scaffolds in each well were collected and washed with PBS three 
times to remove nonadherent bacteria. Fluorescent signals (red and 
green) on the scaffold were observed by CLSM to estimate the number of 
living osteogenic cells and adhered bacteria, respectively. 

2.9. Induction of ectopic bone formation In vivo 

All animal experiments were examined and approved by the Animal 
Ethics Committee of the Shanghai Ninth People’s Hospital. A hetero
topic osteogenic model was established in nude mice to evaluate the 
osteogenic ability of the scaffolds in vivo. Female nude mice (6-week-old; 
n = 6 for each group) were anesthetized with an intraperitoneal injec
tion of 1% pentobarbital sodium, and the right hind leg was fully 
cleaned with 2% iodine prior to surgery. A skin incision (~5 mm) was 
made, and the bioprinted scaffolds with or without DOX were placed 
into the subcutaneous pocket; the incision was subsequently closed with 
sterile suture. At 2- and 6-weeks post-surgery, X-ray (MultiFocus, Faxi
tron, Tucson, AZ, USA) and micro-computed tomography (micro-CT; 
Quantum GX, PerkinElmer, Waltham, MA, USA) images were obtained 
to assess the formation of bone-like tissue around the implanted scaffold. 
A threshold of 1415 was set to remove the image of soft tissue while 
clearly showing bones. Animals were sacrificed at week 6, and the 
scaffolds and surrounding tissues were collected for histopathologic 
evaluation. Briefly, the collected scaffolds and tissues were embedded in 
paraffin and then cut into sections (50 μm thick). Von Kossa and Safranin 
O/Fast Green staining were used to detect new bone formation. 

Fig. 1. Characterization of and DOX release by the bioprinted scaffold. a) Stereomicroscope image of the composite scaffold. b) TEM image of MGB powder. c) DOX- 
release curve within 21 days. d) SEM image of the scaffold on day1. The regular PCL/MBG/DOX and bioink cross-structures (left). Arrows (right) indicate cell 
spreading on the surface of the bioink. 
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2.10. Evaluation of scaffold antibacterial activity In vivo 

Following the same surgical and scaffold implantation procedures 
described in the previous subsection, we injected 100 μL of biolumi
nescent S. aureus (Xen29; ATCC12600; 1 × 106 CFU mL− 1; American 
Type Culture Collection) at the surgical site (n = 5 for each group). To 
avoid infection-related mortality in the immunocompromised mice, we 
observed infection severity over a short period of time (3 days). At 1- and 
3-days post-surgery, the mice were imaged with an IVIS spectrum im
aging system (IVIS Lumina III, PerkinElmer), and the bioluminescent 
signals were quantified within a circular region of interest (ROI). Ani
mals were sacrificed on day 3, and the scaffolds were collected for 
evaluation. Briefly, the scaffolds were ultrasonicated at 50 Hz for 10 
min, the supernatants were serially diluted (10 fold), and bacteria was 
counted using the spread plate method. 

2.11. Statistical analysis 

Data are expressed as mean ± standard deviation. In vitro experi
ments were performed in triplicate. The t-test and ANOVA analyses were 
used to compare values among groups. Statistical analyses were per
formed using SPSS (v.19.0; IBM Corp., Armonk, NY, USA), and results 
displaying p < 0.05 were considered statistically significant. 

3. Results 

3.1. BMP2 controlled release from transfected cells 

Most cells showed a strong RFP signal, demonstrating successful 
transfection of the mCherry lentivirus (Fig. S1a). Our preliminary results 
demonstrated that DOX significantly stimulated BMP2 expression at a 
dose of 1000 ng mL− 1. Moreover, the results of PCR and ELISA 
confirmed DOX-controlled BMP2 expression and BMP2 release from 
transfected cells. After DOX stimulation, BMP2 expression levels 
increased rapidly within 1 day, reaching up to ~30-fold higher levels 
than those in control scaffolds, and then rapidly decreased after removal 
of DOX (Fig. S1b). Additionally, this trend was observed following 
repeated DOX stimulation (Fig. S1c). Furthermore, ELISA results indi
cated that BMP2 production increased significantly from the second day 
after DOX stimulation, reaching a peak level on day 7 (Fig. S1d). 

3.2. Morphological characteristics of bioprinted scaffolds and their drug 
release 

The stereomicroscope image in Fig. 1a shows that the scaffold was 
composed by strips of PCL/MBG/DOX and bioink, which showed a 
regular structure with uniform pores. Also, the prepared MBG/DOX 
powder was observed by TEM, and clearly showed an inner mesoporous 
structure (Fig. 1b). Further, the porosity of MBG powder was investi
gated using nitrogen sorption analyses. The pore size, surface area, and 
pore volume of MBG were found to be approximately 6.66 nm, 328.58 
m2 g− 1, and 0.578 cm3 g− 1, respectively (Fig. S2). In addition, the PCL/ 
MBG/DOX scaffold demonstrated good mechanical properties, with a 
compressive modulus of 82.455 ± 18.887 MPa (Fig. S3). Evaluation of 
DOX level according to its absorption peak at 250 nm revealed a burst 
release of ~150 μg within 1 day, followed by a slow release to reach 
~400 μg at day 7. In the subsequent 2 weeks, the cumulative released 
DOX in this period was ~200 μg (Fig. 1c). 

SEM images of the scaffold surface morphology on day 1 are shown 
in Fig. 1d. In addition to the regular strips, shrunken strips were 
observed, representing dehydrated cell-loaded bioink. Additionally, 
high magnification revealed the presence of numerous sphere-like cells 
on the bioink sheet. 

3.3. Cell survival and proliferation on the scaffold 

Fig. 2a shows a CLSM image of one bioprinted scaffold on day 1 after 
fabrication. Red fluorescence, spontaneously emitted by active cells, was 
uniformly distributed within the bioink, confirming successful loading 
of living cells inside the scaffold; however, no cells were found in the 
frame strips. Fig. 2b shows a 3D-reconstructed fluorescent image of the 
scaffold after 21 days of in vitro culture. Strong red fluorescent signals 
and dense cell sheets were found across the whole scaffold surface, 
suggesting sustained cell survival, cells migration, and interconnection. 
The results of CCK-8 assays confirmed cell proliferation in the scaffold 
(Fig. 2c), at a ~5-fold higher rate on day 21 relative to that on the day of 
printing. 

3.4. In vitro antibacterial activity of the scaffolds 

In addition to stimulating BMP2 expression, sustained release of DOX 
from the bioprinted scaffold exerted broad-spectrum antibiotic activity. 

Fig. 2. Survival and proliferation of transfected C3H20T1/2 cells on the scaf
fold. Confocal microscopy images showing RFP-labeled cells in the scaffold on 
days 1 (a) and 21 (b). c) CCK-8 results showing significant cell proliferation on 
the scaffolds from day 1–21. 
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Fig. 3. Antibacterial efficiency of the bioprinted scaffold. a,b) Spread plate results showing that the DOX-containing scaffold significantly inhibited bacterial 
adhesion and proliferation on its surface. c) Results of absorbance of surrounding medium showing broad-spectrum bactericidal effect of scaffolds with DOX. d) SEM 
images showing that DOX significantly inhibited bacterial adhesion to the scaffold surface. **p < 0.01. 
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Indeed, after co-culturing of scaffolds with bacterial suspensions, 
absorbance monitoring showed stronger inhibition of four types of 
bacteria upon using the scaffold containing DOX than the control scaf
fold (Fig. 3c). In addition, spread plate analysis showed a decrease in the 
number of bacteria adhering to the scaffold surface (Fig. 3a and b). 
These results indicated that these scaffolds exhibited broad-spectrum 
bactericidal activity against both gram-positive and gram-negative 
bacteria. Additionally, SEM analysis (Fig. 3d) confirmed that few bac
teria adhered to the surface of the DOX-containing scaffold. In contrast, 
the surface of the scaffold without DOX was almost completely occupied 
by each of the four bacterial strains. 

Interestingly, CLSM images showed competitive growth between 
osteogenic cells and existing bacteria (Fig. 4, Fig. S4). In fact, we 
observed green fluorescence on the surface of the control scaffold 
without DOX, with most bacteria localized on the shallow surface of the 
bioink at 6 h, while carrying out deeper invasion at 24 h accompanied by 

dense biofilm formation. Additionally, RFP-labeled osteogenic cells co- 
localized with green bacteria inside the scaffold without DOX at 6 h; 
however, the number of osteogenic cells diminished over time until very 
few of them were observed at 24 h, indicating that the invading bacteria 
had killed the osteogenic cells and thus impaired the osteogenic po
tential of the bioprinted scaffold. By contrast, despite co-culture with 
bacteria, DOX-containing scaffolds showed no bacteria on the surface 
but great survival of osteogenic cells inside the scaffold at 6 h, followed 
by their subsequent spreading and connection at 24 h. These findings 
showed that DOX-containing scaffolds inhibited bacterial growth, 
thereby promoting the survival and proliferation of osteogenic cells in 
the scaffold. 

3.5. In vitro osteogenesis by the bioprinted scaffolds 

After release of DOX by the scaffolds, BMP2 expression in cells 
embedded in the bioink was followed by BMP2 release. Indeed, ELISA 
showed an increasing BMP2 level after DOX release, reaching a 
maximum value on day 12 and maintaining a high level until day 21 
(Fig. 5d). We evaluated the osteogenic activity of scaffolds by ALP and 
Alizarin Red staining (Fig. 5a and b). After 7 days of co-cultivation with 
scaffolds not containing DOX, BMSCs exhibited stronger ALP staining 
than those co-cultured with osteogenic supplements (OM group) only, 
suggesting that even without DOX, other components in the scaffold 
promoted osteogenic differentiation to some extent. Additionally, at 
days 7 and 14 after co-culture with scaffolds containing DOX, BMSCs 
showed much more intense ALP staining compared to both OM and 
DOX-free scaffold groups. Moreover, Alizarin Red staining of BMSCs in 
scaffolds containing DOX was more prominent than in the other two 
groups, and its quantification indicated that such difference was sig
nificant (p < 0.01) (Fig. 5c). 

3.6. In vivo ectopic osteogenesis by the bioprinted scaffold 

We used X-ray images to assess ectopic bone formation around the 
scaffold in the right hind subcutaneous region of nude mice after 
implanting (Fig. S5). Observation at 1-day and 2- and 6-weeks post- 
surgery revealed that animals implanted with scaffolds containing 
DOX showed small amounts of high-density shadows at 2 weeks, 
although their distribution was dispersive and irregular. At 6-weeks 
post-surgery, local high-density shadows expanded and resembled 
square-like structures consistent with the shape of implanted scaffolds. 
This suggested that ectopic osteogenesis had occurred around the DOX- 
containing scaffold. However, in animals implanted with scaffolds 
without DOX, we observed no high-density shadows at 1-day and 2- 
weeks post-surgery and only minimal amounts of small, scattered 
high-density shadows at 6 weeks. 

In vivo micro-CT further confirmed the ectopic osteogenic efficiency 
of the bioprinted scaffolds (Fig. 6a and b). The green pseudo-color in
dicates an increased local density of ectopic osteogenesis at the early 
stage in animals implanted with DOX-containing scaffolds. At 6-weeks 
post-surgery, we observed increased green signals at the right hind 
operated region, with shapes similar to those of the implanted scaffolds. 
By contrast, animals implanted with DOX-free scaffolds showed only a 
small amount of green pseudo-color signals, even after 6 weeks. These 
results confirmed significant ectopic osteogenesis at 2- and 6-weeks 
post-surgery in animals implanted with DOX-containing scaffolds. 

We then performed histopathologic analysis of the subcutaneous 
scaffolds and surrounding tissues at 6-weeks post-surgery (Fig. 6c). In 
tissues from animals implanted with DOX-containing scaffolds, we 
observed areas strongly stained with Von Kossa staining in tissue sur
rounding the bioprinted scaffold (red box), accompanied by areas 
stained with Safranin O/Fast Green, suggesting the presence of newly 
formed bone. Additionally, we observed areas stained with both Von 
Kossa and Safranin O/Fast Green staining inside the bioink (blue box), 
indicating possible osteo-chondrogenic differentiation. By contrast, 

Fig. 4. CLSM images of scaffolds. Co-localization of osteogenic cells and bac
teria on the scaffold by CLSM revealed bacterial adherence to the surface of 
DOX-free scaffolds and growth into the hydrogel. DOX-containing scaffolds 
prevented bacterial adhesion and ensured osteogenic cell survival in the scaf
fold. Red signals indicate RFP-labeled C3H20T1/2 cells, and green signals 
indicated FITC-pretreated MRSA. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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minimal Von Kossa and Safranin O/Fast Green staining were observed in 
either the tissues surrounding the DOX-free scaffold or the bioink inside 
the scaffold. 

3.7. In vivo antibacterial properties of the bioprinted scaffold 

We constantly monitored the antibacterial activity of these bio
printed scaffolds at local infectious sites in vivo by observing the fluo
rescence emission from bioluminescent S. aureus (Xen29). On the day of 
surgery, we observed clear signals in both animals implanted with DOX- 

containing or DOX-free scaffolds, confirming successful injection of 
bacteria at the surgical site. At 3-days post-surgery, bacteria emitted 
sustained strong fluorescent signals at the surgical site of animals 
implanted with DOX-free scaffolds, indicating the existence of infection, 
whereas no bacterial fluorescent signal was observed in animals 
implanted with DOX-containing scaffolds (Fig. 7a). Quantitative anal
ysis of fluorescence in the ROI within local infection sites indicated no 
significant difference between groups at 1-day post-surgery; however, 
on day 3, signal intensity around DOX-containing scaffolds was signifi
cantly lower than around DOX-free scaffolds (p < 0.05) (Fig. 7b). After 

Fig. 5. Effect of the bioprinted scaffolds on osteogenic differentiation of BMSCs. a) ALP staining after 7 and 14 days of culture. The OM group contained only 
osteogenic supplements. b) Alizarin Red staining after 21 days of co-culture. c) Quantitative analysis of Alizarin Red staining. d) BMP2 secretion from scaffolds 
according to ELISA. **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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sacrificing the animals, bacteria grown on the subcutaneous scaffolds 
were counted, revealing almost no bacteria in DOX-containing scaffolds 
and a large number of bacteria in control scaffolds (Fig. 7c). 

4. Discussion 

In this study, we fabricated a 3D-bioprinted scaffold containing 
living cells capable of controlled expression and release of BMP2 to 
promote bone formation. Given the possible complications caused by 
long-term application of BMP2, the expression system involved DOX- 
mediated stimulation of BMP2 expression. Because DOX is a broad- 
spectrum antibiotic, the 3D-bioprinted scaffold also exhibited antibac
terial activity, which protected the osteogenic cells from bacterial 

infection. 
First, we assessed the mechanical properties of the 3D-printed PCL/ 

MBG/DOX scaffold containing cell-loaded bioink and found that it 
showed a compressive modulus of 82.455 ± 18.887 MPa (Fig. S3), 
which falls within the suggested compressive modulus range for optimal 
bone tissue regeneration (10–1500 MPa) [39]. Scaffolds with good 
mechanical properties are helpful in the process of large bone defect 
healing, as they can ensure stability in the site of bone defect, and hence, 
they help the ingrowth of new bone. 

SEM images showed that there were some cells on the surface of the 
bioink, confirming successful loading of engineered cells into the scaf
fold using 3D bioprinting (Fig. 1d). Moreover, CLSM images on day 1 
confirmed the presence of a large number of cells uniformly distributed 
in the bioink and expressing a strong RFP signal, indicating good cellular 
viability. These early-stage images also showed that cells assumed a 
sphere-like shape, demonstrating that cells were encased in bioink and 
not already spread across the scaffold. Furthermore, CLSM images 
showed that after prolonged culture of scaffolds cells, the cells spread 
widely, especially those located near the surface of bioink. In addition, 
these cells proliferated remarkably and migrated across the scaffold. 
This observation was also confirmed using CCK-8 assays showing that 
after 21 days of culture the number of cells in the scaffold increased by 
almost 5-fold relative to day 1. These findings were consistent with a 
previous study discussing the importance of the porous structure of 3D- 
printed scaffolds for cell survival and proliferation [38,40]. In fact, the 
bioprinted scaffold fabricated in our study had widely distributed pores 
of uniform size, which allowed nutrient exchange and growth factor 
secretion. Additionally, the cells were protected by the bioink, which 
demonstrated good structural stability and retained the cells within the 
scaffold for an extended period of time, and also protected the cells from 
damage during the process of material preparation and cultivation in 
vitro and in vivo [41]. 

Ensuring cell survival was the primary function of the scaffold, 
whereas successful synthesis and secretion of BMP2 by cells was key to 
its osteo-inductive ability. In our previous study, we demonstrated that 
the bioink used in this study can maintain the viability and function of 
loaded cells for a long period of time [42]. The benefits of using this 
bioink were demonstrated again in this study. In fact, the cells 
embedded in the scaffold not only survived or proliferated considerably 
within 21 days, but also maintained their functions, secreting BMP2 
continuously and markedly, which promoted the osteogenic differenti
ation of co-cultured BMSCs. Moreover, our results showed that cells 
were successfully transfected by the lentiviral Tet-on vector and 
exhibited controlled expression of BMP2 under DOX stimulation, fol
lowed by the secretion of BMP2 into the supernatant during in vitro 
cultivation. In particular, we observed significant increases in the levels 
of BMP2 secreted by the bioprinted scaffold on day 3, with these levels 
increasing further on day 9. We confirmed that BMP2 secretion occurred 
only under DOX stimulation, which may allow to avoid the complica
tions related to BMP2 overuse [7,21]. DOX was firstly loaded into the 
mesopore structure of MBG and then fully mixed with molten PCL to 
create MBG/DOX microspheres encased by PCL. This allowed the scaf
fold to sustainably release DOX within 21 days, which promoted 
continuous secretion of BMP2 to induce and accelerate bone repair. 

DOX exhibits antibacterial activity [43], and we confirmed that DOX 
could inhibit the growth of several pathogenic bacteria common in or
thopedic settings, including gram-positive and -negative bacteria. Bone 
defects related to severe trauma are often accompanied by open wounds, 
which increase the risk of bacterial contamination and infection [44,45]. 
Moreover, scaffolds can provide a surface for bacterial adhesion, thereby 
allowing bacteria to aggregate and proliferate on the surface of the 
scaffold, forming biofilm and invading osteoblasts subsequently [27, 
28]. In this study, we showed that DOX-containing scaffolds signifi
cantly inhibited bacterial adhesion and proliferation while promoting 
the survival and proliferation of osteogenic cells in the scaffold, and thus 
help cells compete against bacteria [46]. These findings support the use 

Fig. 6. Micro-CT images and histologic analysis of ectopic osteogenesis in nude 
mice. a) Reconstructed in vivo micro-CT image. Green areas indicate local high- 
density tissue in the scaffold representing newly formed bone. b) Statistical 
analysis indicated significantly higher amounts of bone formed by DOX- 
containing scaffolds relative to that by DOX-free scaffolds. c) Von Kossa and 
Safranin O/Fast Green staining were used to evaluate ectopic osteogenesis. 
Areas of deep Von Kossa staining (black) and Safranin O/Fast Green staining 
represent newly formed bone-like tissue. Red boxes indicate tissue around the 
bioprinted scaffolds, and blue boxes indicate areas of bioink inside the scaffold. 
*p < 0.05, **p < 0.01. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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of this bioprinted scaffold to reduce the infection rate and promote the 
repair of bone defects in bacteria-contaminated environments. 
Furthermore, our group had previously demonstrated the antibacterial 
properties of a novel material named quaternised chitosan, which 
showed great antimicrobial efficacy and good biocompatibility. We have 
successfully produced several quaternised chitosan-based materials for 
potential clinical use [47] [–] [49]. Comparing with quaternised chito
san, DOX has a broader antibacterial spectrum and is currently used 
widely in clinical practice. Therefore, considering its possible combi
nation with the Tet-on system and its wide antibacterial spectrum, DOX 
was deemed easier for clinical translation, and thus chosen as the anti
bacterial compound in this study. 

In vitro co-culture with BMSCs showed that the scaffolds significantly 
promoted osteogenic differentiation and bone regeneration. Considering 
that after scaffold implantation graft rejection may occur, due to the 
presence of the non-autogenous mesenchymal stem cell line C3H10T1/2 
in the bioprinted scaffold, possibly leading to cell death [50], we chose 
to assess the in vivo osteogenic potential of DOX-containing scaffolds in 
an ectopic osteogenesis model in nude mice, which have been deemed 
suitable for the implantation of biomaterial loaded with C3H10T1/2 
cells [51]. In future studies, we will use autologous BMSCs to build 
engineered cells, construct biological 3D-printed scaffolds containing 
transfected autologous stem cells, and explore their application poten
tial in large bone defect repair, in order to establish the use of these 
excellent bone-healing scaffolds in clinical applications. 

5. Conclusion 

The results of this study demonstrated the efficacy of a DOX- 
containing scaffold derived from the combination of genetic engineer
ing and 3D bioprinting in bone repair and prevention of infections, 
through its osteo-inductive ability and antibacterial potential. There
fore, these scaffolds are clinically applicable for repairing infectious 
bone defects. The method described in this study allowed controlled 
release of the growth factor BMP2 from the scaffold according to the 
presence of DOX, thereby inducing osteogenic differentiation and new 
bone formation while inhibiting bacterial infection. 
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