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Background: This study aimed to develop and evaluate a sustained drug delivery system for the treatment 
of osteoarticular tuberculosis (TB) to address the issues surrounding low drug concentration in lesions and 
bone defects or nonunion after debridement.
Methods: The effects of rifapentine on the proliferation and cell cycle of bone marrow mesenchymal 
stem cells (BMSCs) were evaluated by Cell Counting Kit-8 (CCK-8) and flow cytometry. Rifapentine 
polylactic acid (PLA) sustained-release microspheres (RPSMs) were prepared through the double emulsion 
solvent evaporation method and investigated the antibacterial activity in vitro. In this study, two sustained 
drug delivery systems were prepared by integrating RPSMs and BMSCs into hydroxyapatite/β-tricalcium 
phosphate (HA/β-TCP) or allogeneic bone. We evaluated these drug delivery systems for dynamics of drug 
release and osteogenic ability by in vitro release test, alkaline phosphatase (ALP) and alizarin red staining, 
and real-time PCR.
Results: The results showed that rifapentine concentrations up to 45.0 μg/mL had no effect on cell 
proliferation and cell cycle. The encapsulation and drug loading efficiency of the fabricated RPSMs were 
78.11%±1.16% and 35.57%±0.85%, respectively. The RPSMs had uniform particle size distribution and 
a long-term anti-bacterium effect. The HA/β-TCP-implanted drug delivery system was found to be more 
effective in reducing the burst release and having a longer duration of sustained release and retention 
compared to allogeneic bone. The ALP and alizarin red staining and real-time PCR results showed that it 
had excellent osteoconductive and osteoinductive properties.
Conclusions: In conclusion, the sustained drug delivery system with HA/β-TCP as scaffold material 
represents a potential new strategy for TB infections and bone defects.
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Introduction

Tuberculosis (TB), which is caused by Mycobacterium TB, 
is a chronic consuming disease and one of the leading causes 
of death around the world (1). Accounting for approximately 
1–3% (2) of total TB cases and 35% of extrapul monary 
TB cases (3), osteoarticular TB is the most common form 
of extrapulmonary TB (4). Frequently accompanied by a 
degree of structural damage and deformity, osteoarticular 
TB impacts the stability and function of the bones and 
joints (5), often leading to surgical treatment. 

Al though surgica l  and medica l  t reatments  for 
osteoarticular TB have seen improvements in recent years, 
the removal of the bacteria still proves difficult. Therefore, 
apart from the debridement operation, following surgical 
treatment, recurrence can only be prevented by long-
term medication (6,7). However, due to the ineffective 
concentration of anti-TB drugs at infected sites, long-
term medication, adverse side effects, and bone defects 
or nonunion after debridement, curing osteoarticular TB 
is challenging (8,9). Combining drug treatments with 
bone tissue repair appears to offer a feasible approach to 
overcoming this problem and improving the therapeutic 
effect. Herein, we developed novel anti-TB drug delivery 
systems, which simultaneously achieved a longer duration of 
sustained release and retention and had much better effects 
in promoting bone formation.

A member of the rifamycin group, rifapentine is a 
semisynthetic antibiotic and has been approved to be one 
of the first-line anti-TB drugs by the US Food and Drug 
Administration (FDA) (10). In comparison with rifampicin, 
rifapentine has an antibacterial spectrum similar to that of 
rifampin, exhibits greater antibacterial effect and stronger 
penetrating ability (11), and has a longer drug elimination 
half-life and fewer adverse reactions. Polylactic acid 
(PLA) is a non-toxic, bioresorbable polymer with good 
biocompatibility, safety, and biodegradability (12). It has 
been approved by the US and European FDA as a drug 
delivery carrier material for controlled drug release (13). 
For these reasons, rifapentine and PLA were chosen as the 
drug and carrier to formulate rifapentine polylactic acid 
sustained-release microspheres (RPSMs).

Bone defects are common among individuals with 
osteoarticular TB, and bone graft materials are needed to 
fill these bone defects and ensure a tight junction between 
the implant and the host bone. The materials commonly 
used in bone grafts are autologous, allogeneic, or synthetic. 
Although the transplantation of autologous bone remains 
the “gold standard” in bone repair technology, it is 

also associated with limited availability and high donor 
morbidity (14,15). Therefore, both allografts and synthetic 
grafts are considered as suitable alternatives for bone 
regeneration.

Due to being easily accessible and having multipotent 
differentiation ability, bone marrow mesenchymal stem 
cells (BMSCs) have been applied extensively for bone 
tissue engineering (16,17). In the treatment of bones and 
joints, BMSCs have been applied in the clinical field of 
osteonecrosis treatment to repair of bone defects (18). 
Therefore, we used BMSCs as they are regarded as one 
of the most promising kinds of osteogenic stem cells for 
promoting bone formation.

In this study, RPSMs and BMSCs were combined with 
hydroxyapatite/β-tricalcium phosphate (HA/β-TCP) 
composite material or allogenic bone to develop drug delivery 
systems. These two drug delivery systems were evaluated for 
dynamics of drug release and osteogenic induction ability 
through in vitro experiments, providing a fresh approach to 
the clinical treatment of osteoarticular TB.

Methods

Materials

PLA (MV =30,000, Shandong Medical Devices Co. 
Ltd., Jinan, China), Rifapentine (Sichuan Mingxin 
Pharmaceutical Co. Ltd., Chengdu, China), gelatin, 
chloroform, methanol, ultra-pure water, and p-nitrophenol 
(Sigma-Aldrich, St Louis, MO, USA), Dulbecco’s modified 
Eagle’s medium (DMEM) (Hyclone, Logan, UT, USA), 
fetal bovine serum (Gibco BRL, Grand Island, NY, USA), 
propidium iodide (BD Biosciences, San Jose, CA, USA), 
osteogenic, adipogenic and chondrogenic induction 
medium (Cyagen Biosciences Co. Ltd., Suzhou, China), 
modified Lowenstein-Jensen medium culture (Ouke 
Biosciences Co. Ltd., Wuhu, China), Cell Counting Kit-
8 (Dojindo, Kumamoto, Japan), synthetic HA/β-TCP 
scaffold (composed of 60% HA and 40% β-TCP, Bi-
Ostetic, Berkeley, CA, USA), BCIP/NBT chromogenic 
kit, Alizarin Red dye solution, Oil Red O stain kit and 
Alcian Blue Cartilage Stain solution were purchased 
from Solarbio Co., Ltd (Beijing, China). Anti-CD14, 
anti-CD44, and anti-CD45 antibodies were purchased 
from Thermo Fisher Scientific (Waltham, MA, USA), 
anti-CD29 antibodies were purchased from Merck 
Millipore (Billerica, MA, USA), and anti-Collagen I, anti-
Osteocalcin and anti-GAPDH antibodies were purchased 
from Abcam (Cambridge, UK). Mycobacterium TB was 
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provided by Xinjiang Academy of Animal Science.

Cell isolation, culture, and identification

Rabbit BMSCs were harvested from 12-week-old New 
Zealand white rabbits. The rabbits were sacrificed under 
anesthesia, and their bilateral femurs and tibias were 
removed under sterile conditions and placed in PBS. The 
metaphyses were cut off on a sterile platform, before 
approximately 5 mL of marrow was flushed out with  
10 mL of DMEM. Primary cells were cultured in DMEM 
supplemented with fetal bovine serum (10%, w/v), 
penicillin (100 units/mL), and streptomycin (100 μg/mL). 
The cells were resuspended at 5 million per 100 mm2 dish 
and incubated at 37 ℃ with 5% of CO2 under a humidified 
atmosphere of 95% air. After incubation lasting 5 days, the 
culture medium was changed to remove non-adherent cells. 
After 14 days of primary culture, the cells were isolated and 
serially subcultured for further experiments.

The cell surface antigens of CD29, CD44, CD45, and 
CD14 in the third passage BMSCs were detected by flow 
cytometry. The digested BMSCs were suspended at a cell 
density of 5×105 cells/mL and labeled with antibodies against 
CD29 (1:100 dilution), CD44 (1:100 dilution), CD45 (1:100 
dilution), and CD14 (1:100 dilution) for 1 hour at 4 ℃. The 
cells were subsequently washed with PBS three times before 
incubation with the secondary antibodies (dilution, 1:2,000, 
Thermo Fisher Scientific) for 2 hours in a black chamber 
at 4 ℃. The cells were washed with PBS and fixed in 4% 
paraformaldehyde. Flow cytometry was performed on an 
FACSCalibur cytometer (BD Biosciences, San Jose, CA, 
USA) using CellQuest software (BD Biosciences).

To assess the multilineage differentiation potential 
of BMSCs, osteogenic, adipogenic, and chondrogenic 
differentiation were induced. BMSCs were seeded onto 
6-well plates at 2×104 cells/cm2 and incubated in osteogenic, 
adipogenic, and chondrogenic induction mediums, 
respectively. The medium was changed twice a week. After 
differentiating for 14 days, the BMSCs were stained with 
Alizarin red solution, Oil Red O solution, and Alcian blue 
solution, according to the manufacturer’s instructions.

CCK-8 assay for cell survival in vitro

The evaluation of the general survival of cells in vitro was 
carried out with CCK-8 in line with the manufacturer’s 
instructions. The rabbit BMSCs were divided into five 
groups, which were incubated in a 96-well plate at 5×103 

cells/mL, with 3 wells per group. The cells were cultured in 
medium containing 5 different concentrations of rifapentine 
(15.0, 30.0, 45.0, 60.0, and 75.0 μg/mL). Absorbance was 
measured using a microplate spectrophotometer (Multiskan 
MK3, Thermo Fisher Scientific, Waltham, MA, USA) at a 
wavelength of 450 nm. The CCK-8 colorimetric method 
was used to assess cell proliferation daily.

Flow cytometry for cell cycle analysis

Three generations of rabbit BMSCs were cultured in 
medium with or without rifapentine. After incubation 
lasting 6 days, the cells were harvested and then centrifuged 
at 800 ×g for 5 minutes and washed twice with PBS. 
Subsequently, the cells were fixed in cold 75% ethanol 
for 5 h, then washed twice with PBS and incubated with  
0.5 mL of PBS containing 100 μg/mL RNase and 50 μg/mL 
propidiumiodide at 37 ℃ for 30 min away from light. Cell 
cycle distribution was analyzed by measuring DNA content 
with a flow cytometer (BD Biosciences).

Microsphere preparation

Since rifapentine is a hydrophobic compound, RPSMs were 
prepared using the double emulsion–solvent evaporation 
method. Briefly, 100 mg of PLA was accurately weighed 
and dissolved in 5 mL of dichloromethane (DCM), and  
100 mg of rifapentine was dissolved into the polymer 
solution. The polymer-solvent-drug solution was cooled 
to 4 ℃, then placed on an ice block and treated with 
an ultrasonic cell pulverizer for 1.5 min to achieve 
emulsification. After stirring at high speed at 1,500 rpm, the 
emulsion was injected into 25 mL of 0.5% gelatin aqueous 
solution through a micro-injection pump, emulsified for  
5 min, and then stirred gently for 5–7 hours to ensure it was 
evenly mixed. After continuous stirring for a period of time, 
DCM became completely volatilized with the microspheres 
solidified. The microspheres obtained in the suspension 
were suction-filtered through a 0.88 μm pore size filtration 
membrane, collected, washed with distilled water, and 
centrifuged three times at 800 ×g. Finally, the collected 
microspheres were freeze-dried for 24 h and stored in a 
refrigerator at −20 ℃.

High performance liquid chromatography (HPLC) and 
standard curves

HPLC was used to determine the concentration of 
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rifapentine in the samples. The HPLC system (Shimadzu, 
Kyoto, Japan) includes the Shimadzu LC-10ATVP pump, 
Shimadzu SPD-10AVP UV–vis detector, and LC-solution 
software package (Shimadzu). The size of the Shim-pack 
VP-ODS chromatographic column was 150 mm × 4.6 mm, 
5 μm; flow speed was 1.0 mL/minute; detection wavelength 
was 336 nm; column temperature was 25 ℃; sample size 
was 10 μL; mobile phase A was methanol; mobile phase B 
was ultra-pure water; and the sample was eluted by gradient 
elution. P-nitrophenol was used as an internal standard. 
The standard curves with concentrations ranging from 
0.25 to 32 μg/mL (R2 =0.999) were drawn by measuring the 
contents of rifapentine standards.

Physicochemical properties of RPSMs

Measurements of particle size and size distribution of 
the microspheres were taken using particle size analyzer 
(Mastersizer 3000, Malvern Instruments Ltd., Malvern, 
UK). The mean volume diameter measured was taken as 
the mean particle size of the microspheres. To detect the 
encapsulation and drug loading efficiency of the RPSMs, 
5 mg of RPSMs was accurately weighed in a 10 mL 
flask and DCM (0.1 mL) was added to break down the 
microsphere structure. This was followed by calibrating 
and dissolving the microspheres by adding an appropriate 
amount of methanol. After filtration through a millipore 
membrane filter, the rifapentine content was measured 
using HPLC, the encapsulation and drug loading efficacy of 
the prepared microspheres were measured three times, and 
the average encapsulation and drug loading efficiency of the 
microspheres were calculated. The encapsulation efficiency 
was defined as the percent ratio of actual drug loading to 
theoretical drug loading, while the drug loading efficiency 
was defined as the percent ratio of the actual drug content 
to the total microsphere weight. The morphology of 
RPSMs was observed under fluorescence microscope (Leica 
DM6000B, Wetzlar, Germany) and scanning electron 
microscope (SEM, JSM-6510LV, JEOL, Tokyo, Japan).

In vitro antibacterial activity

In this study, Mycobacterium TB H37Rv (ATCC 27294) 
was used to investigate the antibacterial performance of 
RPSMs in vitro, and the suspension of mycobacterium TB 
was diluted to about 1×106 cfu/mL for standby. The agar 
diffusion test with a filter paper was used to determine the 
susceptibility of Mycobacterium TB to RPSMs. About  

10 mg of RPSMs was suspended in 10 mL of sterile PBS 
for 6 hours, before the 6 mm diameter sterile filter paper 
was immersed in it. After 30 minutes, the filter papers were 
withdrawn, and the excess liquid was drained off. About  
100 μL of bacterial suspensions were homogeneously 
spread on modified Lowenstein-Jensen medium culture, 
and the filter paper was carefully placed in the center of 
the medium. The culture was carried out for 4 and 8 weeks 
in an incubator with a CO2 concentration of 5.0% and a 
temperature of 37 ℃ to observe whether an inhibition zone 
was present. Rifapentine and non-loaded drug filter paper 
were used as positive and negative controls.

The preparation of sustained drug delivery systems and  
in vitro release test

Cancellous bone grafts (allogenic bone) were processed 
from the vertebral locations of rabbits (3 mm in diameter 
and length). Briefly, after fat and connective tissue had been 
removed, the grafts were rinsed with sterile water at 37 ℃ for 
30 min. They were then incubated in a mixture of chloroform 
and methanol v/v, 1/1 under constant agitation for a 2-hour 
period. After this, the grafts were sonicated 3 times in methanol 
for 15 min to remove chloroform and were washed twice with 
sterile deionized water to remove the methanol. Consequently, 
the grafts were freeze-dried, sterilized by epoxyethane gas and 
kept at room temperature for later use.

The drug delivery systems were constructed taking into 
account the different graft materials. In brief, the BMSCs were 
suspended in osteogenic induction medium at a cell density 
of 3×106 cells/mL. Then, 3 mg of the RPSMs was mixed with 
300 μL of osteogenic induction medium and added dropwise 
to the scaffold (HA/β-TCP or allogenic bone) to form two 
drug delivery systems: system A (IBMSCs + RPSMs + HA/
β-TCP) and system B (IBMSCs + RPSMs + allograft), 
respectively. The system was transferred to a petri dish after 
5 h in culture, and 5 mL of osteogenic induction medium 
was added. The medium was changed and collected every 
other day. Following incubation for 14 days, the cells were 
washed twice with PBS, fixed with 4% paraformaldehyde 
overnight, dehydrated gradually by ethanol, and sprayed 
with gold. The adhesion and growth of cells in the scaffold 
were observed using SEM.

The collected medium was centrifuged twice at 800 ×g, 
and the supernatant was collected, and its drug content was 
measured using HPLC. The rifapentine release curve and 
cumulative percentage release curve of rifapentine were 
calculated and plotted.
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Evaluating the effects of the drug delivery systems on 
osteogenic differentiation of cells

The cells were divided into 5 groups, with 400 μL of BMSC 
suspension in each group. The groups were as follows: 
group A (BMSCs): cells were cultured in normal medium; 
group B (induced BMSCs, IBMSCs): cells were cultured 
in osteogenic induction medium; group C (IBMSCs + 
RPSMs): cells were mixed with 3 mg of RPSMS and 
cultured in osteogenic induction medium; groups D and 
E (IBMSCs + RPSMs + HA/β-TCP, IBMSCs + RPSMs + 
allograft): cells were mixed with 3 mg of RPSMS and added 
dropwise to HA/β-TCP or allogenic bone, respectively, and 
cultured in osteogenic induction medium. The cells were 
digested with trypsin after 7 and 14 days of culture, before 
being counted and plated again at 1×105/well, cultured 
in an incubator for 3 days, and subjected to alkaline 
phosphatase (ALP) and Alizarin Red staining according to 
the manufacturer’s instructions.

Quantitative RT-PCR analysis of mRNA expression

On days 14 and 21, quantitative real-time polymerase chain 
reaction (PCR) was performed to investigate the expression 
of collagen I and osteocalcin on days 14 and 21. Total 
RNA was isolated using TRIZOL reagent (Invitrogen, 
Thermo Fisher Scientific, Waltham, MA, USA) according 
to the manufacturer’s instructions. Total RNA was 
reverse transcribed and amplified using a RevertAid First 
Strand cDNA Synthesis Kit (Thermo Fisher Scientific). 
Quantitative real-time PCR assays were performed using 
the DyNAmo Flash SYBR Green qPCR kit (Thermo 
Fisher Scientific). GAPDH was used as the internal control. 
The primer sequences were as follows: collagen I (Rabbit): 
forward primer (5'-CCCAGAAACAGACGACAAACA
AC-3'), reverseprimer (5'-AACGGCAAAAACAAATCT
CCAAA-3'); osteocalcin (Rabbit): forward primer (5'-GC
CCTCACTCTTGTCGCCCTGCT-3'), reverse primer 
(5'-ACCACCTCGCTGCCCTCCCTCTT-3'); GAPDH 
(Rabbit): forward primer (5'-ACCTGACCTGCCGCCTG
GAGAAAGC-3'), reverse primer (5'-GGAGACGACCTG
GTCCTCGGTGTAG-3').

Statistical analysis

Each measurement represents mean ± standard deviation 
(SD) of three independent experiments or an experiment 
of triplicate assay. All data were analyzed using the SPSS 

22.0 software (IBM Corporation, Armonk, NY, USA). The 
one-way analysis of variance (ANOVA) with Tukey’s post 
hoc test was employed to make comparisons between the 
groups. Differences were considered significant at P<0.05.

Results

Characterization of BMSCs

Identification of the morphology, purity, and differentiation 
of the third passage BMSCs was performed. As Figure 1A 
reveals, BMSCs were uniform spindle-shaped with clones 
distributed as radial clusters when viewed under a light 
microscope (BX53, Olympus, Tokyo, Japan). The positive 
rates of CD29, CD44, CD45, and CD14, which were 
detected by flow cytometry, were 95.90%, 93.90%, 1.33%, 
and 1.82%, respectively (Figure 1B), indicating the high 
purity of third passage BMSCs. Under standard in vitro 
differentiating conditions, BMSCs had a good ability for 
osteogeneic, adipogenic, and chondrogenic differentiation, 
as is seen in Figure 1C.

The effect of rifapentine on cell proliferation and cycle

The cell survival rate of BMSCs in the presence of  
45.0 μg/mL rifapentine was consistent with those of normal cells  
(Figure 2A). Cell cycle analysis revealed that in comparison 
with the drug-free cells (Figure 2B), there was no significant 
change in the proportion of cells at each phase of cells in 
the presence of 45.0 μg/mL rifapentine (Figure 2C).

Physicochemical properties of microspheres

The RPSMs were red in color, powdery, and non-adhesive. 
The RPSMs were spherical in shape with a smooth surface, 
and there were small pores on the surface of individual 
microspheres under the SEM (Figure 3A). The mean 
particle size of the RPSMs was 27.67±2.05 μm, with 
symmetrical distribution (Figure 3B). The encapsulation and 
drug loading efficiency of the RPSMs were 78.11%±1.16% 
and 35.57%±0.85%, respectively.

In vitro antibacterial activity

At 4 weeks, the bacterial inhibition assays showed that the 
maximum inhibition zone diameters of the RPSMs and 
rifapentine in the medium containing Mycobacterium TB 
were 18.67±2.52 mm and 19.67±1.53 mm, respectively, with 
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no significant difference (P>0.05). At 8 weeks, the maximum 
inhibitory zone diameter of RPSMs was 18.33±2.08 mm and 
that of rifapentine was 13.33±1.53 mm. Significant difference 
was observed between the two groups (P<0.05) (Figure 4).

The preparation and drug release curve of the drug 
delivery system

The structure of HA/β-TCP and allogenic bone was 
observed by SEM (Figure 5A,B). The ultrastructural 
imaging of the two systems by SEM showed the RPSMs and 
BMSCs to be tightly adhered to the scaffold surface. The 

cells grew well and had a spindle-shaped morphology, with 
cellular pseudopods extending around the microspheres 
(Figure 5C,D).

The HPLC was used to calculate the drug concentration, 
and the rifapentine release curve and cumulative percentage 
release curve of rifapentine were plotted (Figure 6A,B). The 
two systems formed by HA/β-TCP and allogenic bone in 
our tests exhibited similar biphasic release profiles. During 
the burst release phase, a large amount of rifapentine was 
released from the two systems within 6 and 8 days, with 
drug release peaks of 19.08 and 30.82 μg/mL, respectively, 
followed by a period of smooth decreased release rate for 

Figure 1 Morphology and features of BMSCs. (A) The spindle-shaped morphology of BMSCs is seen in passage 3 (original magnification: 
100×, scale bar =50 μm). (B) The isolated BMSCs were characterized by a flow cytometer. BMSCs were positive for CD29 and CD44 but 
negative for CD45 and CD14. (C) Osteogeneic, adipogenic, and chondrogenic differentiation of BMSCs and staining with Alizarin red, Oil 
Red O, and Alcian blue, respectively (original magnification: 100×, scale bar =50 μm). BMSCs, bone marrow mesenchymal stem cells.
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nearly 60 days. At the end of the in vitro release tests, the 
cumulative release amount of rifapentine in the two systems 
reached 90.24%±0.22% (HA/β-TCP) and 83.90%±1.00% 
(allogenic bone), respectively.

Evaluation of the effects of drug delivery system on 
osteogenic differentiation of cells

With the purpose of evaluating the effects of the two drug 
delivery systems on differentiation of BMSCs, BMSCs 
were cultured for 7 and 14 days and then stained with 
ALP and alizarin red (Figure 7). At 7 days, ALP staining 
was found to be negative in group A and positive in the 
other four groups, with results demonstrating the BMSCs 
had differentiated into osteoblasts. Groups D and E both 
demonstrated significantly stronger ALP staining intensity 
when compared to groups B and C. The same trend was 
observed for alizarin red staining at 14 days, with the 
number of calcium nodules increasing significantly in 

groups D and E.
In each group of cells, quantitative real-time PCR was 

used to analyze the mRNA expression levels of osteoblast 
differentiation markers (Figure 8). The results showed that 
the collagen I and osteocalcin mRNA levels in groups D 
and E were significantly increased at 7 and 14 days when 
compared to groups B and C. Furthermore, the expressions 
of collagen I and osteocalcin were not significantly different 
between groups D and E, nor between groups B and C.

Discussion

The clinical treatment of osteoarticular TB is extremely 
challenging and results in ischemia and necrosis of the bone 
and abscess formation in the infective sites. The disability 
rate among patients whose spine joints are affected is high, 
due to structural damage and deformity as well as spinal 
cord or nerve function damage (19,20), which often lead 
to surgical treatment and long-term medication. Effective 

Figure 2 The effect of rifapentine on cell proliferation and cycle. (A) The proliferation curve of BMSCs. (B) Cell cycle detection results of 
drug-free cells. (C) Cell cycle detection results of drug-treated cells. BMSCs, bone marrow mesenchymal stem cells.

Figure 3 Morphology and features of RPSMs. (A) Scanning electron micrograph of prepared RPSMs (300× magnification, scale  
bar =50 μm). (B) Particle size distribution of RPSMs. RPSMs, Rifapentine Polylactic Acid Sustained-Release Microspheres.
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Figure 4 In vitro antibacterial activity. (A) and (D), (B) and (E), and (C) and (F) show the bacterial inhibiting areas of non-loaded drug filter 
paper, rifapentine, and RPSMs, respectively, at weeks 4 and 8. RPSMs, Rifapentine Polylactic Acid Sustained-Release Microspheres.

Figure 5 Scanning electron micrograph of scaffolds and systems. (A) HA/β-TCP (30× magnification, scale bar =500 μm). (B) Allogenic bone 
(30× magnification, scale bar =500 μm); (C) System A, IBMSCs + RPSMs + HA/β-TCP (300× magnification, scale bar =50 μm). (D) System B, 
IBMSCs + RPSMs + allograft (300× magnification, scale bar =50 μm). BMSCs, bone marrow mesenchymal stem cells; RPSMs, Rifapentine 
Polylactic Acid Sustained-Release Microspheres.
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Figure 6 In vitro release test results. (A) In vitro rifapentine release curve of systems A (IBMSCs + RPSMs + HA/β-TCP) and B  
(IBMSCs + RPSMs + allograft); (B) the in vitro cumulative percentage release curve of rifapentine in systems A and B. IBMSCs, Bone 
marrow mesenchymal stem cells; RPSMs, Rifapentine Polylactic Acid Sustained-Release Microspheres. HA/β-TCP, hydroxyapatite/
β-tricalcium phosphate.

Figure 7 ALP and Alizarin red staining were used to observe the osteogenic differentiation of the five groups of cells. The ALP (A,B,C,D,E) 
and Alizarin red (F,G,H,I,J) staining of the five groups of cells were observed under a microscope. (original magnification: 100×, scale bar 
=50 μm). BMSCs, bone marrow mesenchymal stem cells; IBMSCs, induced bone marrow mesenchymal stem cells; RPSMs, Rifapentine 
Polylactic Acid Sustained-Release Microspheres; ALP, alkaline phosphatase.

Figure 8 The mRNA expressions of collagen I and osteocalcin of the five groups of cells were analyzed by quantitative real-time PCR  
in vitro. The expressions of osteogenic marker genes collagen I (A) and osteocalcin (B) were conducted by quantitative real-time PCR. Data 
were presented as mean ± SD from triplicate samples. **, vs. group A; P<0.01; ##, vs. group D; P<0.01; ^^, vs. group E, P<0.01.
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antibiotic drug concentrations and good repair of bone 
defects at the local site are difficult to achieve through 
the combination of traditional anti-TB agents with 
debridement or bone transplantation, and there are a series 
of side effects (21), making this treatment unsatisfactory for 
treating patients with osteoarticular TB. Consequentially, 
we developed sustained drug delivery systems, prepared 
from BMSCs, RPSMs, and bone graft material, which was 
placed directly into the lesion site to repair and reconstruct 
the original bone tissue as well as to treat osteoarticular TB.

The results of our study showed that BMSCs were 
adherent with a fibroblast-like morphology, expressed 
the surface markers of BMSC antigens such as CD29 and 
CD44 (22), and were able to differentiate osteogenically, 
adipogenically and chondrogenically. These results 
were consistent with the standards of the International 
Society for Cell Therapy (23). BMSCs are precursors of 
osteoblastic-lineage cells, which play a crucial role in bone 
formation (24). We therefore combined BMSCS with drugs 
and carriers, constructing sustained drug delivery systems to 
fill these bone defects and promote bone formation at the 
lesion.

In recent years, drug delivery systems with sustained 
release capabilities, such as drug-loaded liposomes and 
microspheres, have drawn attention. Anti-TB drugs 
come in the form of tablets and injections, and repeated 
drug administration can result in significant side effects 
and poorer patient compliance (25). A sustained-release 
microsphere, which can deliver a constant, lower drug 
dose over a long period of time offers a solution to 
these limitations. For this study, we prepared RPSMs 
by double emulsion solvent evaporation with PLA and 
rifapentine. Compared to previous studies, RPSMs had 
a smooth surface, uniform particle size distribution, 
and higher encapsulation and drug loading efficiency. 
This improvement could reduce not only the relative 
drug release rate but also the administration dosage of 
microspheres, proving the microspheres were reliably 
prepared (26). Meanwhile, the antibacterial activity of 
RPSMs was investigated and in vitro results showed 
that at 8 weeks, RPSMs had better antibacterial activity 
compared with rifapentine, which indicated that RPSMs 
have a long-term inhibitory effect on the growth of 
Mycobacterium TB.

To evaluate the possibility of combining BMSCs with 
anti-TB drugs, the effects of different concentrations 
of rifapentine on cell proliferation were investigated by 
CCK-8 assay. Drug concentrations up to 45.0 μg/mL 

were found to have no effect on cell proliferation, and 
these concentrations were significantly higher than the 
minimum inhibitory concentration of rifapentine (0.03–
0.06 μg/mL) (27). Pluripotent stem cell differentiation is 
closely related to cell cycles, and the regulation of G1 phase 
is particularly important (28). Cell cycle analysis revealed 
that the G1 quiescent phase of drug-treated cells was 
consistent with that of the drug-free cells, with typical stem 
cell proliferation characteristics and no significant effect 
on cell differentiation. These results not only made the 
construction of a sustained drug delivery system possible, 
but also suggested that the concentration of rifapentine 
should be kept below 45.0 μg/mL.

In the present study, RPSMs and BMSCs were combined 
with HA/β-TCP or allogenic bone to form two sustained 
drug delivery systems. The drug release curve of two 
sustained drug delivery systems showed a controlled 
release state, and the drug release peaks were both below  
45.0 μg/mL, indicating the microspheres had little effect 
on cell proliferation during drug release. Furthermore, 
the sustained drug delivery system formed by HA/
β-TCP composite material exhibited a longer duration 
of drug release. The reason underlying this is that 
inorganic material can change the polymer degradation 
behavior by buffering the pH of the nearby solution, thus 
preventing the hydrolysis of polymer chains, e.g., in PLA 
(29). Furthermore, the larger pore size of HA/β-TCP 
composite material promotes the embedding of RPSMs 
and the adhesion of BMSCs, which obstruct the release of 
rifapentine from microspheres. 

The results of ALP, alizarin red staining, and real-
time PCR suggested that RPSMs had no effects on the 
osteogenic differentiation of stem cells. In addition, the 
mRNA expression levels of collagen I and osteocalcin were 
significantly increased in both groups D and E during 
osteogenic differentiation, with no significant difference 
between the two groups, which indicated that both materials 
had good function in relation to osteoinductivity.

Osteoarticular TB always results in massive bone defects 
that requires bone grafting repair. However, the weak 
antibacterial ability of bone grafts helps to form a perfect 
micro-environment for the growth of TB bacteria, and the 
unrestrained chronic inflammation can lead to a significant 
reduction in the proliferation capability and differentiation 
potency of BMSCs, inhibiting bone formation (30). In this 
study, HA/β-TCP or allogeneic bone was combined with 
RPSMs and BMSCs, respectively, to construct two novel 
anti-TB drug delivery systems which could not only repair 
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the bone defects but also inhibit the growth of TB bacteria 
and reduce the inflammatory response, thus promoting 
bone formation.

HA/beta-TCP and al logenic bone,  which have 
completely different structures, are commonly used bone 
graft materials in clinical treatment. Allogeneic bone is 
easily harvested and has similar physical performances 
with in situ bone, which has good osteoconduction and 
osteoinduction (31). However, the risk of possible related 
immune reactions and disease transmission also needs to be 
addressed (32). HA/β-TCP is a common material composed 
of hydroxyapatite and beta-tricalcium phosphate (33). HA/
β-TCP is similar to bone in its molecular composition 
and structure, and it has excellent biocompatibility and 
osteoconductive properties (34). Its pore size facilitates cell 
migration and nutrient/waste exchange (35). Moreover, 
previous studies have found that HA/β-TCP scaffolds could 
simulate the 3D microenvironment of bone and promote 
the osteogenic differentiation of BMSCs (36,37). The 
results of the drug release test and osteogenic differentiation 
ability revealed the sustained drug delivery system with 
HA/β-TCP as scaffold material was more stable and had a 
longer duration of sustained release, as well as having good 
biocompatibility, osteoconductivity, and osteoinductivity.

Conclusions

In this study, we fabricated RPSMs, with an even particle 
size distribution and ideal anti-bacterium effect, by 
employing the double emulsion solvent evaporation 
method, and integrating these microspheres along with 
BMSCs into HA/β-TCP or allogenic bone to prepare anti-
TB drug delivery systems for bone tissue engineering. 
Further study indicated that the HA/β-TCP-scaffolded 
drug delivery system was more stable and had a longer 
duration of sustained release, as well as having good 
biocompatibility, osteoconductivity, and osteoinductivity. 
This novel anti-TB drug delivery system for bone tissue 
engineering can simultaneously serve a purpose in the 
replacement of bone defects and drug-directed sustained 
release, and thus provides a new method for the clinical 
treatment of osteoarticular TB. The therapeutic and tissue 
repair effects of the drug delivery systems in vivo are worthy 
of further study.
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