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Abstract 

To cure serious bone tuberculosis, a novel long-term drug delivery system was 

designed and prepared to satisfy the needs of both bone regeneration and 

antituberculous drug therapy. The antituberculous drug (rifampicin, RFP) was loaded 

into a porous scaffold, which composed of a new designed polylactone, 

poly(ε-caprolactone)-block-poly(lactic-co-glycolic acid) (b-PLGC) copolymer, and 

β-tricalcium phosphate (β-TCP). The releasing results demonstrated that RFP could 

be steadily released for as long as 12 weeks both in vitro and in vivo. Within the in 

vivo experimental period, the drug concentration in tissues surrounding implants was 

much higher than that of in blood which was still superior to the effective value to kill 

mycobacterium tuberculosis. MC3T3-E1 osteoblasts proliferated well in extracts and 

co-culture on composite scaffolds, indicating good cytocompatibility and cell affinity 

of the scaffold. The results of rabbit radius repair experiment displayed the scaffold 

has good bone regeneration capacity. The RFP-loaded b-PLGC/TCP composite 
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scaffold thus could be envisioned to be a potential and promising substrate in clinical 

treatment of bone tuberculosis. 

Keywords: bone tuberculosis therapy, composite scaffold, drug delivery, bone 

regeneration. 

 

 

1. Introduction 

Tuberculosis (TB), caused by the mycobacterium tuberculosis, continues to present a 

formidable challenge to humans. According to the World Health Organization’s 2014 

global report, there were an estimated 9.0 million new cases of TB and 1.5 million 

people died from TB in 2013.
1,2

 Classified by the infection parts of body, there are 

two kinds of TB, pulmonary and extra-pulmonary. Bone TB is the most significant 

extra-pulmonary TB for its large number of infection cases and serious consequences. 

There are about 19-38 million bone TB cases around the world, most of which are the 

secondary disease of pulmonary TB.
3-6

 Many funds and efforts had been spent on 

pulmonary TB, while little attention was paid to bone TB. 

The most common method in treating serious bone TB cases is the infection foci 

debridement with a subsequent internal fixation.
7
 However, the tuberculosis bacillus 

is hard to be cleaned up completely after debridement operation. Some of them will 

survive and become latent bacillus which would reproduce rapidly once in suitable 

conditions.
8
 Hence, apart from the debridement operation, antitubercular drug therapy 

is still necessary for a long period. A general strategy for these patients is 

chemotherapy by oral administration or intravenous injection for 9 to 12 months, 

which is undoubtedly a heavy burden to patients.
9,10

 In addition, to achieve effective 

local drug concentrations, patients have to take excess drug on a long-term to obtain 
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high blood drug concentration, which might cause serious toxic effect to tissues and 

organs, especially liver and kidney.
11

 Besides, bioavailability of anti-mycobacterial 

drugs is another major clinical problem. Rifampicin (RFP), one of the first-line 

antitubercular drugs, shows a decline in intestinal absorption, and tends to undergo 

fast and great decomposition in stomach in case of other antitubercular drugs 

presenting.
12-14

 Local drug delivery system (DDS) offers an effective approach for the 

drug therapy of bone TB. It possesses advantages of specific site delivery, drug 

dosage optimizer and release duration. Moreover, patient compliances will be no 

longer a hard-to-predict trouble affected curative effect.
15-17

 

On the other hand, the debridement of infected bone by TB leaves a residual 

cavity, which is liable to cause a rising opportunity of common bacterial infection and 

rapid propagation of the residual tuberculosis bacterial. Hence, the cavity should be 

filled to avoid the infection and help the regeneration of new tissue.
8
 Apart from 

autologous and allogeneic bone transplantation, bone regeneration basing on the 

concept of bone tissue engineering has been identified to be an effective way to 

remodel the bone defects and restore the function.
18-20

 Due to their biocompatibility 

and flexibility in biodegradation rates, aliphatic polylactones are the most widely used 

polymeric biomaterials.
21-24

 Inorganic compounds such as calcium phosphate are 

usually incorporated into polylactone scaffolds to enhance osteogenesis.
25-27

 In 

numerous published data, bone repair have been reported using polylactone/calcium 

phosphate organic-inorganic composite scaffolds.
28-30

 

With all these considerations, antitubercular drug-loading polylactone/calcium 

phosphate organic-inorganic composite scaffolds would be a promising solution to 

satisfy the needs of both bone regeneration and antituberculous drug therapy in 

treating bone TB. Actually, polylactone scaffolds have been widely served as carriers 
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for growth factors, anti-inflammatory and anti-cancer drugs. For example, Jung and 

coworkers designed BMP-7 loaded poly(lactide-co-glycolide) (PLGA) scaffold that 

could retain the dual-function of local BMP-7 release and progenitor-scaffolding with 

its defect-fitting architecture.
31

 Petit and coworkers reported a celecoxib-loaded 

scaffold based on acetyl-capped PCLA-PEG-PCLA triblock copolymer.
32

 

Herein, RFP-loading organic-inorganic composite scaffolds were designed and 

prepared using a polylactone and β-tricalcium phosphate (β-TCP). The main strategies 

of drug loading include chemical bonding and physical bleeding. Kang and coworkers 

designed kartogenin-conjugated chitosan nano/microparticles for cartilage 

regeneration.
33

 Feng and coworkers designed a conjugated polymer nanoparticle by 

electrostatic assembly of cationic conjugated polymer PFO and anionic 

poly(L-glutamic acid) conjugated with anticancer drug doxorubicin (PFO/PG-Dox).
34

 

A previous work of our laboratory by Huang and coworkers designed an isoniazid 

conjugated star poly(lactide-co-glycolide) and blend with β-TCP to fabricate bone 

tissue-engineered scaffolds, which realized a rather long time of drug release.
35

 

However, the main obstacles in such designs included possible drug degeneration and 

incomplete drug release, in particular the possible change of pharmacological effect 

after the chemical bonding and during the degradation of the polymer. When its 

molecular weight is lower than 5000, the degraded fragment of polylactone linked 

with drug molecule can be dissolved in water and it is considered as a drug molecule, 

but whether it can play the role as the same of a drug molecule is doubtful. Physical 

blending does not change the chemical properties of the drug, from this the safety and 

effectiveness are guaranteed. Hence, we choose physical blending to form the drug 

delivery system. But still there are some problems unsolved in the drug release 

behavior in the reported researches by now including initial burst release, uneven 
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release behavior and short drug release duration less than 40 days. 

The main points of this study include improvement of the uniformity and 

extension of the release duration, and suppression of the initial burst release as 

possible. The release behavior is mainly controlled by the degradation and drug 

permeability of the polymer but not just the former. Therefore, we design a 

polylactone to adjust both of the degradation and drug permeability properties as far 

as possible to overcome the shortcomings. Since PCL has high permeability for drug 

molecules, while PLGA has flexibility in degradation adjustment, b-PLGC was 

synthesized with the purpose of getting both desired RFP releasing behavior and 

degradation rate. RFP release behaviors in vitro and in vivo reflected RFP 

concentrations obtained in blood and tissue surrounding the implant could reach a 

high value, which was above the effective level required for TB treatment. The 

RFP/b-PLGC/TCP scaffold showed good cytocompatibility in in vitro assessment by 

MC3T3-E1 cell culture and good bone regeneration capacity, as well as the 

b-PLGC/TCP scaffold in the animal tests. In a word, the RFP/b-PLGC/TCP scaffold 

should have the great potential to combine recovering the residual cavity and the drug 

therapy for effective bone TB treatment. 

2. Experimental section 

2.1 Materials 

L-lactide and glycolide were purchased from PURAC (the Netherlands) and purified 

by recrystallization in anhydrous ethyl acetate twice. Ethyl acetate was dried by P2O5 

overnight and then distilled. ε-Caprolactone was purchased from Acros Chemica 

(Belgium), dried with calcium hydride for 24 h, and distilled under vacuum (82
 

o
C/133 Pa). Stannous octoate (Sigma, A.R.) was used directly without further 

purification. 
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NaCl of analytical quality was purchased from Beijing Chemical Works, China. 

It was sieved and particles with diameter 150-250 µm were selected. β-TCP powders 

with diameter 300-500 nm were purchased from the Forth Reagent Factory of 

Shanghai, China. RFP was purchased from Energy Chemical, China. 1,4-Dioxane, 

chloroform and other reagents were of analytical grade and used without further 

purification. 

2.2 Preparation and characterization of polylactones 

b-PLGC copolymer was synthesized via two steps according to our previous report.
36

 

As shown in Scheme 1, firstly, mixture of ε-caprolactone (CL) and hexadecanol were 

put into a polymerization tube, and then 0.05 wt% stannous octoate was added as 

catalyst. After deoxygenating with pure argon, the tube was sealed under vacuum and 

then immersed in an oil bath thermoset at 140 
o
C for 20 h. Purified PCL pre-polymer 

was obtained by dissolving the product in chloroform, followed by precipitation from 

ethanol. Subsequently, PCL pre-polymer, glycolide and lactide, as well as 0.05 wt% 

stannous octoate, were sealed into a glass tube under vacuum after deoxygenating 

with pure argon. The tube was immersed in oil bath and kept at 160 
o
C for 20 h. The 

raw product was purified by precipitating its solution in chloroform into ethanol, and 

then dried thoroughly under vacuum at room temperature. Poly(L-lactide-co-glycolide) 

(PLGA), poly(L-lactide-co-glycolide-co-caprolactone) (r-PLGC) and poly(L-lactide) 

(PLLA) were synthesized and purified under same condition to that of b-PLGC (160 

o
C, 20 h). 

1
H NMR spectra were obtained with ADVANCE 400 spectrometer (Bruker, 

German) at room temperature, using CDCl3 as solvent and tetramethylsilane (TMS) as 

internal reference. GPC measurements were carried out on GPCmax VE-2001 

(Viscotek, UK) maintained at 35 
o
C. Tetrahydrofuran or chloroform was used as the 
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eluent at a flow rate of 1.0 mL·min
-1

; calibration was performed with polystyrene 

standards. Polylactone films were fabricated by solution-casting and water contact 

angles were measured using a Contact Angle Meter (JC2000C1, Zhongchen, China). 

Ten independent determinations at different sites of a film were averaged. Differential 

scanning calorimetry (DSC) measurements were carried out on a differential scanning 

calorimeter (Q2000, Ta instruments, American) at a heating rate of 10 
o
C·min

-1
. 

Thermograms covering a range of -60 
o
C to 200 

o
C were recorded and the glass 

transition temperature (Tg) and melting point (Tm) of different polylactones were 

identified according to the thermograms. 

2.3 Preparation and characterization of RFP-loaded polylactone/TCP composite 

scaffolds 

To ensure interpenetrated porous structure, scaffolds were fabricated by a particle 

leaching in combination with phase separation technique referring to our previous 

study.
37

 Briefly, mixtures of polylactone, TCP and RFP (1.0/1.0/0.2 in w/w/w) were 

put into 1,4-dioxane to form slurry of 10 wt% polylactone solution. Pre-sieved NaCl 

particles (150-300 µm in diameter) were then added into the slurry at a weight ratio of 

20/1 to the total weight of polylactone and TCP. The paste was then fit into a mold, 

frozen under -20 
o
C, and freeze-dried for 48 h. RFP-loaded polylactone/TCP scaffolds 

were obtained after NaCl particles were washed away completely with distilled water 

and freeze-dried for 24 h. RFP-free polylactone/TCP scaffolds were fabricated in a 

similar way except on RFP being introduced into the slurry. All scaffolds were cut 

into cylindrical pieces with the size of approximately 5 mm in diameter and 10 mm in 

thickness with about 300 mg, and then stored at 4 
o
C for further use. 

Morphologies of polylactone/TCP scaffolds were characterized using scanning 

electron microscope (SEM, JSM-6700F, JEOL Ltd, Japan) after the scaffolds was 
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coated with gold using a sputter coater (E-1010, Hitachi Ltd, Japan). Pore sizes were 

measured using ImageJ software (National Institutes of Health, USA) according to the 

SEM micrographs. For each scaffold, the averaged diameter of the pores was 

calculated basing on 100 measurements. The porosity of the scaffolds was determined 

as described previously.
38

 The loading efficiencies of RFP in polylactone/TCP 

scaffolds were measured as follows: Twenty milligrams of RFP-loaded scaffolds were 

dissolved in 10 mL dichloromethane and the solution was centrifuged at 8000 rpm for 

10 min to remove TCP particles. The clear solution was analyzed using UV 

spectrophotometer (TU-1901, PERSEE, China) at λmax = 474 nm. And the same 

quality of pure scaffolds was treated with the same way to the RFP-loaded scaffolds 

and the clear solutions were used as control. The concentration of RFP was calculated 

with a calibration curve from RFP standard solutions at different concentrations. The 

percent drug loading and percent encapsulation efficiency were calculated as follows: 

%100
scaffoldloadedRFPofweight

scaffoldinRFPofweight
(%)contentloadingRFP ×

−
=  

%100
feedingRFPofweight

scaffoldinRFPofweight
(%)efficiencyentrapmentRFP ×=

 

2.4 In vitro release behaviors of RFP from composite scaffolds 

Release behaviors of RFP-loaded polylactone/TCP composite scaffolds in vitro were 

carried out at 37 
o
C in 10 mL of 0.1 M PBS (pH = 7.4). The release medium was 

withdrawn at pre-determined time intervals, and replaced with a fresh soaking 

medium each time. Then the concentrations of RFP were determined by UV 

spectrophotometer by measuring the maximum absorbance at the 474 nm, 

respectively. The concentration of RFP was calculated with a calibration curve from 

RFP standard solutions at different concentrations. 

2.5 In vitro cytotoxicity evaluation 
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Polylactone/TCP scaffolds were soaked in DMEM (Hyclone) for 24 h, and the 

extracts were used for cell culture. MC3T3-E1 (5×10
3
 cells/well) was seeded into 

96-well plates, and incubated with extracts at 37 
o
C in humidified atmosphere with 5% 

CO2, using DMEM as control. Cell proliferation rates were tested by CCK-8 method. 

Briefly, at day 1, 3, 5, and 7 after seeding, 20 µL of CCK-8 solution was added into 

each well and incubated at 37 
o
C for 4 h, and then the OD value was measured by 

microreader (Model 680, Bio - rad, American) at the wavelength of 490 nm. Cell 

number was calculated by a standard curve. MC3T3-E1 (1×10
4
 cells/well) was seeded 

onto composite scaffolds (5 mm in diameter and 1 mm in thickness) in 48-well plates 

and cultured with DMEM supplemented with 10% fetal bovine serum (FBS, PAA, 

Germany), 100 IU·mL
-1

 penicillin (Sigma), and 100 mg·mL
-1

 streptomycin (Sigma). 

Tissue culture polystyrene (TCPS) was taken as control. SEM micrographs were 

taken when cells had attached and proliferated on scaffolds for 3 days. The samples 

were fixed in 2.5% glutaraldehyde and serially dehydrated with an increasing ethanol 

gradient, air-dried in a hood and sputter-coated with gold prior to imaging under SEM 

at 5 kV. 

2.6 In vivo osteogenesis evaluation 

Animals and surgical procedures. The study was conducted under a protocol 

approved by the institutional animal care and uses committee of the 309th Hospital of 

PLA and performed in accordance with the Guide for Care and Use of Laboratory 

Animals. Twenty-seven skeletally mature New Zealand rabbits (about 3 kg of weight) 

were used. Rabbits were divided randomly into three groups: (1) 9 defects for 

implantation of b-PLGC/TCP scaffold; (2) 9 defects for implantation of 

RFP/b-PLGC/TCP scaffold; (3) 9 defects were left untreated as blank control. 

Surgery was carried out under sterile condition to establish a model with 
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critical-sized segmental defect, started with intramuscular anesthesia of rabbits by 3% 

pentobarbital sodium (30 mg·kg
-1

). After shaving off hair on the right forelimb, a 

longitudinal skin and musculature incision measuring approximately 20 mm was 

made at the anteromedial aspect. A unilateral segment of the periosteum and radius 

with 10 mm in length and 5 mm in diameter was removed in the middle of radius by 

using a hard drill. The defect was subsequently irrigated with physiological saline and 

filled with scaffold aforementioned and the size of scaffolds was consistent with that 

of the defect. Finally, the underlying musculature and skin were sutured, and the 

wound was covered by sterile gauze. Infection was prevented with a single 

intramuscular injection of gentamicin (10,000 IU·kg
-1

) immediately after surgery. 

Rabbits from each group were sacrificed by lethal intravenous administration of 

sodium pentobarbital at 4, 8, 12 weeks post-implantation, respectively. 

In vivo drug concentration in blood and tissue. At 4, 8, and 12 weeks post-surgery, 

1 mL blood samples were immediately collected from ear veins after the rabbits were 

sacrificed. In addition, the blood samples were also collected from five randomly 

selected normal rabbits. The blood specimens were all centrifuged and the blood 

serums were obtained. And the blood serums were precipitated into methanol and 

centrifuged, and then the supernatants were collected. And samples of bones (0.5 cm 

away from the closer end of the groove), musculature and fibrous tissue cling to the 

groove and tissues were collected as well. The tissues were weighted and added into 2 

mL saline before being homogenate. 1.0 mL of the tissue suspension was mixed with 

2.0 mL methanol. The homogeneous mixture was centrifuged and the supernatants 

were reserved. The concentration of drug distributed in blood and tissues were 

investigated by UV spectrophotometer by measuring the maximum absorbance at 474 

nm. 
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Radiological examination. Rabbits from each group anesthetized by injecting 

ketamine (10 mg·kg
-1

) and Sumianxin II (0.1 mL·kg
-1

) via ear vein at 4, 8 and 12 

weeks after implantation, respectively. Then, the rabbits were radiographically 

examined by X-ray microradiography (Philips class-type B). An appropriate 

magnification was applied throughout the observation. The degree of new bone 

formation during the healing period was estimated using the grey scale. 

Histological analysis. The tissue samples were fixed in 10% neutral buffered 

formalin for 7 days, decalcified and dehydrated according to standard protocols, 

embedded in paraffin and sectioned at 5 µm thickness. H&E staining and Masson’s 

trichrome staining were performed separately on tissue sections, according to the 

manufacturer’s protocols, and images were captured under light microscope (CX21, 

Olympus, Japan). 

Immunohistochemical analysis. Immunohistochemistry for osteocalcin (OC) was 

performed according to the literature.
39

 Briefly, tissue sections were de-paraffinised 

and rehydrated then submerged in hydrogen peroxide to quench peroxidase activity. 

Before exposure to the primary antibody against OCG3 (ab13420, Abcam, dilution 

1/500), Tissue sections were incubated with 1% BSA to block nonspecific binding. 

After incubation with primary antibody overnight at 4 
o
C, HRP conjugated secondary 

antibody was applied to the tissue sections for 1 h at room temperature. Finally, the 

dia-minobenzidine (DAB, Beyotime, Jiangsu, China) kit was used to develop the 

color, followed by counterstaining with hematoxylin. Tissue sections were observed 

under a light microscope (CX21, Olympus, Japan). OC expression within the defect 

area was quantified using a web application software ImunoRatio. 

2.7 Statistical analysis 

All quantitative data were expressed as mean ±  standard deviation (n = 3). 
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Statistical analysis was made based on t-test, and differences between groups were 

considered as significant for p < 0.05. 

3. Results and discussion 

3.1 Synthesis and characterization of polylactones 

Polylactones, including PLLA, PLGA, PCL, and PEG block derivatives, approved by 

FDA for biomedical use, are the most popular biodegradable and biocompatible 

polymers for drug delivery and tissue engineering.
40,41

 In this study, a novel block 

polylactone, poly (ε-caprolactone)-block-poly (lactic-co-glycolic acid) (b-PLGC) 

copolymer, was synthesized by two steps of ring-opening polymerization, as shown in 

Scheme 1. Firstly, PCL pre-polymer with expected molecular weight was synthesized 

by the ring-opening polymerization of ε-caprolactone with hexadecanol as initiator. 

And then PCL prepolymer, glycolide and lactide (feeding mole ratio of LA/GA/CL 

was 63/27/10) were adopted to synthesize b-PLGC copolymer. Besides, to compare 

the influence of micro-segment structure on drug release behavior, r-PLGC (63/27/10) 

copolymer was synthesized by direct polymerization of LA, GA and CL. Commonly 

used PLGA (70/30) and PLLA were also synthesized by the similar method for 

comparison. In order to eliminate the effect of deviations in molar ratios and 

molecular weights of different polylactones on drug release behaviors, the molar 

ratios of LA/GA in both PLGC and PLGA were theoretically controlled at 70/30, and 

the molecular weights of all the polylactone were adjusted in similar values. As shown 

in Table 1, the weight-average molecular weights (Mw) measured by GPC were all in 

the range of 80 kDa-100 kDa, and the practical chemical compositions determined by 

1
H NMR was close to the feeding doses. 
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Scheme 1 Synthesis of b-PLGC and r-PLGC copolymers. 

 

It was well known that the hydrophility/hydrophobicity ratio and crystallization 

morphology (especially at body temperature 37 
o
C) of polylactones had great 

influence on their degradation rates and drug release behaviors.
42,43

 According to the 

Table 1, PLLA, crystalline polymer, has a clear melting peak at 189 
o
C, while the 

amorphous polymers like PLGA and r-PLGC, have no melting peak. Notably, the Tg 

of r-PLGC is much lower than those of the others, which implied it was in rubbery 

state at 37 
o
C. b-PLGC showed two Tg at -60 

o
C and 67.5 

o
C, respectively, which 

demonstrated that it presented a two-phase structure, i.e. PCL crystalline and PLGA 

amorphous domains.
36

 As we all have known, PCL has been widely used as drug 

carrier material owing to its excellent drug permeability, but its low degradation rate 

restrains its application in tissue engineering.
44

 Whereas, the copolymerization of PCL 

with glycolide and lactide could accelerate its degradation rate and keep its good drug 

permeability, and may have advantage in tissue engineering. 
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Table 1 The major characteristics of polylactones. 

Sample 

GPC  

Mn Mw PDI 
Molar ratio

a
 

(LA/GA/CL) 

Contact angle 

(degree) 

Tg 

(
o
C) 

Tm 

(
o
C) 

PLLA 82,000 99,000 1.21 100.0/0.0/0.0 81.0 70.0 189.0 

PLGA 69,000 101,000 1.47 68.5/31.5/0.0 67.5 60.3 - 

r-PLGC 67,000 84,000 1.25 61.5/27.7/10.8 69.5 26.7 - 

PCL 17,000 24,000 1.41 0.0/0.0/100.0 88.6 -60.0 53.1 

b-PLGC 64,000 88,000 1.38 62.3/26.5/11.2 70.2 -60.0, 67.0 53.5 

a
Calculated from 

1
H NMR measurement. 

3.2 Preparation and characterization of RFP/polylactone/TCP scaffolds 

Commonly, scaffolds used in bone regeneration should be three-dimensional and 

highly porous with an interconnected network of pores (at least 100 µm) to allow cell 

migration, tissue in-growth and vascularization.
45,46

 In order to fabricate suitable 

scaffolds, various processing techniques such as electrospinning, self-assembly, 

salt-particle leaching, 3D-printing et al, have being developed to design and prepare 

scaffolds. In this study, four different RFP-loaded polylactone/TCP scaffolds, 

including PLLA, PLGA, r-PLGC, b-PLGC containing the same amount of TCP, were 

fabricated by particle leaching using NaCl as porogen in combination with phase 

separation/freeze drying technique. 
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Fig. 2 SEM images of the RFP/polylactone/TCP composite scaffolds. A. RFP/PLLA/TCP 

scaffold; B. RFP/PLGA/TCP scaffold; C. RFP/r-PLGC/TCP scaffold; D. RFP/b-PLGC/TCP 

scaffold. 

 

Morphological characterizations of these scaffolds were determined by SEM 

observation as shown in Fig. 2. All the scaffolds possessed similar 3-D random porous 

structure and TCP distributed uniformly in the polymer matrix. The main pore 

parameters determined from SEM images and corresponding porosities were shown in 

Table 2. All the scaffolds exhibited similar porosity about 85%-90%, and the pore 

sizes of these scaffolds fell in a range of 200-300 µm. Numerous micro-pores (10-50 

µm) could be observed on the wall of macro-pores, which provided a high surface 

area for maximizing cell seeding and attachment, sufficient space for extracellular 

matrix (ECM) regeneration and minimal diffusion constraints. Porous structure of 

scaffolds and drug loading could be conducive to the release of RFP from scaffolds. 

As shown in Table 2, the RFP loadings of all scaffolds were 3.2%-4.6%. Therefore, 
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the similarity in pore size, porous structure and drug loading for all scaffolds 

demonstrated that the following RFP release behaviors would be mainly dependent on 

physiochemical properties of polylactones. 

Table 2 Major pore parameters, RFP loading and entrapment efficiency of RFP/polylactone/TCP scaffolds. 

Parameters 
Scaffolds 

RFP/PLLA/TCP RFP/PLGA/TCP RFP/r-PLGC/TCP RFP/b-PLGC/TCP 

Average pore 

diameter (µm) 
246.0±43.0 229.0±47.0 210.0±29.0 256.0±46.0 

Porosity (%) 89.0±1.3 85.3±1.8 83.4±1.2 86.7±0.8 

RFP loading
a
 (%) 4.6±0.4 4.4±0.5 3.2±0.7 3.5±0.5 

Entrapment efficient (%) 46.0±4.0 44.0±5.0 32.0±7.0 35.0±5.0 

a
Feeding dose of polylactone/TCP scaffold was 10% (wt%). 

3.3 RFP release behaviors in vitro and in vivo 

The release profiles of RFP from different polylactone/TCP scaffolds in vitro are 

shown in Fig. 3(A). A slight burst release occurred in all cases at the first day, which 

accounted for ~35% of the total loaded RFP from the r-PLGC/TCP scaffold, while 

~20% from the other three scaffolds. After the initial burst release, different release 

profiles were obtained from different scaffolds. The RFP release from both 

PLLA/TCP and PLGA/TCP scaffolds became quite slow. For instance, the cumulative 

release from PLGA/TCP scaffold reached only ~55% at 14 days and ~65% at 84 days. 

The RFP release from PLLA/TCP scaffold was further slower than that from 

PLGA/TCP scaffold. On the contrary, the RFP release from r-PLGC/TCP scaffold 

was very fast that almost 90% of total RFP had been released within 63 days. 

However, a long-term sustained RFP release was obtained for the sample of 

b-PLGC/TCP scaffold. RFP could be seen releasing from b-PLGC/TCP scaffold at a 

kind of approximate linear rate during the whole experimental period, in which, 

3.17±0.15% of RFP was released per week. 
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Fig. 3 Release behaviors of RFP from composite scaffolds in vitro (A); Concentrations of RFP 

released from RFP/b-PLGC/TCP scaffold into blood or surrounding bone and tissue in vivo (B). 

 

The initial burst release from all the scaffolds should be attributed to those RFP 

molecules existing on surface of the substrate. In preparing the scaffolds, RFP was 

dissolved in polymeric solution and mixed well with polylactone/TCP slurry. 

Therefore, there always should be some RFP existing on or close to the scaffold 

surface, which likely lead to the initial burst release. Those RFP molecules embedded 

inside polymeric matrixes would be released via steps of water molecules 

interpenetration and RFP diffusion out, in which, the physiochemical features of 

polymeric matrix played important roles in regulating release behaviors.
47

 RFP is 

hydrophobic and its solubility in water is limited. It was understandable that the 

release of hydrophobic RFP from hydrophobic PLLA/TCP and PLGA/TCP scaffolds 

Page 17 of 32 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



18 

 

in aqueous environment was slow after the initial burst release. However, it has been 

reported that the diffusion coefficient of lipophilic drug was much larger in PCL than 

in PLA and PLGA.
36

 Thus, addition of the CL component into PLGA should be able 

to accelerate the rate of RFP release, as indicated by the cases of b-PLGC/TCP and 

r-PLGC/TCP scaffolds. In comparison with b-PLGC/TCP scaffold, the significantly 

faster RFP release rate of r-PLGC/TCP scaffold result from its rubbery state at 37 
o
C. 

As shown in Table 1, only r-PLGC distinctly displayed a Tg below 37 
o
C. Movements 

of chain segments are much easier in rubbery state than in glassy state, which 

apparently facilitate the water interpenetration in and RFP diffusion out of the 

r-PLGC scaffold. While for b-PLGC/TCP scaffold, the presence of PCL block 

enhanced the diffusion of RFP, accelerated the release rate, therefore, a sustained 

release behavior was resulted as expected in comparison with other three cases. 

Since b-PLGC/TCP scaffold could achieve continuous RFP release as long as ~3 

months, the RFP/b-PLGC/TCP scaffold was chosen and implanted into the rabbit 

radius defect to test its release behavior in vivo. The released RFP would diffuse into 

surrounding tissues or enter into blood, therefore, blood and tissue samples were 

collected at 4, 8 and 12 weeks after surgery, and the RFP concentrations in these 

samples were monitored with UV spectrophotometer (Fig. 3(B)). The mean maximum 

RFP concentration in blood was 32.55±1.98 µg·mL
-1

 at the fourth week. It decreased 

with longer implantation time, and it was 13.21±1.10 µg·mL
-1

 at week 12 after 

implantation, which was still higher than the reported effective therapeutical 

concentration (5 µg·mL
-1

).
8
 The levels of RFP in surrounding bone tissue were 

detected much higher than those in blood samples at all-time points. At week 4, for 

instance, it was 59.79±3.76 µg·mL
-1

 in bone tissue, which was almost two times of 

that in blood. To the week 12 after implantation, the RFP concentration in tissue 
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remained as high as 32.01± 2.21 µg·mL
-1

 Clearly, the RFP released from 

b-PLGC/TCP scaffold should be effective in treating bone TB. 

3.4 Cytocompatibility of RFP/polylactone/TCP scaffold 

With the continuous release of anti-TB drug, it was important to evaluate the 

cytocompatibility of RFP-loaded scaffolds in vitro before they were applied to treat 

bone TB. It was reported that RFP exerted deleterious effects on osteoblast growth 

and differentiation at concentrations exceeding 50 µg·mL
-1

, consistent with its 

inhibitory effects on DNA synthesis.
48,49

 Hence, in vitro culture of MC3T3-E1 

osteoblasts in extracts from RFP/polylactone/TCP scaffolds or directly on the 

scaffolds was conducted using polylactone/TCP scaffolds as references, and 

cytotoxicity was evaluated by observations on cell adhesion, ingrowth and 

proliferation. 
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Fig. 4 Proliferation of MC3T3-E1 cells in extracting liquids of polylactone/TCP scaffolds, using 

DMEM as control (A); Cell proliferation of MC3T3-E1 cells on polylactone/TCP scaffolds, using 

tissue culture polystyrene (TCPS) as control (B); SEM images and laser confocal images showing 

MC3T3-E1 cell morphology on RFP/b-PLGC/TCP scaffold (C, E) and b-PLGC/TCP scaffold (D, 

F) after culture for 3 days. 

 

The cell proliferation in different extracts is shown in Fig. 4(A). Without RFP 

loading, the aforementioned four polylactone/TCP scaffolds demonstrated comparable 

cell proliferation rates with insignificant difference. For all the RFP-loaded 
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polylactone/TCP scaffolds, cell proliferation could be seen slightly slower than those 

on corresponding scaffolds without RFP. Among them, the cells cultured in the 

extracts of RFP/r-PLGC/TCP scaffold demonstrated the slowest cell proliferation rate. 

The reason was suggested due to the fast RFP release from rubbery r-PLGC/TCP 

scaffold at 37 
o
C and the resulting high RFP concentration in the extract. 

When MC3T3-E1 cells were co-cultured on different polylactone/TCP scaffolds, 

the cells could be seen proliferated continuously on all scaffolds during the 7 days 

culture (Fig. 4(B)). Although the cell proliferation on RFP-loading groups were 

inferior to those on no RFP-incorporated groups, the cell numbers on all the scaffolds 

had been almost three times on day 7 in comparison with those on day 1. The data 

indicated that the cells were viable on all the scaffolds and RFP only had limited 

adverse effect on the growth of MC3T3-E1 cells. After 3 days culture, the 

morphology of cells co-cultured on b-PLGC/TCP and RFP/b-PLGC/TCP scaffolds 

were observed by SEM (Fig. 4(C,D)), and the distribution of cells were observed by 

CLSM (Fig. 4(E,F)). Cells could be seen attaching firmly and spreading well on the 

scaffolds, and there were little difference in cell morphology between the two cases. 

The results revealed that RFP/polylactone/TCP scaffolds possessed acceptable cell 

affinity, showing no obvious inhibitory effects on pre-osteoblast growth. 

3.5 Bone regeneration with RFP/b-PLGC/TCP scaffold 

RFP/b-PLGC/TCP scaffold had shown both good cytocompatibility and long-term 

sustained RFP release in in vitro tests, therefore, it is envisioned a promising substrate 

to treat bone-TB in vivo. The evaluation of RFP/b-PLGC/TCP scaffold inducing bone 

regeneration was conducted with a critical-sized segmental defect in the forelimb of 

rabbit, using b-PLGC/TCP scaffold as comparison and untreated defect as control. 
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Fig. 5 Radiographs of defect sites in radius of rabbits obtained by X-ray examination after surgery 

for 4 weeks (a1, b1, c1), 8 weeks (a2, b2, c2) and 12 weeks (a3, b3, c3). N: new bone. 

 

Fig. 5 displays the radiographic images of radius bone of anesthetized rabbits in 

a prone position at 4, 8, 12 weeks post-operation, respectively. Radiopacity could be 

barely observed in the defect sites at 4 weeks for the three groups. At 8 weeks 

post-operation, obvious callus could be found to gradually bridge the distal ends of 

the defects in all cases, indicating the defects had been partially filled by new bone.
50

 

However, the radiopaque areas of the two scaffold-treated groups were found bigger 

than that of the untreated group. At 12 weeks after surgery, new bone with high degree 

grey-scale obviously increased in central area of defect in the two scaffold-treated 

groups, while there was still a blank region in the untreated group. The results 

demonstrated that the implantation of composite scaffolds could promote new bone 

growth. It suggested that the newly formed bone tissue had grown into cortical bone 
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in the two scaffold-treated groups, and scaffold should have degraded to give place to 

the newly formed bone.
51,52

 No significant difference could be detected between the 

two scaffold-treated groups, indicating no adverse effect of releasing RFP on 

osteogenesis. 

 

Fig. 6 Histological analysis of new formed bone sections at 4 weeks (A) and 12 weeks (B) after 

the surgery. (a1, b1, c1, a3, b3, c3) H&E staining; (a2, b2, c2, a4, b4, c4) Masson’s trichrome staining; 

(a) untreated; (b) b-PLGC/TCP scaffold treated; (c) RFP/b-PLGC/TCP scaffold treated; Black 

arrows denote the boundary between nascent bone and host bone. (M: material; HB: host bone; 

FV: fat vacuoles). 
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Subsequently, histological assay and immunohistochemical analysis were applied 

to assess the newly formed bone in details. H&E and Masson’s trichrome staining 

results were shown in Fig. 6, and the OC immunohistochemical staining results were 

displayed in Fig. 7. As shown in Fig. 6(A), the boundary between the defect area and 

the host bone tissue could still be clearly identified (marked by black arrows) at 4 

weeks after surgery in all the three groups. In the untreated group, numerous fat 

vacuoles could be observed, showing little new osteoid tissue in the defect area. In 

both scaffold-treated groups, however, the defect regions had been filled with 

immature osteons. Substantial new bone formation was observed at the boundary of 

host bone bed and some cavities were formed due to the degradation of the scaffold, 

thus providing a benefit space for tissue in-growth and the delivery of nutrition.
53,54

 In 

Masson staining, the formation of collagen fibers was confirmed by the blue staining 

in the defect area.
22

 At weeks 12 post-surgery, new bone formation in the central area 

of the defects could be observed in three groups (Fig. 6(B)). However, the trend of 

new bone formation in scaffold-treated groups was more distinctive than that in the 

untreated group. Moreover, part of the newly formed osteoid had developed into 

mature cortical bone, which coalesced well with the host bone in both scaffold-treated 

groups. There was no obvious difference in new bone formation between the two 

scaffold-treated groups, which was consistent with the result of radiographic 

assessment. According to the Masson staining, the scaffold-treated defects were 

completely covered by the new bone and the blue ossein distributed uniformly in the 

new bone matrix. 
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Fig. 7 Immunohistochemistry staining of osteocalcin (OC) activity on deparaffinized sections at 4 

weeks (a1, a2, a3) and 12 weeks (b1, b2, b3) after the surgery. 

 

OC is a kind of bone formation-related protein, appearing in the matrix of 

compact bone, less in cancellous bone and very rare in osteoid.
55

 As shown in Fig. 7, 

the brown areas indicated the presence of OC in the three groups, and their differences 

in OC expression level could be revealed by the area of the staining. Obviously, the 

two scaffold-treated groups displayed stronger and larger staining than the untreated 

group. The defect area was further quantified using a web application software 

ImunoRatio, and the results were shown in Fig. 8. The OC staining intensities could 

be seen increasing with longer implantation time. However, at both 4 weeks and 12 

weeks post-surgery, the OC staining intensity in the untreated group was much lower 

than those in scaffold-treated groups, which demonstrated comparable OC staining 

results. Summarized from all these in vivo evaluations, the addition of RFP in scaffold 

had no significant adverse effect on the osteogenesis ability of the scaffold. 
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Fig. 8 Staining intensity of osteocalcin (OC) production in rabbit bone defects at 4 weeks and 12 

weeks after the surgery (*P < 0.01 and **P < 0.005, comparison made between control groups 

and the scaffold treated group at each time-point, n = 3). 

4. Conclusion 

In this research, b-PLGC was synthesized by two steps of ring-opening 

polymerization. It showed many differences from corresponding r-PLGC copolymers 

in thermal behaviors, hydrophility/hydrophobicity. A composite scaffold drug delivery 

system was then fabricated by physical blending RFP, β-TCP and b-PLGC. The in 

vitro drug release experiment showed that hydrophobic RFP could be released from 

b-PLGC/TCP scaffold in a sustained manner for 84 days. Accordingly, RFP 

concentrations obtained in blood and tissue surrounding the implant could reach a 

high value for 12 weeks, which was above the effective level required for TB 

treatment. The cytological assay indicated that the RFP-loaded scaffold possessed a 

good cell cytocompatibility. The result of rabbit radius repair experiment displayed 

that composite system had good ability in bone regeneration. In conclusion, 

b-PLGC/TCP scaffold can achieve local long-term drug release and osteogenesis 

capability, which is potential to clinical application. 
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