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Abstract: To introduce a modified method, namely coaxial electrohydrodynamic atomization for the fabrication of 
distinct core/shell structured microspheres of four first-line ant-tuberculosis drugs with different characteristics 
in hydrophilic properties in one single step. In group B, we prepared microspheres in which the core and the shell 
contain hydrophobic and hydrophilic drugs, respectively. In contrast, in group C, the opposite is prepared. The detec-
tion of encapsulation efficiency and in vitro release test were performed to confirm the feasibility of the drug-loaded 
core/shell structured microspheres. Moreover, cell culture experiments and animal experiments have been carried 
out to evaluate the biological safety of different microspheres in cell growth, cell viability, osteogenesis and migra-
tion of BMSCs in vitro and the bone fusion in a bone deficits model in SD rat. Meanwhile, the distribution of drugs 
and liver and kidney toxicity were monitored. The release patterns of the two groups are significantly different. The 
release of drugs from Group B microspheres is rather sequential, whereas group C microspheres release drugs 
in a parallel (co-release) manner. And various concentrations of carrier materials produces core/shell structured 
microspheres with different appearance. Moreover, the biological safety of core/shell structured microspheres was 
testified to be satisfactory. These findings present the advantages and possible application of this kind of multi-drug 
release system in treating skeletal tuberculosis. Moreover, the characteristic sequential release of multi-drugs can 
be controlled and adjusted based on treatment need and used in treating other disorders.
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Introduction

Tuberculosis (TB) remains a growing public 
health problem especially in developing coun-
tries. The epidemiology of TB is driven by the 
natural history of the disease and the suscepti-
bility of the at-risk population. About one-third 
of the world’s population has been infected 
with TB and has latent tuberculosis infection [1, 
2]. Bone and joint tuberculosis is recognized as 
the highest incidence of extra-pulmonary tuber-
culosis, accounting for 35-50% of extra-pulmo-
nary, and 3-5% of the total TB tuberculosis [3, 
4].

Ant-TB chemotherapy is the key to the treat-
ment of tuberculosis, but the conventional oral 

administrations were characterized as low 
blood concentrations and even lower local  
concentration in lesions, which easily result in 
drug resistance to tuberculosis and recurrence 
[5]. Moreover, long-term and systemic adminis-
tration of anti-TB drugs easily leads to severe 
complications, such as liver and kidney toxicity 
and neurotoxicity. The topical application of TB 
drugs can effectively increase the local concen-
tration of TB drugs and theoretically reduce 
drug side effects [6].

Chemotherapy through local drug delivery using 
biodegradable polymeric materials showed 
promise [5]. However, most current biodegrad-
able delivery systems deal with the delivery of 
one single anti-TB agent, which is not practica-
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weight cut-off: 3500) were purchased from Bai 
Sai Biological Technology Co. Ltd (Shanghai, 
China), Blue Reagent Factory (Shanghai, China), 
Yuanye Biological Technology Co. Ltd (Shanghai, 
China), Xinfan Biological Technology Co. Ltd 
(Shanghai, China) and Spectrum Laboratories 
(Rancho Dominguez, CA), respectively.  

Coaxial needle (Popper and Sons, Lake 
Success, NY) is manufactured of 316L stain-
less steel. The core capillary presents a 0.40 
mm outer diameter and a 0.20 mm inner diam-
eter and the outer capillary has a 0.72 mm in 
outer diameter and a 0.50 mm in inner diame-
ter. Two syringe pumps (KD Scientific, Holliston, 
MA) deliver the polymer solution at a specific 
rate into the outer and inner capillary of coaxial 
needle. A voltage generator (Glassman High 
Voltage, High Bridge, NJ) supplies a high volt-
age to the nozzle by a crocodile clip. To stabilize 
the electric field surrounding the nozzle, the 
other high voltage (Glassman High Voltage, 
High Bridge, NJ) is used to the ring (5 cm in 

Figure 1. The schematic diagram of coaxial electrohydrodynamic atomization 
device (CEHDA). Vring and Vnozzle are 3.5 KV and 6.5 KV, the flow rate ratio (Qcore/
Qshell) are 1.5 mL/h/2.0 mL/h respectively, in a typical fabrication.

ble for tuberculosis therapy in most cases [7]. 
Anti-TB treatment is a multi-factor process that 
is modulated by a serial of regulatory factors, 
such as drug types and quantity, frequency and 
time of administration and patients’ health and 
compliance [8]. As each drug exhibits a distinct 
time-dependent concentration profile during 
the inhibition or sterilization process, sequen-
tial or coupled release of multiple drugs with 
specific temporal profiles is expected to be criti-
cal to the successful curing tuberculosis. The 
present study will use the coaxial electrohydro-
dynamic atomization (CEHDA) equipment to 
fabricate the core/shell structured microsphere 
of four first-line anti-TB drugs and comprehen-
sively investigate their biological safety in vitro 
and in vivo.

Materials and methods

The investigation conforms to the Guide for the 
Care and Use of Laboratory Animals published 
by the US National Institutes of Health (NIH 

Publication No. 85-23, r- 
evised 1996). The study 
protocol was approved by 
the Xiangya Hospital Ethics 
Committee.

Materials and experimental 
set-up

Poly-L-lactide (PLLA, MW = 
85,000-160,000), poly (D, 
L-lactide-co-glycolide) copo-
lymer with lactide/glycolide 
molar ratio of 50:50 (PLGA, 
MW = 40,000-75,000), ri- 
fampicin, pyrazinamide is- 
oniazid and ethambutol 
hydrochloride were harve- 
sted from Sigma-Aldrich 
(St. Louis, MO). Dichlo- 
romethane (DCM), anhy-
drous ethanol and ethyl 
acetate (EA) were all 
acquired from Kermel Ch- 
emical Reagent Co. Ltd 
(Tianjin, China). Couma- 
rin-6, dialysis bag, phos-
phate buffer saline (PBS), 
fetal bovine serum (FBS) 
and commercial Spectro/
Por membrane (molecular 
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Figure 2. Results of different carrier concentration under ordinary light microscope. (A-D) represents the concentra-
tion of PLLA and PLGA of 5%, 7.5%, 10% and 12.5%.

diameter) around a nozzle (Figure 1). By 
increasing the ring voltage (Vring) and nozzle 
voltage (Vnozzle), the newly-presented drops were 
gradually accelerated via the potential differ-
ence until a stable Taylor cone jet can be obvi-
ously observed. In order to avoid microsphere 
agglomeration, a petri dish filled with anhy-
drous ethanol was provided to collect the 
microspheres, replacing the normal aluminum 
foil.

Microsphere fabrication 

Concentration of PLGA and PLLA for micro-
sphere fabrication: The objective is to fabricate, 
by CEHDA, microspheres of distinct core/shell 
structures. To ensure that the drug in the core 
is not released prematurely, the core must be 
of slower degrading material than the shell. 
Hence, PLLA was chosen for the core and PLGA 
for the shell in this study. PLLA was dissolved 
with DCM and PLGA was dissolved using EA. 
The concentration of PLLA and PLGA was  
prepared with 5%, 7.5%, 10% and 12.5%, 
respectively. PLLA was added a trace of couma-

rin-6. PLLA was transmitted by pump 1, PLGA 
solution by pump 2. The flow rates of pump 1 
and 2 flow are set to 1.5 ml/h. The velocity of 
flowing droplet in coaxial needlepoint stabilized 
well, followed by turned on voltage (Vring = 3.5 
KV, Vnozzle = 6.5 KV) (Figure 1). After the Taylor 
cone jet stabilized, we used a petri dish with 
anhydrous ethanol to collect microspheres. 
During the process of spraying, we used a 
slides glass in a spray area to collect a small 
amount of microspheres in each group for 
detecting the microsphere size with ordinary 
light microscope (OLM) and confocal laser 
scanning microscopy (CLSM). Microspheres 
were centrifuged, washed by PBS repeatedly 
three times, freeze-dried for 48 h and the fro-
zen microspheres were performed by the scan-
ning electron microscopy (SEM) detection.

The preparation of core/shell structure micro-
sphere of four first-line anti-tuberculosis drugs 

Ideally, rifampicin/pyrazinamide (RFP/PZA)  
and isoniazid/ethambutol hydrochloride (INH/
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Figure 3. Results of different carrier concentration under confocal laser scanning microscopy (CLSM). (A-C, D-F, G-I)  
represents the concentration of PLLA and PLGA of 5%, 7.5% and 10%, respectively. PLLA added within coumarin-6 
manifests green in the excitation blue light of CLSM, which is only confined to the core structure, while the shell 
is not rendered. When the same fields of view image under ordinary light microscope (A, D, G) and CLSM (B, E, H, 
respectively) are superimposed for synthesis (C, F, I respectively), it can be determined whether the microspheres 
have the core/shell structure or not.

EMBH) are encapsulated in PLLA core and 
PLGA shell (the optimum concentration of PLLA 
and PLGA is confirmed 10% in the context), 
respectively, or the reverse in radial distribu-
tion, with INH/EMBH inside the core and RFP/
PZA in the shell. Therefore, the release of four 
drugs can be predicted and controlled. For the 
former case, RFP/PZA was dissolved in PLLA/
DCM solution (inner phase). As INH/EMBH  
sodium salt cannot be dissolved in PLGA/EA 
solution directly, INH/EMBH was dissolved in 
95% ethanol first, before it was loaded into the 

shell phase (PLGA/EA). In a typical fabrication, 
two separate solutions of 500 mg of PLLA in 10 
mL of DCM and 500 mg of PLGA in 10 mL of EA 
were prepared. Specifically, RFP/PZA was dis-
solved in PLLA/DCM solution to form a homog-
enous phase for the core liquid (RFP/PZA/
PLLA, 2% w/w), whereas INH/EMBH sodium 
salt was dissolved in 95% ethanol and trans-
ferred into PLGA/EA solution for the shell liquid 
(INH/EMBH/PLGA, 2% w/w). For the latter case, 
RFP/PZA was dissolved in PLGA/EA for shell 
phase. Meanwhile, INH/EMBH was dissolved in 
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Figure 4. Results of different carrier concentration under scanning electron microscope (SEM). A, B. The micro-
spheres with carrier concentration of 5%, showed caky, random-shaped and lacunose surface; C, D. The micro-
sphere with carrier concentration of 7.5% presented some wrinkle but little lacuna surface; E, F. The microsphere 
with carrier concentration of 10%, demonstrated a smooth and stereoscopic uniformity surface without significant 
lacuna.

deionized water (DI) and then mixed with PLLA/
DCM solution by mild ultrasonic. For both 
cases, the CEHDA operating parameters are 
around 3.5 KV for the ring and 6.5 KV for the 
nozzle, and the flow rates for inner phase and 
outer phase are 1.5 mL/h. The microspheres 
collected in anhydrous ethanol were centri-

fuged and the resultant pallets were dried in a 
freeze drier

Microsphere characterization 

The size and general morphology of fabricated 
microspheres were observed by SEM. CLSM 



The co-release of multi-drug

8403 Int J Clin Exp Med 2015;8(6):8398-8414

was used to observe the distribution of couma-
rin-6 in microspheres. The resulting distribution 
of dye in the microsphere can be regarded as 
an indicator of the extent of mixing of the inner 
and outer flows at the tip of the coaxial needle 
(Figures 2-5; Table 1). 

Encapsulation efficiency and in vitro release of 
drugs 

To determine the encapsulation efficiency (EE) 
of RFP/PZA and INH/EMBH in microspheres, 
20.0 mg of RFP/PZA and INH/EMBH-loaded 
microspheres was dissolved in 1.0 mL DCM, 
and subsequently, 1.0 mL phosphate buffer 
solution (PBS) was introduced, vortexed, and 

centrifuged at 14,000 rpm for 3 min. The aque-
ous layer was collected, and two more extrac-
tion cycles were performed to maximize INH/
EMBH recovery. The INH/EMBH concentration 
in aqueous phase and the RFP/PZA concentra-
tion in oil phase were both determined by a liq-
uid chromatography electrospray ionization 
tandem mass spectrometry (LC-MS/MS). For in 
vitro release testing, 20.0 mg of RFP/PZA and 
INH/EMBH-loaded microspheres was loaded in 
a Spectro/Por membrane bag and subsequent-
ly stored the bag in a centrifuge tube with 20.0 
mL of PBS (pH 7.4) containing 0.05% of Tween 
80. The whole system was then placed in an 
orbital shaker bath maintained at 37°C and 

Figure 5. Confirmation of drug-loaded core/shell structures. Typical micrograph of core/shell structured micro-
spheres (A) and confocal fluorescence images of core/shell structured microspheres with coumarin-6 stained cores 
(B-D). (B, C) Images collected in bright field and FITC channel respectively. (D) Overlay of figures collected in both 
bright field and FITC channel. 
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120 RPM. At given time intervals, 1.0 mL of the 
incubated medium was withdrawn and replaced 
by 1.0 mL fresh medium. RFP in the resultant 
release medium was first extracted with 1 mL 
of DCM. A mixture of acetonitrile and water 
(50:50 v/v) was added to the extracted RFP 
after the DCM had fully evaporated. Similar to 
EE testing, the concentrations of RFP, PZA, INH 
and EMBH were both determined by LC-MS/
MS.

The impact of drug-loaded microspheres on 
biological behavior of BMSCs from SD rats

BMSCs obtained from the tibia of three male 
SD rats (250-300 g) were subcultured to P3 
generation, and then were performed by cell 
cycle detection and identification of surface 
antigens, osteogenesis and lipogenesis (the 
specific process and data not shown). We eval-
uated the impact of microspheres on cell 
growth, cell viability, osteogenesis and migra-
tion of BMSCs in the blank control group, blank 
microspheres and drug-loaded microspheres 
group (INH/EMBH in core and RFP/PZA in shell, 
which was confirmed to be able to reach the 
synchronous release in the context).

Cell growth: The bone marrow mesenchymal 
stem cells (BMSCs) of P3 generation after 
being digested into a single cell suspension by 
the trypsin were seeded in 96-well culture 
plates at a concentration of 5.0 × 104 cells/
well. Each well was added with 500 μL cell sus-

pension and cultured 9 days. The blank control 
group was added with 5 ml DMEM of 10% fetal 
bovine serum (FBS) and 2% PBS; blank micro-
spheres group was added with 5 ml DMEM of 
10% FBS and 5 mg blank microspheres; drug-
loaded microspheres group was joined with 5 
ml DMEM of 10% FBS and 5 mg drug-loaded 
microspheres, each group included three paral-
lels. Three wells culture fluid was aspirated at 
per 24 hours. The average value of derived 
cells was regarded as the cell number of the 
day and plotted the growth curve of BMSCs. 

Cell viability: Determination of the effect of bio-
logical activity of drug-loaded microspheres on 
the growth of the BMSCs was identified by 
methyl-thiazolyl-tetrazolium (MTT) assay. The 
process of gaining the subjects was similar to 
the mentioned-above methods, but two sam-
ples in every group were performed by MTT 
assay to record the optical density (OD) at 490 
nm wavelength after days 3, 6, 9. The detailed 
steps of MTT assay could refer to Qi, B., et al [9]

Osteogenesis: The BMSCs were seeded in 
96-well culture plates at a concentration of 2.0 
× 104 cells/cm2. Each culture plate was added 
with 10 ml osteogenic liquid. The blank control 
group was added with 5 ml DMEM with 10% 
FBS; blank microspheres group was added with 
5 mg blank microspheres; drug-loaded micro-
spheres group was joined with 5 mg drug-load-
ed microspheres, each group included three 
parallels. After the replacement of the same 

Table 2. Methods of solvent configuration in each group 
Groups Methods
Group A Core 10% PLLA + 0.4 ml DI emulsification

Shell 10% PLGA
Group B Core (hydrophobic) 10% PLLA (10 mL) + 50 mg RFP + 50 mg PZA)

Shell (hydrophilic) 10% PLGA (10 mL + 0.4 ml DI + 50 mg INH + 50 mg EMBH emulsification 
Group C Core (hydrophilic) 10% PLLA (10 mL) + (0.4 ml DI + 50 mg INH + 50 mg EMBH) emulsification 

Shell (hydrophobic) 10% PLGA (10 mL) + (50 mg RFP + 50 mg PZA)
Note: DI, deionized water; RFP, rifampicin; PZA, pyrazinamide; INH, isoniazid; EMBH, ethambutol hydrochloride.

Table 1. Statistical analysis of the diameters of microsphere in group A, B, and C
t test

T value df Sig (bilateral) Mean difference Standard deviation
95% confidence interval 

Lower limit Upper limit 
A, B -0.176 198 0.861 -0.02500 0.14210 -0.30523 0.25523
A, C -0.688 198 0.492 -0.10200 0.14815 -0.39416 0.19016
B, C -0.638 198 0.524 -0.7700 0.12065 -0.31492 0.16092
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Figure 6. The encapsulation efficiency of four drugs in microspheres. INH, iso-
niazid; EMBH, ethambutol hydrochloride; RFP, rifampicin; PZA, pyrazinamide

liquid twice a week for 3 weeks, cells were 
washed twice with PBS, fixed in 95% ethanol for 
30 min. And then added an appropriate amount 
of 0.1% Alizarin Red-Tris-Hcl (PH 8.3) staining 
for 30 min at 37°C following the ethanol being 
sucked. Observed and recorded the results 
under an inverted microscope. Detection of the 
activity and relative activity of alkaline phos-
phatase (ALP) was performed by enzyme-linked 
immunosorbent assay to detect the OD at 410 
nm wavelength (the specific process not 
shown).

Migration: The P3 generation MSCs cell sus-
pensions after digestion was prepared in the 
upper Transwell chamber with the cell density 
of 2.0 × 104 cells/cm2 via automated cell coun-
ter. 5 ml DMEM medium was added in the 
upper chamber, a multi-polycarbonate film with 
12 μm thickness was inserted in the middle of 
Transwell chamber and a 5 ml 10% FBS was 
joined in the lower chamber. The inferior vena 
of film was added with 5 ml DMEM, 5 mg blank 
microspheres and 5 mg drug-loaded micro-
spheres in control group, blank microsphere 
group, and drug-loaded microspheres group, 
respectively. Each group included three paral-
lels. After incubation in 37°C for 4 hours, the 
remnant cells in the upper Transwell chamber 
and multi-polycarbonate film were removed 

and the cells in lower cham-
ber were fixed with 95% 
ethanol and stained by 
hematoxylin for 10 min. 
Randomly selected five 
horizons cell to count and 
record under the micr- 
oscope.

The impact of local admin-
istration of drugs-load mi-
crospheres on the repair of 
bone deficits in SD rat 

Clinically, the autologous or 
allogeneic bones are com-
monly grafted into the 
defect for the reconstruc-
tion of anatomical struc-
ture after debridement of 
osteoarticular tuberculos- 
is. Bone defect model was 
established in this study for 

simulation and locally implanted with micro-
spheres prepared to explore whether they 
affect the repairmen of bone tissue and the dis-
tribution of drugs.

Two millimeter length of tibia bone got from SD 
rat was inactivated by liquid nitrogen and then 
was replanted into the original defect to build 
bone defect model. Modeled animals were ran-
domly divided into normal group, sham-operat-
ed group, blank microsphere group, and drug-
loaded microspheres group. Three SD rats were 
randomly selected to be performed by X-ray, HE 
staining, bone alkaline phosphatase isozyme 
(B-ALP) and serum tartrate resistant acid phos-
phatase (TRAP-5b) for detection of bone tissue 
repair, hepatic and renal function to determine 
liver and kidney toxicity of the new micro-
spheres, and local drug concentration of the 
surrounding bone and muscle tissue to esti-
mate the distribution of drugs in vivo in 2th, 
4th, 6th week from each group.

Statistical analysis

All data are presented as mean ± SD through-
out this study. Statistical analysis of the experi-
mental data with Student’s t-test was per-
formed by SPSS 19.0 software (SPSS, Inc., 
Chicago, IL, USA) and P < 0.05 is considered as 
significantly different.
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Figure 7. Percentage in vitro release profiles for microspheres in group B (A) and 
group C (B). RFP, rifampicin; PZA, pyrazinamide; INH, isoniazid; EMBH, etham-
butol hydrochloride.

found better in 7.5% and 
10% than 5% concentra-
tion. But when the solute 
concentration was inc- 
reased to 12.5%, the coaxi-
al needle presented with 
clogging and produced 
spinning phenomenon (Fi- 
gure 2).

Outcomes of carrier con-
centration under CLSM: 
Coumarin-6 diffuse from 
the core to the shell in 5% 
concentration with a fuzzy 
boundary between core/
shell, suggesting that there 
may be mixed PLLA and 
PLGA. However, couma-
rin-6 in 7.5% and 10% con-
centration showed no diffu-
sion with the obvious 
boundaries between the 
core/shell (Figure 3).

Outcomes of carrier con-
centration under SEM: 
Microspheres in different 
carrier concentration dem-
onstrated perfect disper-
sion and no significant 
adhesions (Figure 4).

Confirmation of drug-load-
ed core/shell structures 

In this study, DCM and EA 
were used to dissolve PLLA 
and PLGA, respectively. As 
the dissolution of PLLA in 
EA is negligible, this poly-
mer-solvent configuration 
is able to strongly reduce 

Results

Carrier concentration of PLLA and PLGA 

Outcomes of carrier concentration under ordi-
nary light microscope: Solute (PLLA and PLGA) 
concentration sequentially are 5%, 7.5%, 10%, 
12.5% for preparing different microspheres by 
CEHDA. The microspheres fabricated in 7.5% 
and 10% concentrations were compared with 
the microspheres in 5% concentration and the 
uniformity structure of the microspheres was 

the diffusion between outer solution and inner 
solution at the tip of coaxial needle when going 
through the process of CEHDA. The existence 
of the core/shell structure within the drug-load-
ed microspheres fabricated from the carrier 
concentration of 10% and the core/shell flow 
rate ratio of 1.5 mL/h was confirmed by SEM 
and CLSM. The images of SEM and CLSM con-
firm that CEHDA can produce core/shell struc-
tured microspheres with distinct and tailorable 
distributions of cores and shells. In group B and 
C, the appearance color of microspheres 
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showed obvious differences when the hydro-
phobic RFP and PZA were wrapped in shell or 
core, and it demonstrates much darker color 
wrapped in shell than in core (Figure 5). There 
is no difference between groups (A, B and C) in 
microsphere size and the diameter of micro-
spheres in group A, B and C was 18.07 ± 1.174 
μm, 18.09 ± 0.80 μm, and 18.17 ± 0.903 μm, 
respectively (Table 1). 

Application of core/shell microspheres in che-
motherapy

Clinical reports suggest that INH/EMBH/RFP/
PZA have additive effect on treating tuberculo-
sis [8]. However, high initial concentration and/
or a fast release are likely to pose serious toxic-
ity to surrounding normal cells, so a high initial 

concentration of or a fast release is not recom-
mended. In this study, core/shell structured 
microspheres with INH/EMBH (hydrophilic) 
entrapped in core and RFP/PZA (hydrophobic) 
encapsulated in shell (group C samples) were 
fabricated by CEHDA. Synchronously, micro-
spheres with RFP/PZA (hydrophobic) entrapped 
in core and INH/EMBH (hydrophilic) encapsu-
lated in shell (group B samples) were also 
designed for comparison (Table 2). 

Encapsulation efficiency of drugs in micro-
spheres

The encapsulation efficiencies of INH/EMBH/
RFP/PZA in group B samples are about 39.2%, 
46.4%, 85.2% and 83.7%, respectively. It is 
reasonable to notice high EE for RFP/PZA, 

Figure 8. The impact of microspheres on biological behavior of BMSCs from SD rats. Group A, blank control group; 
Group B, blank microspheres group; Group C, drug-loaded microspheres group. A. Cell growth curve, there is no 
statistical significant difference between random two groups, P > 0.05; B. Cell viability, using MTT assay to record 
the optical density (OD) at 490 nm wavelength, Comparison between “▼” and “★” , P > 0.05; C. Osteogenesis 
evaluated by the activity and relative activity of alkaline phosphatase (ALP), comparison between “▼”, P > 0.05, 
comparison between “★”, P > 0.05; D. Migration, there is no statistical significant difference between random two 
groups, P > 0.05.
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Figure 9. The impact of local administration microspheres on the repair of bone deficits in SD rat. (A-C, D-F and G-I) 
represent X-ray films at 2nd, 4th, and 6th week, respectively; (A, D, G), (B, E, H) and (C, F, I) represent sham-operated 
group, blank microspheres group and drugs-loaded group, respectively.

because it is loaded to the needle tip through 
the inner needle. This design reduces the pos-
sibility of diffusion of RFP/PZA into outer phase 
and gets wasted in the atomization process. In 

the case of INH/EMBH, its low EE is attributed 
to the jet instability caused by the outer solu-
tion (mixture of EA, ethanol and water). In group 
C samples, the EE of drugs are significantly  
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different. Compared with group B samples, 
lower EE of RFP/PZA was achieved, that is, 
65.4%/60.1%. On the other hand, a significant-
ly higher EE of INH/EMBH was obtained in 
group C samples, that is, 90.1%/91.3%. From 
the observations, it can be concluded that in all 
the samples higher EE is achieved for the drug 
loaded in the core as compared with the drug 
encapsulated in the shell. However, in the inter-
est of overall EE, group C samples are advanta-
geous over group B samples, because the EE of 
INH/EMBH is much higher in group C samples, 
whereas the EE of RFP/PZA is only slightly  
compromised (Figure 6). 

In vitro release of drugs from microspheres

Because of totally different distributions of 
drugs in microspheres, two groups of samples 
demonstrate variable release profiles. Group B 
sample presents a significant initial burst of 
INH/EMBH (the release of INH and EMBH was 
almost similar) in which more than 50% of INH/

EMBH is released out within the first 4 days of 
incubation. The release in the following days is 
more or less linear until day 28 when 90% of 
the INH/EMBH is released (Figure 7A). In con-
trast, the initial burst of RFP/PZA is minimal, 
only about 5% is released in the beginning 4 
days. Then, 80% of the RFP and 70% of the PZA 
(the release of RFP and PZA was almost paral-
lel) loaded is released linearly after 28 days 
(Figure 7B). Similar release results were report-
ed by Nie at al [10, 11]. In the work done by 
Eckardstein et al. [12], the authors investigated 
the release of paclitaxel and suramin, which 
shares similar hydrophilic property with RFP/
PZA and INH/EMBH, respectively. Form the 
release profiles of four drugs, it can be conclud-
ed that group B samples display a parallel 
release pattern of two drugs over the first 4 
days, but show a sequential release if consid-
ered in the frame of 30 days. 

Compared with group B samples, the release of 
four drugs from group C samples is relatively 

Figure 10. HE staining of bone tissue. The arrow indicates bone formation.
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straightforward. They released about 40% of 
RFP/PZA and 20% of INH/EMBH over the first 4 
days, and around 90% of PZA and 80% of RFP/
INH/EMBH are released after 28 days (Figure 
7B). The release profiles of four drugs are well 
coupled, although the release rate of PZA is 
slightly higher than RFP/INH/EMBH all the way. 
Different to the release pattern of group B sam-
ples, this pattern can be classified as a parallel 
release of four drugs.

The impact of drug-loaded microspheres on 
biological behavior of BMSCs from SD rats 

Cell growth: Graphics of three groups showed a 
typical S-shaped curve, almost perfect corre-
spondence. Number of cells in group A was 
slightly higher than that in group B and C from 
the fourth day of the beginning but with no sta-
tistical significance (P > 0.05). Cell growth in 
group B and C was basically consistent, as 
shown in Figure 8A. 

Cell viability: MTT assay showed: OD value of 
the group B was slightly lower than group A, sta-
tistical analysis showed no significant differ-
ence (P > 0.05), indicating blank microspheres 
had no effect on the activity of rat BMSCs; OD 

value of group C was slightly lower than group 
A, no significant difference in the statistical 
analysis (P > 0.05), noting drug-loaded micro-
spheres had no effect on the activity of rat 
BMSCs; comparison of OD values between 
group B and C showed no difference with statis-
tical analysis P < 0.05, demonstrating  the four 
first-line ant-TB drugs released from micro-
spheres had no effect on the activity of rat 
BMSCs (Figure 8B).

Osteogenesis: Randomly selected several field 
to observe the osteogenesis. Blue represents 
for ALP staining and red for alizarin red stain-
ing. No visible difference between groups was 
observed with the light microscope. ALP activity 
reflects the comprehensively osteoinductivity, 
but the relative activity of ALP reflects the 
degree of osteogenic differentiation of rat 
BMSCs. The results showing the activity of ALP 
and relative activity of ALP between the 3 
groups was not statistically significant (P > 
0.05), indicating blank microspheres and drug-
loaded microspheres had no effect on osteo-
genesis of P3 BMSCs of rat (Figure 8C). 

Migration: All cells in each group were starved 
for 12 hours before experiment. Some cells 

Table 3. Hepatic and renal function, B-ALP and TRAP-5b
Index Time (weeks) Group A Group B Group C Group C
ALT (U/L) 2 21.5 ± 6.5 23.2 ± 5.4 22.9 ± 6.3 24.2 ± 5.9

4 23.4 ± 5.3 21.2 ± 6.7 21.9 ± 5.4 23.9 ± 4.6
6 26.4 ± 4.8 22.3 ± 5.8 23.9 ± 6.1 24.2 ± 6.2

AST (U/L) 2 73.3 ± 11.3 79.7 ± 13.4 78.8 ± 15.1 79.2 ± 14.2
4 75.5 ± 12.2 77.7 ± 13.5 75.1 ± 16.7 75.6 ± 13.6
6 76.4 ± 14.2 74.7 ± 13.2 75.6 ± 14.5 79.9 ± 13.9

BUN (nmol/L) 2 6.9 ± 2.1 7.7 ± 3.2 7.4 ± 2.6 8.2 ± 1.9
4 7.7 ± 2.7 7.8 ± 2.9 7.7 ± 3.2 8.9 ± 3.1
6 7.5 ± 3.1 6.9 ± 2.4 7.6 ± 2.3 7.3 ± 3.6

Cr (μmol/L) 2 48.4 ± 9.8 47.4 ± 7.6 51.5 ± 8.7 49.2 ± 9.7
4 54.8 ± 8.5 57.8 ± 8.4 49.9 ± 7.9 55.3 ± 8.7
6 53.9 ± 9.1 58.6 ± 8.7 53.9 ± 9.7 57.2 ± 8.6

B-ALP (U/L) 2 112.9 ± 13.6 198.5 ± 34.5 190.4 ± 42.5 197.2 ± 42.8
4 78.4 ± 12.7 154.5 ± 45.3 156.4 ± 35.6 160.7 ± 36.8
6 55.3 ± 14.5 135.6 ± 36.2 125.9 ± 37.2 136.4 ± 35.7

TRAP-5b (U/L) 2 3.62 ± 0.21 5.22 ± 0.31 4.83 ± 0.37 5.16 ± 0.41
4 4.15 ± 0.33 5.71 ± 0.43 5.54 ± 0.32 5.45 ± 0.38
6 3.26 ± 0.29 4.89 ± 0.38 5.76 ± 0.35 5.53 ± 0.42

Note: Group A, B, C and D represents normal group, sham-operated group, blank microsphere group, and drug-loaded mi-
crospheres group, respectively. ALT (alanine transaminase) and AST (aspartate transaminase) are representative of hepatic 
function; BUN (blood urea nitrogen) and Cr (creatinine) are representative of renal function; B-ALP isozyme (bone alkaline 
phosphatase) and TRAP-5b (tartrate resistant acid phosphatase) for detection of bone tissue repair.
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were founded with electron microscope on 
back of the film migrating from the upper 
Transwell chamber via membrane pores. 
Randomly selected five horizons, counted cell, 
and repeated three times (Figure 8D).

The impact of local administration of drugs-
load microspheres on the repair of bone defi-
cits in SD rat 

The repair of bone tissue: Similarly to the sham-
operated group, X-ray examination of blank 
microspheres group and drugs-loaded group 
showed no bone nonunion or delayed healing 
(Figure 9). The HE staining in the tissue sec-
tions of bone stump: appeared periosteal prolif-
eration in the 2nd week; emerged new bone in 
bone defect in the 4th week; and existed obvi-
ous bone connection in lesion in the 6th week 
(Figure 10). Animals underwent surgical inter-
vention were harvested significantly higher 
B-ALP, TRAP-5b than in normal animals (P < 
0.05) and the modeling animals in each group 
showed no significant difference at each time 
point (P > 0.05) (Table 3).

Liver and kidney toxicity: Compared with the 
normal animals group, sham-operated, blank 
microsphere group and loaded microspheres 
animals showed no obvious elevating in param-

eters of hepatic and renal 
function (P > 0.05) (Table 
3).

Drug distribution: Any ant-
TB drug was not detected in 
liver and kidney tissue. Four 
kinds of ant-TB drugs within 
the local bone and muscle 
tissue could be detected 
and the local drug conce- 
ntration of each drug was 
higher than the minimal 
inhibitory concentration (M- 
IC) at the 2nd, 4th, 6th 
week (P < 0.05) (Figure 11).

Discussion 

Core/shell structured mi- 
crospheres as a novel drug 
delivery system, via coaxial 
electrohydrodynamic atom-
ization (CEHDA), wrap multi-
drug into the two separate 

Figure 11. Distributions of drugs. B, surrounding bone tissue; M, surrounding 
muscle tissue; L, liver tissue; K, kidney tissue, the focal bone and muscle tis-
sue manifest high drugs concentration and liver and kidney tissue have not be 
founded drug accumulation.

compartments to achieve the purpose of con-
trolling release time and ensuring drug release 
time consistent with therapeutic window to 
achieve the best therapeutic effect, which was 
called ‘programmed release’ [13, 14]. Currently, 
the clinically routine four first-line ant-TB drugs 
demonstrate different physical and chemical 
properties, and the combined administration 
can effectively avoid the formation of drug-
resistant tuberculosis [15]. At present, the 
research on the controlled release of ant-TB 
drugs is merely confined to the sustained 
release of one or two drugs embedded in the 
carrier materials, which only succeed in extend-
ing release time of the drugs [5].

The methods of preparing core/shell structured 
microspheres include water emulsification [16-
18] and CEHDA [10, 11, 14, 19]. Loscertales et 
al [20] elaborated the feasibility in applying 
CEHDA technology in theory and confirmed that 
two mutually incompatible solvent could form a 
stable ‘Taylor cone’ jet through the coaxial nee-
dle in a high voltage electric field. The two prin-
ciples of fabrication of core/shell structure 
microspheres are the same and both based on 
differences in solubility of the solute in differ-
ent solvents to form the core/shell structure of 
microspheres. However, there were also reports 
in the literature demonstrating that DCM, as a 
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solvent of PLLA and PLGA, could be made into 
the distinct core/shell structured microspheres 
by CEHDA equipment. Thus CDHEA device sig-
nificantly reduced requirements for solvent.

With the increase of carrier concentration, the 
uniformity of microspheres size was gradually 
improved, the shell and core structure was pro-
gressively densified, and smoothness of the 
microspheres surface under the electron micro-
scope and the core with coumarin-6 stained 
under the CLSM detection increased signifi-
cantly [10]. In present study, when the carrier 
concentration exceeds a certain level, the spin-
ning phenomenon appears, which was similar 
to some literatures [21-24] reported that when 
the carrier concentration of material PLGA and 
PLLA up to 30%, some coaxial wire can be pre-
pared using the same preparation parameters. 
Therefore, the carrier concentration is the basis 
for the preparation of the core/shell structure 
of the microspheres. In this study, we selected 
the carrier concentration of 10% as the concen-
tration of fabricating core/shell structure 
microsphere.

The hydrophobic RFP/PZA and hydrophilic INH/
EMBH drugs were divided into two groups to 
ensure system stability in the inner and outer 
fluid according to the properties of the drugs 
(Table 2). The hydrophilic INH/EMBH drugs was 
dissolved in deionized water (DI) and then 
mixed with carrier material solution (CMS) by 
emulsification, forming a stable suspension 
(DI/CMS < 1/20), which significantly reduce the 
impact on the stability of inner and outer liquid 
system and finally ensure the stability of drug-
loaded microspheres [10, 14, 16]. 

The identical ant-TB drugs packaged in the core 
or shell, but differ significantly in the encapsu-
lation efficiency (EE) (Figure 6), which means 
the EE of core was obviously higher than the EE 
of shell, consistent with the results reported by 
Nie at al [11, 12]. The difference may be attrib-
uted to the following reasons: 1) the presence 
of differences in physical and chemical proper-
ties of the drugs will lead the slow release of 
hydrophobic drugs and rapid release of hydro-
philic; 2) the carrier materials (PLLA and PLGA) 
can delay the release of drugs and the drugs in 
the core embedded in double wrapping of car-
rier materials with no drug aggregation in 
microsphere surface effectively avoid shortly 
explosive release at the early stage [19, 25] 

(Figure 7A); 3) the drugs embedded in the shell 
are in more contact with the outside in the pro-
cess of collection and freeze-drying, so the EE 
was significantly lower than the core’s; 4) the 
release of hydrophilic drug was significantly 
faster than the release of hydrophobic drug, 
but confined to the shell of PLGA, thereby multi-
drug could achieve the purpose of synchronous 
release (Figure 7B). However, in order to avoid 
the formation of drug-resistant TB strains, multi 
ant-TB drugs are required to synchronously 
achieve the maximum peak release and con-
tinue maintaining the more effectively bacteri-
cidal concentration in the treatment of tubercu-
losis. Moreover, in present study, cell culture 
experiments and animal experiments have 
been carried out to evaluate the biological safe-
ty of drug-loaded microspheres in cell growth, 
cell viability, osteogenesis and migration of 
BMSCs in vitro and the repairmen of bone tis-
sue of SD rat and the distribution of drugs in 
vivo.

Conclusion 

In short, the work can prepare the core/shell 
structure microsphere of four first-line anti-
tuberculosis drugs via CEHDA. When the con-
centration of carrier materials (PLLA and PLGA) 
reaches 10%, the distinct, uniform and stable 
core/shell structure of microspheres would be 
harvested. The microspheres with hydrophilic 
INH/EMBH embedded in core and hydrophobic 
RFP/PZA buried in shell can achieve the pur-
pose of synchronous release. Furthermore, cell 
and animal experiments have demonstrated 
the drug-loaded core/shell structured micro-
spheres have no effect on normal physiological 
activities of surrounding cells of BMSCs in vitro 
and the bone fusion in a bone deficits model in 
SD rat. These findings present the advantages 
and possible application of this kind of multi-
drug release system in treating skeletal tuber-
culosis. Moreover, the characteristic sequential 
release of multi-drugs can be controlled and 
adjusted based on treatment need and used in 
treating other disorders.
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