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Purpose: Mycobacterium tuberculosis is a serious public health problem affecting hundreds 

of millions of elderly people worldwide, which is difficult to be treated by traditional methods 

because of the peculiarity of skeletal system and liver damage caused by high-dose administra-

tion. In this research, a porous drug release system has been attempted to encapsulate rifampicin 

(RIF) into poly (ε-caprolactone) (PCL) microspheres to improve the efficacy and benefit of 

anti-tuberculosis drug in skeletal system.

Materials and methods: The microspheres prepared by two different methods, oil-in-oil (o/o) 

emulsion solvent evaporation method and oil-in-water (o/w) method, were characterized in terms 

of morphology, size, encapsulation efficiency, drug distribution, degradation, and crystallinity.

Results: The microspheres exhibited a porous structure with evenly drug distribution prepared 

by o/o emulsion solvent evaporation method, and their diameter ranged from 50.54 to 57.34 μm. 

The encapsulation efficiency was up to 61.86% when drug-loading content was only 1.51%, 

and showed a little decrease with the drug-loading content increasing. In vitro release studies 

revealed that the drug release from porous microspheres was controlled by non-Fickian diffusion, 

and almost 80% of the RIF were completely released after 10 days. The results of RIF-loaded 

microspheres on the antibacterial activity against Staphylococcus aureus proved that the porous 

microspheres had strong antibacterial ability. In addition, the polymer crystallinity had prominent 

influence on the degradation rate of microspheres regardless of the morphology.

Conclusion: It was an efficient way to entrap slightly water-soluble drug like RIF into PCL 

by o/o emulsion solvent evaporation method with uniform drug distribution. The RIF-loaded 

porous PCL microspheres showed the combination of good antimicrobial properties and excellent 

cytocompatibility, and it could generate gentle environment by PCL slow degradation.

Keywords: rifampicin-loaded porous microspheres, poly (ε-caprolactone), oil-in-oil solvent 

evaporation method, encapsulation efficiency, antibacterial ability

Introduction
Mycobacterium tuberculosis (MTB) is a serious public health problem affecting hundreds 

of millions of elderly people worldwide, with nearly one-third of the global popula-

tion infected by MTB and latent MTB infection.1,2 It is worth noting that the skeletal 

system was involved in 1%–3% of tuberculosis (TB) cases, and extraspinal TB could 

cause osteomyelitis or arthritis in any peripheral bones or joints.3,4 Currently, surgical 

intervention has been developed as a general rule for osteoarticular TB treatment.4 

According to the World Health Organization guidelines, this recommended treatment 

needs a long-term preoperative and postoperative drug therapy, which is a minimum 

of 8 months for the injectable agent and 20 months for total treatment time.5 Due to 
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the peculiarity of skeletal system, deep position in the body, 

the efficacy of systemic administration-traditional delivery 

methods is not successful for deep bacilli. The treatment of 

MTB even to multidrug-resistant tuberculosis (MDR-TB) 

is a major challenge because of serious side effects, such as 

liver damage caused by high-dose administration.6

Drug release delivery system using biodegradable poly-

meric materials has been identified as an effective method 

to optimize traditional drug dosage, which delivers medicine 

to the desired position in a controlled and prolonged way, 

and which avoids potentially systemic toxicity by high 

concentration.7–9 Several studies have attempted to fabricate 

the delivery system using polyesters such as poly(lactide-

co-glycolide) (PLGA) and polylactic acid (PLA) for the 

treatment of pulmonary TB.10,11 However, specific adverse 

tissue response in the patients has been characterized as an 

inflammatory foreign body reaction; these patients were 

operated on using fixation devices made of polyglycolic 

acid or PLA.12,13 A painful erythematous papule and exten-

sive osteolytic lesions developed at the implant tracks in 

a few weeks till years after operation. Apparently, PLGA 

and PLA are not the promising materials for the sustained 

skeletal delivery.

Different from these polyesters, poly (ε-caprolactone) 

(PCL) has been investigated widely as the carriers for drug 

because of its biocompatibility, biodegradability, and high 

permeability to micromolecular drugs.10,14,15 Moreover, 

the mild and long-term degradability of PCL makes it an 

appropriate vehicle for antitubercular drug delivery with 

nonspecific tissue inflammatory response, which is different 

from the autocatalytic degradable polyesters such as PLGA 

and PLA.16,17 Rifampicin (RIF) was selected as a pharma-

ceutical model based on the fact that it belongs to the four 

first-line drugs in TB chemotherapy and the most widely 

investigated.18,19 Especially, RIF has not only a broad anti-

bacterial spectrum for gram-positive and -negative bacteria 

and protozoa, but also antibacterial activity for MDR-TB.1 

In contrast to other antibiotics, RIF binds directly to an 

enzyme involved in RNA polymerization, namely DNA-

dependent RNA polymerase; the same enzyme, present in a 

variety of eukaryotic species, is completely resistant to the 

actions of RIF.11

Drug-loaded microspheres (MS) have received exten-

sive attention for the treatment of tuberculous osteomy-

elitis as they can penetrate well into bone tissue and have 

been extensively used for the treatment of other types of 

bacterial osteomyelitis, that is, osteoarthritis, spondylitis, 

spondylodisciitis, and arthritis.20,21 A number of methods 

adopted to fabricate the PCL MS are described in detail by 

Dash and Konkimalla.22 Among them, the emulsion solvent 

evaporation techniques such as oil-in-water (o/w),23 oil-in-oil 

(o/o),24 water-in-oil-in-water (w/o/w),25 and soil-in-oil-in-

water26 methods are widely applied to prepare polymer MS. 

However, the choice of an appropriate method will give rise 

to an efficient drug encapsulation and desired drug release 

behavior. Therefore, we adapted an o/o system to improve 

the entrapment efficiency of RIF, compared to o/w and w/o/w 

systems that the hydrophobic drug can easily run off.27,28 On 

the other hand, MS fabricated by different solvent evapora-

tion methods would also exhibit a broad range of morpholo-

gies such as being nonporous, microporous, macroporous, 

asymmetrically porous, and hollow depending on the rate of 

solvent removal and inner phase property, as well as features 

of continuous phase.26 For now, seldom, studies discussed the 

relationship between porous structure and matrix degradation 

behavior of PCL MS.

In our earlier work, we fabricated porous PCL MS by 

o/o method, which significantly improved the water-solubility 

drug entrapment efficiency.29 Based on the previous study, 

the objective of present research was to prepare hydro-

phobic RIF-loaded porous PCL MS with sufficient drug-

loading ratio, as well as controlled drug release behavior 

and antibacterial activity. We also investigated the effect 

of porous morphology on enzymatic degradation behavior 

of MS combined with their crystalline properties. There-

fore, porous PCL MS with different drug-loading content 

were fabricated by o/o emulsion solvent evaporation 

method, and the morphology, drug distribution, particle 

size, encapsulation efficiency, in vitro release behavior, 

and antibacterial efficacy were well studied. The dense 

MS (DMS) prepared by o/w method were also used 

as controls.

Materials and methods
Materials
PCL (molecular weight [MW] 35,000) was purchased from 

Bright China Industrial Co. (Shenzhen, People’s Republic 

of China). RIF supplied by Sigma Aldrich, Co. (St Louis, 

MO, USA) was used as a model drug. Pseudomonas cepacia 

lipase used for accelerating the cleavage rate of fatty acid 

esters was purchased from Sigma Aldrich, Co. Acetone, 

liquid paraffin, SPAN80, dichloroethane (DCE), polyvi-

nyl alcohol, n-hexane, and methanol were obtained from 

Changzheng Huabo, Ltd. (Chengdu, People’s Republic 

of China), and all chemical reagents were of analytical 

reagent level.
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Method fabrication
The preparation of MS was based on o/o emulsification-

solvent evaporation methods. We also prepared MS 

by o/w emulsification-solvent evaporation methods for 

comparison.

For the o/o method, the following conditions were used 

according to the formulae listed in Table 1: PCL (1 g) was 

dissolved in 10 mL of acetone, which contained different 

concentrations of RIF, then dropped into liquid paraffin 

containing surfactant SPAN80 at room temperature using 

agitator at 1,500 rpm for 15 min. Subsequently, the resulting 

emulsion was stirred at 500 rpm for 1 h to allow the acetone 

evaporation and MS precipitation. The MS were centrifuged 

at 2,500 rpm for 5 min, washed with n-hexane, and dried at 

room temperature in the vacuum. Blank MS were obtained 

by the same method for the degradation experiments.

For the o/w method, 1 g of PCL and 50 mg RIF were 

dispersed in a DCE (10 mL), and dropped into 100 mL water 

containing 2% polyvinyl alcohol (w/v). An emulsion was 

formed by stirring for 30 min, subsequently residual solvent 

was evaporated for 1.5 h, and the MS were recovered by 

centrifugation and dried.

Ms characterization
The internal and external morphology of MS and the surface 

structures were observed by scanning electron microscopy 

(SEM, 6500LV; JEOL, Tokyo, Japan). MS were coated 

with gold under vacuum before SEM. The particle size was 

measured for .400 particles by imaging software (ImageJ). 

The distribution of RIF in MS was observed by optical 

microscope (Nikon TE2000-U), and the pictures were taken 

at 10 min after emulsion droplets formed. As a comparison, 

the drug-free MS were also observed at the same step.

Encapsulation efficacy
RIF-loaded MS (10 mg) were immersed into 10 mL methanol 

for 24 h in a shaker. The drug extracted from the result-

ing solution was measured at the maximum wavelength 

of 334 nm using a UV-Vis spectrophotometer (SP-754; 

Shanghai Spectrum Co., Shanghai, People’s Republic of 

China), and the concentration (W
d
) of the drug entrapped 

in MS was calculated by a calibration curve. Each group of 

procedures was carried out in triplicate. The percentages of 

drug-loading ratio and entrapment efficiency were calculated 

by Equations 1–3:

 

Dr g-loading u ratio (%) 100%d

m

= ×
W

W
 

(1)

Theoretical ratio (%) 100%d

d m

drug-loading =
′

′ + ′
×

W

W W
 

(2)

 

Entrapment efficiency (%)

 ratio
=

Drug-loading

dTheoretical rrug-loading ratio
× 100%

 

(3)

where W
d
 is the calculated weight of RIF in drug-loaded MS 

(g), W
m
 is the weight of drug-loaded miscrospheres (g),

 

Table 1 Preparation and characterization of Pcl microspheres prepared from different formulae using o/o and o/w methods 
(mean±sD, n=3)

Samples o/o 
acetone:petrol 
(w/w)

SPAN80 
(%, w/v)

Drug dosages 
ratio PCL:Drug 
(w/w)

Theoretical 
drug loading 
(%)

Drug 
loading (%)

Encapsulation 
efficiency (%)

Mean 
diameter 
(μm)

D10–D90 
(μm)

riF-loaded 
porous 
microspheres

1:3
1:5
1:3

3
3
1

20:1
20:1
20:1

4.76
4.76
4.76

2.64±0.16
2.57±0.29
2.07±0.12

55.54±3.39
53.99±6.01
43.49±2.55

50.56
59.46
56.64

29.97–72.78
28.42–99.58
28.54–87.14

1:3 2 20:1 4.76 2.49±0.08 52.38±1.79 54.25 28.63–87.46
1:3 3 20:1 4.76 2.64±0.16 55.54±3.39 50.56 29.97–72.78
1:3 3 20:0 0 0 0 52.35 24.66–81.98
1:3 3 20:0.5 2.44 1.51±0.04 61.86±1.70 50.54 22.11–85.49
1:3 3 20:1 4.76 2.64±0.16 55.54±3.39 50.56 29.97–72.78
1:3 3 20:1.5 6.98 4.05±0.14 57.96±2.01 52.30 20.14–89.73
1:3 3 20:2 9.09 5.16±0.74 56.76±8.10 57.34 31.82–86.53
o/w, Dce: 2% 
PVa water

Drug dosages ratio 
Pcl:drug (w/w)

Theoretical 
drug loading (%)

Drug loading 
(%)

encapsulation 
efficiency (%)

Mean diameter 
(μm)

D10–D90 (μm)

riF-loaded 
dense 
microspheres

1:10
1:10

–
–

20:0
20:1

0
4.76

0
0.58±0.13

0
12.27±2.34

20.61
27.49

9.68–34.33
2.33–40.99

Abbreviations: Dce, dichloroethane; o/o, oil-in-oil; o/w, oil-in-water; Pcl, poly (ε-caprolactone); PVa, polyvinyl alcohol; riF, rifampicin.
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W
d
′ is the total amount of RIF used for particle preparation (g), 

and W
m
′ is the total weight of PCL used for preparation (g).

in vitro release study
The release study was carried out in triplicate. Briefly, the 

dialysis bags (exclusion size 1.4×104 MW) with 20 mg 

RIF-loaded PCL MS were placed into a glass tube containing 

5 mL PBS (0.2 M, pH=7.4) and incubated at 37°C in a 

shaker. At specified time intervals, the release medium was 

completely removed and replaced with 5 mL fresh PBS. RIF 

concentration was measured by the absorbance of elution 

medium at 332 nm using a UV-Vis spectrophotometer. The 

results were plotted in terms of cumulative releases (calcu-

lated by Equation 4).

 

Cumulative amount released (%) = ×
M

M
t

∞









 100

 

(4)

where M
t
 and M∞ are the cumulative amount of drug release 

at time t and infinite time from matrix, respectively.

Equation 5 was utilized for the mathematics characteriza-

tion of the release kinetics of RIF from the PCL MS.

 

M

M

M

M
nt t
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= kt  0 6.

 

(5)

where k is a constant incorporating characterization of the 

matrix and the drug, and n is the release exponent, which is 

indicative of the transport mechanism.30

antibacterial activity assay
The antibacterial activity of the RIF-loaded MS was exam-

ined against Staphylococcus aureus.31 Specifically, bacterial 

spores were introduced in 5 mL of Mueller–Hinton broth 

and incubated for 12 h. To achieve the final concentration 

of about 3×108 colony-forming unit (cfu)/mL, 0.1 mL of the 

culture was diluted into another 5 mL of Mueller–Hinton 

broth. Meanwhile, molten Mueller–Hinton agar was poured 

into sterile dishes and allowed to solidify. Subsequently, the 

plates were spread with the bacterial culture, and the round 

filter papers with the diameter of 1 cm immersed into the PBS-

containing drug that was released from the RIF-loaded MS 

were seeded in the center of plates with 100 μL S. aureus.32 

The diameter of the inhibition zone was measured and 

recorded. All samples were incubated at 37°C for 18 h, and the 

results were compared with the RIF-free MS. The antibacte-

rial activity experiments were performed in triplicate.

Ms degradation
Drug-free PCL MS (10 mg), prepared by two methods men-

tioned above, were placed into the glass tube and 5 mL PBS 

(0.2 M, pH=7.4) with 0.2 mg/mL lipase was added.33 The 

tubes were placed in a shaker at 37°C. Degradation studies 

were performed with MS immersed in the medium for 2, 4, 

10, 24, 48, and 72 h. After that, the degrading medium and 

particles were separated at a certain time by filtration. Then 

the particles were washed with distilled water and dried at 

room temperature. The morphologic changes were observed 

by SEM. Meanwhile, the degradation rate of MS can be 

monitored by measuring the released acids from the PCL by 

titration. One milliliter of degrading medium collected at a 

specified time interval was titrated by 0.01 mol/L NaOH.34 

The consumption of NaOH was plotted against the time. Three 

samples were processed at each selected degradation time.

Thermal analysis and X-ray diffraction 
(XrD) analysis
The thermal characterization of drug-free PCL MS, prepared 

by two methods mentioned above, was measured by differ-

ential scanning calorimeter (DSC, Thermal Analyst 2000; 

STA449F3, Netzsch, German). Samples were heated from 

0°C to 100°C with a heat increase rate of 10°C⋅min−1.

The degree of crystallinity, X
c
 (%), was calculated by the 

following equation:

 

X
c

(%) =100 ×
∆

∆

H

H
m

F  

(6)

where ΔH
m
 and ΔH

F
 were the heats of fusion of the sample and 

the 100% crystalline pure PCL (136 J/g),35 respectively.

XRD analysis was carried out with an X-ray diffracto-

meter (X’Pert Pro MPD; Philips, Amsterdam, Netherlands), 

and samples were scanned over a 2θ range of 10°–50° at the 

rate of 0.2°⋅min−1.

in vitro cytocompatibility evaluation
Cellular morphology and proliferation of MG63 were used 

for the in vitro cytocompatibility evaluation.36 MG63 cells, 

purchased from the BeNa Culture Collection, Beijing, were 

originally derived from human osteosarcoma tissue and they 

expressed the characteristic features of osteoblasts. Culture 

of MG63 cells and in vitro cytocompatibility evaluation were 

processed in West China College of Stomatology, Sichuan 

University (Chengdu, People’s Republic of China). MG63 

cells were routinely cultivated in F12 medium (cell culture 

grade; BioWhittaker, Walkersville, MD, USA) supplemented 
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with 10% volume fraction of calf serum (cell culture grade; 

Gibco®; Thermo Fisher Scientific, Waltham, MA, USA), 1% 

penicillin/streptomycin, and 1% l-glutamine at 37°C under 

a stream of 5% CO
2
.

For cell viability studies, four batches of RIF-loaded and 

drug-free porous and DMS were tested. Theoretical drug 

loading was 4.76% (w/w) for two RIF-loaded MS. Sterilized 

coverslips were put into 24-well plates and preincubated with 

1 mL of culture medium overnight. Then, the medium was 

carefully removed, and the MS were incubated in 1 mL of 

the MG63 cell suspension (about 2×104 cells per well). The 

seeded specimens were cultured in a humidified incubator 

(37°C; 5% CO
2
), and the medium was changed every 3 days. 

After culturing for 1, 3, 5, and 7 days, cell proliferation with 

MS on coverslips was observed by optical microscope and 

then determined quantitatively using MTT assay method by 

measuring the activity of the mitochondrial dehydrogenases 

with a multilabel counter (Wallac Victor3 1420; PerkinElmer 

Co., Waltham, MA, USA) at 490 nm.37 One of the wells 

without MS was set as a control group. The data from three 

individual experiments were averaged.

The adhesion and morphology of MG63 cells cultured 

with MS were also observed with SEM. The MG63 cells 

cultured with the specimen for 7 days were rinsed with PBS, 

fixed at a 2.5% volume fraction of glutaraldehyde, subjected 

to graded alcohol dehydration, rinsed with isoamylacetate, 

dried with supercritical CO
2
, and observed by SEM.38

statistical analysis
Data were collected in a Microsoft Excel 2010 database and 

filter using Box Chart of the Origins 9.0 software. Valid 

data were presented as the mean±SD. Statistical analysis 

was calculated using Graphpad Instat software (InStat® 3.0; 

Graphpad Software Inc., La Jolla, CA, USA). The statistical 

analysis was carried out using one-way analysis of variance 

with Tukey’s test for multiple comparisons, with p,0.05 

indicating statistical significance.

Results
effect of formulae on Pcl Ms 
characterization
Based on o/o emulsification-solvent evaporation method, 

three different batch formulas have been investigated to 

determine the optimum formulation of PCL MS shown in 

Table 1, which were the acetone-to-petrol volume ratio (o/o), 

surfactant value, and the RIF amounts, respectively. Mean-

while, the characterization of the size, drug-loading ratio, and 

entrapment efficiency of MS are given in Table 1. In first 

batch formula, when o/o volume ratio was 1:3, the MS were 

uniform and monodispersed in diameter. With the increase in 

petrol volume, that is, the continuous phase in the o/o method, 

the mean diameter and size distribution increased, while the 

drug-loading rate and entrapment rate had no significant dif-

ference (p.0.05). In second batch formula, SPAN80 was 

used as the surfactant of the MS preparation, and the mean 

size and size distribution decreased with an increase of the 

surfactant content from 1% to 3%. However, the amount 

of surfactant significantly affected the encapsulation effi-

ciency of PCL MS (p,0.001). The entrapment efficiency 

of RIF in MS had an incremental value of 6%–20% in each 

1% increase in the surfactant concentration. In third batch 

formula, it is surprising that the drug dosage did not affect 

the encapsulation efficiency ratio even little when the RIF 

dosage ratio increased up to 20:1. The encapsulation effi-

ciency of RIF-loaded MS had no significant difference while 

the theoretical drug ratios were 2.64%, 4.05%, and 9.09%, 

respectively (p.0.05). Except for the highest drug dosage 

(9.09%) of the MS, no significant difference was observed 

in particle sizes (p.0.05).

In comparison, the PCL MS prepared by using o/w 

method have been studied according to the formula in 

Table 1. Apparently, both the drug-loading rate and encap-

sulation efficiency of the MS prepared by o/w method were 

too lower than the MS prepared in o/o system. Only 12.27% 

of the RIF dosage had been encapsulated in the PCL MS, 

which is about one-quarter of the entrapment rate of that of 

o/o method. Moreover, the size of the MS from o/w system 

was about 50% smaller than that of o/o system.

In Figure 1, the PCL MS prepared according to the for-

mula in Table 1 were spherical shapes. All the MS prepared 

by o/o method were porous structure (named as porous 

microspheres [PMS]), in comparison to dense particles made 

by o/w method (named as DMS). However, the morphol-

ogy of PMS with fewer pores was observed on the surface 

when the drug concentration increased (Figure 1A–E). 

The microporous morphology was shown on the surface 

(Figure 1I), and heterogeneous pores with irregular size and 

shape were observed in the cross section of MS (Figure 1J and 

K). Notably, the center feature of PMS was enlarged internal 

pores, whereas the shell was honeycomb-like microstructure. 

Besides this, abundant interpenetrated holes were observed 

inside MS. As the comparison, DMS presented a compact 

structure without any pores inside, as in Figure 1L.

As the natural color of RIF is orange, the orange color 

observed by optical microscope in Figure 1G actually 

reflected the distribution of RIF in MS. The optical pictures 
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showed a homogeneous distribution of RIF in porous matrix, 

indicating that the drug is randomly and uniformly distributed 

in the PCL MS. In this way, faint yellow and transparent 

porous MS were observed as RIF-free PMS (Figure 1H).

in vitro release study and antibacterial 
activity assay
In vitro drug release behaviors of porous PCL MS with vari-

ous drug-loading contents were studied by comparing with 

pure RIF. In the case of RIF-loaded DMS obtained by o/w 

method, the release experiments are not available because 

the drug-loading content was too low (,0.3%) to detect by 

UV-Vis spectrophotometer. As shown in Figure 2I, the pure 

RIF almost dissolved completely into PBS in 3 h, leading to 

a sharp increase in drug concentration, while all RIF-loaded 

PMS presented a controllable drug release behavior. Specifi-

cally, the MS showed a burst release of 40%–50% during the 

first 24 h, followed by the gradual increase in the drug amount 

Figure 1 seM pictures of riF-loaded Pcl microspheres prepared by different drug dosage ratios: (A) 1.51% PMs; (B) 2.64% PMs; (C) 4.05% PMs; (D) 5.16% PMs; (E) 
riF-free PMs; and (F) RIF-free DMS. Optical pictures of microspheres before complete solidification: (G) 2.64% PMs and (H) riF-free PMs. seM pictures of the cross-
sectional view of microspheres (magnification ×400): (I) the external morphology of riF-free PMs; (J) the internal morphology of riF-free PMs; (K) the magnification picture 
of internal morphology of riF-free PMs; and (L) the internal morphology of riF-free DMs.
Abbreviations: DMs, dense microspheres; Pcl, poly (ε-caprolactone); PMs, porous microspheres; riF, rifampicin; seM, scanning electron microscopy; sei, secondary 
electron imaging.

Figure 2 (I) In vitro release profile of pure RIF and drug-loaded PMS: (a) Pure RIF; (b) 1.51%; (c) 2.64%; (d) 4.05%; and (e) 5.16%. (II) Pictures of Staphylococcus aureus 
incubated for 18 h at 37°C together with extracted fluid from RIF-loaded PMS: (A) 1.51%; (B) 2.64%; (C) 4.05%; (D) 5.16%; and (E) RIF-free PMS.
Abbreviations: PMs, porous microspheres; riF, rifampicin; seM, scanning electron microscopy.
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in sustained release. The total quantity of RIF from PCL 

porous MS reached almost 80% after 10 days. Moreover, 

the MS with the lowest drug-loading content had the lowest 

initial burst and the least cumulative release within 10 days, 

and the drug release rate increased with more drugs contained 

in MS. Interestingly, the MS with the highest drug-loading 

content did not show an anticipative highest initial burst and 

fastest release rate.

Table 2 listed the best-fit values for the parameters in 

the exponent expression of different drug release curves 

determined by Excel software. The data n is the diffusional 

exponent, depending on the RIF transport mechanism and 

geometry of the device. The constant k relates to incorporating 

natural characteristics of the polymer and drug, structures, 

and geometry characteristics of the device. The R2 is the 

correlation coefficient of the experimental data associated 

with Equation 2.39 The results showed that all of the n values 

were between 0.5 and 1, and generally decreased with the 

rising loading level. However, the k values exhibited an 

inverse proportion with n values. In particular, the kinetic 

parameters of the MS that contained most of the drug were 

out of the tendency, and presented the intermediate values 

among these samples.

Figure 2II shows the images of antibacterial tests per-

formed on solid agar plates that were covered by filter paper 

with or without RIF. The results showed that a clear inhibition 

zone was generated by inhibiting the microorganisms, while 

the extracted fluid acquired from RIF-free MS exhibited no 

inhibition ability against the proliferation of the bacteria. 

The diameter of inhibition zone gradually increased with the 

increasing concentration of RIF.

in vitro degradation study
Figure 3I shows the morphologic changes of the two types 

of RIF-free MS in the course of enzymatic degradation. 

Before degradation, the MS obtained by o/o method were 

porous and loose (Figure 3I and A). After degradation for 

24 h, more holes appeared on the MS surface of PMS. 

Table 2 Values of the release exponent (n), constant (k), and 
correlation coefficient (R2)

PCL:RIF n k R2

20:0.5 0.732 0.058 0.949
20:1 0.621 0.100 0.947
20:1.5 0.539 0.133 0.936
20:2 0.646 0.085 0.935

Abbreviations: Pcl, poly (ε-caprolactone); riF, rifampicin.

° θ °

Figure 3 (I) seM photographs of drug-free Pcl microspheres during in vitro degradation prepared by oil-in-oil method (a) as well as oil-in-water method (B): 0 h (a1, B1), 
24 h (a2, B2), 48 h (a3, B3), and 72 h (a4, B4). (II) The consumption of naOh for different samples in the course of degradation: (a) drug-free PMs; (B) drug-free DMs. 
(III) analysis of the physical properties of drug-free Pcl microspheres using Dsc (a) and XrD (B): (a) PMs; (b) DMs.
Abbreviations: DMs, dense microspheres; Dsc, differential scanning calorimeter; Pcl, poly (ε-caprolactone); PMs, porous microspheres; riF, rifampicin; seM, scanning 
electron microscopy; XrD, X-ray diffraction; sei, secondary electron imaging.
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Subsequently, the pores on the surface had enlarged and the 

matrix material had gradually degraded. After 72 h, huge dis-

ruption of interconnected structured and significant erosion 

on surface was seen in SEM picture. However, in the case of 

o/w method, the morphology of MS caused by degradation 

was found to be significantly different on a temporal basis 

(Figure 3I and B). At the beginning, DMS were smooth and 

dense without holes and cavities. After degradation for 24 h, 

some small holes were observed on the surfaces of DMS 

particles. With further degradation for 48 h, the MS surfaces 

are generally accompanied by grooves and cracks. Thereafter, 

the degradation had continued and both the quantity and size 

of grooves and cracks had increased when the degradation 

time was up to 72 h.

The titration method was utilized to directly monitor 

degradation rate by measuring the released carboxylic 

groups during the ester cleavage of PCL. Interestingly, 

the result indicates that there is no significant difference 

in degradation rate between two types of MS (Figure 3II). 

Previous study revealed that the degradation rate had a close 

connection with both the molecular weight and the degree 

of crystallinity.40 As both of the MS were prepared by the 

same molecular weight of PCL, the degree of crystallinity 

seemed to determine the degradation rate. To confirm this 

hypothesis, DSC and XRD were utilized to reflect the crystal-

lography properties of PCL MS. (Figure 3III and A) shows 

the DSC thermograms of the porous and nonporous PCL MS, 

which displayed melting temperature at 61.2°C and 63.2°C, 

respectively. The crystallinity corresponding to each sample 

was 57.53% and 61.32% through calculation. Moreover, the 

XRD profiles of two types of MS are shown in (Figure 3III 

and B). The two intense reflection peaks at 2θ values of 21.4° 

and 23.6° indexed as (110) and (200) reflections41 had been 

observed similarly, regardless of porous structures’ presence. 

Herein, the results of DSC and XRD suggest that the crystal-

linity of the porous PCL MS is approximately equal to that 

of the nonporous PCL.

in vitro cytocompatibility evaluation
The viability of MG63 has been observed by using optical 

micrographs (Figure 4I). With the increasing incubation time, 

live cells multiplied gradually till day 7, suggesting that the 

Figure 4 (I) Optical pictures of Mg63 cultured with microspheres for 1, 3, 5, and 7 days: (a) riF-free PMs; (B) riF-loaded PMs; (c) riF-free DMs; (D) riF-loaded DMs. 
(II) MTT assay of Mg63 proliferation cultured with Pcl microspheres (mean±sD, n=3). (III) seM pictures of Mg63 cells cultured with microspheres for 7 days: (a) riF-free 
PMS; (B) RIF-loaded PMS; (C) RIF-free DMS; (D) RIF-loaded DMS. Magnification ×200.
Abbreviations: DMs, dense microspheres; Pcl, poly (ε-caprolactone); PMs, porous microspheres; riF, rifampicin; seM, scanning electron microscopy.
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cells proliferate well on all kinds of the MS. Besides, the 

optical images also presented normal morphology of these 

osteocytes. The SEM pictures also demonstrated commend-

able cells attachment on the MS (Figure 4III), which is coin-

cident with the results of optical pictures. At the same time, 

there were no significant differences between the porous MS 

and DMS on the morphology of cell, which indicated that the 

surface topography had a little effect on cell viability. Similar 

investigation has been observed by Kulkarni.42

The cell proliferation results by MTT assay are shown in 

Figure 4II. There was no statistically significant difference 

between each group on day 1. With the increase of culture 

time, the proliferation value of cells showed a continued 

growing trend for all MS groups and the control group. 

However, the values of experimental groups were relatively 

lower than that of the negative control group. Specifically, the 

proliferation value of RIF-loaded PMS showed a significant 

difference at 3 and 5 days compared to other groups (p,0.05). 

Because the pristine RIF has an inhibitory effect on cells, 

polymer-entrapped drugs could relieve the inhibition effect 

on cells in the initial burst stage.43 As time went on to 7 days, 

the inhibition effect had gradually disappeared because 

of the slow release of drug-loaded MS (p.0.05). At the 

same time, the cell proliferation of porous MS had no 

significant difference with that of DMS (p.0.05). The 

result indicates that the surface morphology had no obvi-

ous influence on cell proliferation, which is consistent with 

others.42

Discussion
To improve the efficacy of anti-TB drug in deeply skeletal 

system, a porous drug release delivery system has been 

attempted to encapsulate hydrophobic RIF into PCL MS by 

o/o emulsion solvent evaporation method. The formation 

mechanism of the porous structure is depicted in Figure 5. 

In the initial stage, many small bubbles and droplets caused 

by air or entrapped fluid were contained in a big emulsion 

droplet in order to provide greater resistance to mechanical 

breakdown during the stirring.44 Then, the organic solvent 

gradually evaporated accompanied with polymer molecular 

chain shrinkage and precipitation. As the solvent evaporation 

started from the exterior of emulsion droplet, the shells of MS 

were formed first as previously reported.45 However, owing to 

the rapid solvent evaporation rate, the polymer precipitation 

was quite fast, resulting in partial solidification of the droplet 

and extensive shrinkage of polymer chain. At the same time, 

the small bubbles and droplets tended to move to the outside 

of MS. Thus, when they moved to the section where the 

polymer coagulated, the micropores formed and set in situ. 

Additionally, some bubbles or droplets had merged inside 

because of the smaller space and higher pressure, leading to 

bigger pores and empty spaces formed in the center. On the 

other hand, the porous shell structure also accelerated the 

removal rate of acetone, resulting in faster polymer solidifi-

cation. Finally, after a thorough evaporation of acetone, the 

polymer shrinked and small particles with porous structures 

were fabricated.

Different RIF dosages also affect the porous structure 

formation of PMS. The micromorphology changes of PMS 

can be ascribed to the relatively high viscosity of emulsion 

drops caused by addition of more drugs. The influence of 

high viscosity on the extent of polymer chain as well as the 

movement of entrapped bubbles and droplets may baffle 

them from moving toward the surface of MS. Besides, it 

also affects the MS’ size of PMS larger than that of DMS, 

because it is difficult to provide enough energy to disperse 

the high-viscosity oil phase as small as the low-viscosity 

one under the same stirring rate. Meanwhile, neither RIF 

nor PCL is soluble in liquid paraffin and, thus, the diffusion 

of RIF into the external oil phase is limited. As a result, 

the MS’ encapsulation efficiency significantly increased. 

The diminishing entrapment efficiency demonstrates that 

Figure 5 hypothesis about the mechanism of formation of the porous microspheres by oil-in-oil (o/o) emulsion solvent evaporation method.
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more RIF diffused into the continuous phase. Furthermore, 

the optical micrograph of drug distribution corresponds to 

the theory that the hydrophobic drugs have higher affinity 

with PCL,46 so that RIF distributed more evenly within PCL 

MS matrix.

In vitro release study indicates that RIF-loaded porous 

PCL MS could provide a longer and more sustained release 

compared with pure drug. However, the decrease in the 

cumulative release amount of RIF-loaded PMS suggests that 

the drug release profile is not only controlled by typical drug 

diffusion model. Therefore, it is necessary to investigate the 

RIF release kinetic mechanisms from the porous PCL MS. 

So far, numerous mathematical models have been developed 

to describe the drug release behavior of the controlled-

release system.47 To simplify the release property analysis, 

a well-known empirical exponential expression is widely 

introduced to describe the release behavior of drug release 

systems with different mechanisms and various geometries 

in many studies.30 According to the references, the kinetics of 

drug release indicates Fickian diffusion, zero-order release, 

and non-Fickian diffusion when n is 0.43, 1, and 0.43–1, 

respectively.48 Here, all data of the release exponent of PMS 

ranged from 0.53 to 0.73, which was non-Fickian diffusion. 

It is quite different from the normal Fickian diffusion in 

nonporous PCL MS’ release kinetics.49 Non-Fickian diffu-

sion means that the drug released from the porous matrix 

is controlled by both diffusion and dissolution.50 In other 

words, the non-Fickian diffusion of RIF is mainly caused 

by two competitive factors: drug-loading content and porous 

structure of MS. When the release media penetrated into the 

MS through micropores, the initial RIF content was higher 

than its solubility in the microenvironment, leading to a 

diffusion-controlled release for RIF-loaded PMS. Taking 

into account the drug-loading content, a faster release rate is 

expected for the sample with a higher RIF-loading content. 

At the same time, in the view of the porous structures, more 

pores lead to the release media penetrating fully, and thus 

more drugs could dissolve from the matrix. When all of these 

factors are considered together, the MS with higher drug-

loading content and fewer pores on the surface presented a 

harmoniously controlled release for the RIF-loaded PMS.

It has been reported that RIF exhibits the minimal inhibi-

tory concentration of 0.016 μg/mL for S. aureus.51 In this 

study, RIF released from PMS maintained .1 μg/mL 

throughout the release process in Figure 2. It is noteworthy 

to mention that the drug-loading rate and encapsulation 

efficiency of porous MS prepared by o/o method were 

much higher than the dense particles prepared in o/o 

system (Table 1). Thus, an effective dose of RIF released 

from PMS is sufficient for the therapeutic target of the 

delivery system. The antibacterial results also demonstrate 

that the drug efficacy of RIF from PMS exhibited strong 

antibacterial activity against S. aureus.

Many researchers have adopted enzymatic degradation 

to evaluate polymers’ degradation behavior.52,53 Although a 

number of lipases were utilized in degradation researches, 

lipase from Pseudomonas has been widely used to catalyze the 

PCL degradation because of its high hydrolyzing activity. 

It is well known that the enzymatic degradation occurred 

including two processes: 1) The enzyme was adsorbed on the 

surface of materials; 2) the materials started to degrade under 

the catalysis of enzyme,54 and presented a prior degradation 

at the amorphous regions of the particles.40 As observed 

in Figure 3, the difference in surface morphologies can be 

understood that the porous surface of PMS constitutes a larger 

area to adsorb enzyme than the smooth surface of DMS. 

As a result, the surface of porous MS changes significantly 

relative to that of DMS, which also support the view that the 

enzymatic degradation of PCL is a surface erosion process.54 

However, based on the overall degradation rate test and 

crystallinity study as shown in Figure 3, the polymer crystal-

linity took the decisive influences on the degradation rate of 

these MS. This result is in accordance with D.R. Chen,55 who 

also revealed that surface area had no great influence on the 

degradation rate of the PCL sample. Therefore, the porous 

PCL MS still maintain the slow degradation property of PCL 

materials, which could avoid producing excess carboxylic 

acid end groups during the degradation and further affecting 

the stability of incorporated drug.56 From in vitro experiment 

with cells in Figure 4, the drug-loaded MS exhibit well cell 

adhesion and proliferation, which should be preferentially 

chosen for future in vivo investigation and application.

Conclusion
In this study, RIF-loaded PCL MS with porous structure 

and high encapsulation were successfully prepared by o/o 

emulsion solvent evaporation technique. The features of 

the MS, according to drug concentration, were investigated. 

Our results demonstrated that it was an efficient way to 

entrap slightly water-soluble drug like RIF into PCL by 

o/o emulsion solvent evaporation method with uniform 

drug distribution. The formation mechanism of the porous 

structure was postulated for drug diffusion investigation. 

Further, the drug release kinetic mechanism of PCL MS 

was changed by porous structures to non-Fickian diffusion, 

which is different from the dense one, and the RIF-loaded 
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porous PCL MS could provide a prolonged and sustained-

release behavior with an effective drug concentration against 

S. aureus. Meanwhile, the enzymatic degradation studies 

demonstrated that the polymer crystallinity had prominent 

influences on the degradation rate of MS regardless of the 

porous morphology, and, therefore, it could generate gentle 

environment by PCL slow degradation. Contemplating the 

above properties, it is promising that the RIF-loaded porous 

MS have the potential as a novel antibacterial drug delivery 

system used in skeletal treatment.
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