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 Biomedical materials should have biodegradability (enzymatic degradation and hydrolysis) 
because biodegradable materials in clinical applications show excellent biocompatibility.  
Polycaprolactone (PCL) is a type of semicrystalline polymer that can be utilized in various 
organic solvents.  Therefore, PCL was made as controlled-release drug carriers for long-term 
treatment.  In this study, we propose a method of preparing biodegradable PCL microcarriers 
with a uniform and controllable particle size (size range, ~5–100 µm) by emulsion-solvent 
evaporation with ultrasonic microdroplet spray technology.  The emulsion-solvent evaporation 
was assisted by the ultrasonic spray.  Through the standing wave effect on the ultrasonic 
nozzle, the continuous oil solution of PCL became discontinuous, and the microdroplets of the 
oil solution were sprayed out directly with high-uniformity particle size.  Furthermore, the oil 
microdroplets of PCL were collected by an aqueous stream in the emulsion process to form 
the emulsion type of oil in water (O/W).  In addition, the ultrasonic-assisted emulsification 
technology was adjusted by stirring to enhance the uniformity of particle size.  As a result, PCL 
microdroplets were sprayed into an aqueous solution owing to the low surface tension between 
the oil and the aqueous solution and the vertical flow field generated by the stirring equipment.  
The yield rate of PCL microcarriers was improved effectively.  Moreover, microcarriers loaded 
with the cancer drug doxorubicin (DOX), which is water-soluble, were fabricated uniformly 
with ultrasonic-assisted emulsification technology.  The drug loading efficiency (DLE) in this 
work was ~42.2%, and a microcarrier encapsulation efficiency (EE) of 3.21% was obtained with 
a particle size of around 5−20 µm.
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1. Introduction

 In recent years, polymer materials have been extensively applied in biomedical science 
and technology owing to their excellent biocompatibility and stability in the human body.  
Some of them even have excellent characteristics, such as nontoxicity and biodegradability, 
which are important for drug delivery.  Moreover, polymer materials have been developed as 
anticancer drug carriers, which reduce the toxicity of drugs to normal tissues and achieve high 
therapeutic efficiency.(1−5)  Polycaprolactone (PCL) is a semicrystalline polymer that can be 
utilized in various organic solvents.  The characteristics of high degradation temperature and 
low dissolution temperature of PCL provide good PCL processability.  PCL has a repeating 
structural unit with one polar ester bond and five nonpolar methylene groups, and the ester 
structure is easily decomposed in nature by microorganisms or enzymes, and the final products 
are CO2 and H2O.  Owing to the ester hydrolysis of PCL, it is often used as a biodegradable 
polymer, and its good drug permeability also makes that the drug was released more 
controllable.(6−9)  
 Several methods of microcarrier fabrication have been described in the literature including 
precipitation, spraying, phase separation, and emulsion techniques.  Emulsion approaches have 
been commonly used on both the laboratory and industrial scales.(10−12)  The control of sphere 
size and size distribution has several important implications for controlled drug delivery.  There 
is typically an ideal sphere size for release rate and route of administration.  There have been 
several reports of the fabrication of uniform biodegradable polymer microspheres.(13−18)  Kim 
and Pack(14) have developed a microsphere fabrication technology that combines ultrasonic 
droplet formation and emulsion-solvent evaporation for generating monodisperse microspheres 
with precisely controlled size.  The technology has been established as a single-step method 
for producing uniform polymeric microcarriers of controllable size.  Monodisperse or precisely 
defined particle size distributions can be achieved while maintaining the desired polymeric 
shell thickness.  However, monodisperse microsphere fabrication does not have the property of 
mass production.
 To address this situation, in this study, we developed a microsphere fabrication technology 
that combines emulsion-solvent evaporation with ultrasonic microdroplet atomization 
technology.  There were many applications in the coating field owing to the uniform droplet 
size.(19−22)  A thin liquid film formed on a high-frequency vibrating surface was broken up in a 
fine uniform spray.  The ultrasonic vibration induced surface waves in the liquid film.  As the 
frequency was tuned, very regular square cells can form on the free surface just before reaching 
the resonance frequency.  Then, when resonance is reached, the amplitude grows until droplets 
are ejected through a crest break-up mechanism.  In this study, the liquid film pattern theory 
was determined mainly using the operating frequency, the surface tension of liquid, the density 
of liquid, and so forth.
 Here, we report the capabilities of two techniques, individually and in combination, for 
generating uniformed biodegradable microcarriers with precisely controllable size from 5−100 
µm diameter.  Furthermore, this technology demonstrated to be applicable to doxorubicin 
(DOX)-loaded microcarrier fabrication.  DOX is a common cancer drug that can treat breast 
cancer, leukemia, lung cancer, liver cancer, and so forth.
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2. Experimental Methods

 Emulsion-solvent evaporation with ultrasonic microdroplet atomization technology was used 
to prepare biodegradable polymer microcarriers with a uniform particle size distribution, by 
analyzing the initial formation of droplets, emulsion-solvent evaporation, particle size shrinkage 
changes, and anticancer agents for microencapsulation, as shown in schematically Fig. 1.

2.1 Material 

 The PCL (Mw = 10000) polymer was obtained from Sigma-Aldrich.  Polyvinyl alcohol (PVA 
88% hydrolyzed) was also obtained from Sigma-Aldrich.  DOX was purchased from Concord 
Biotech Limited.  Ten to 20 ml of 5% w/w PCL dissolved in ethyl acetate (EA) was prepared 
as an oil phase solution by emulsion-solvent evaporation.  Three hundred milliliters of 5% w/w 
PVA dissolved in deionized water was prepared as an aqueous-phase solution by emulsion-
solvent evaporation.

2.2 Ultrasonic atomization

 This technology was utilized to accurately control the PCL oil phase solution using an 
ultrasonic atomizer and sensors to generate a stable quantitative continuous fluid.  The nozzle 

Fig. 1. (Color online) Schematic of experimental process.
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of the atomizer produced 43 kHz of vibration frequency that had a capillary wave effect on 
the surface of the liquid film.  As the amplitude of energy grew and broke through the surface 
tension of the liquid film, millions of PCL microdroplets were sprayed out directly and 
gently,(20) as shown in Fig. 2.

2.3 Emulsion-solvent evaporation

 The 5% w/w PCL microdroplets were sprayed into a 5% w/w PVA solution for emulsion-
solvent evaporation.  The experimental setup is shown in Fig. 3.  About 10 ml of the 5% w/w 
PCL solution was supplied to the ultrasonic atomizer at 0.3 ml/min using an injection pump.  
Through the ultrasonic atomizer with 43 kHz frequency, thousands of PCL microdroplets were 
sprayed into 300 ml of the PVA solution with 200 rpm of stirring.  The oil microdroplets of PCL 
were collected in the PVA solution to form the emulsion type of oil in water (O/W).  In addition, 
the emulsion-solvent evaporation with ultrasonic microdroplet atomization technology provided 
a vertical circulation of the flow field of the PVA aqueous solution, as shown in Fig. 4.  Through 

Fig. 2. (Color online) View of ultrasonic atomizer and mechanism of atomization.  Energy of ultrasonic-vibration-
induced surface waves in the liquid film.  As the frequency reached the resonance frequency, thousands of drops 
were broken up.

Fig. 3. (Color online) View of equipment, including 
an ultrasonic atomizer, PCL oil solution, aqueous 
solution, an injection pump, a stirrer, and a driver of 
the ultrasonic atomizer.

Fig. 4. (Color online) Vertical circulation of flow 
field to submerge PCL microdroplets into the PVA 
solution without aggregating.
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the vertical circulation of the flow field, the PCL microdroplets were submerged into the PVA 
solution without the aggregation of the PCL microdroplets.

2.4 Particle size distribution measurement

 A laser particle size analyzer (Malvern Spraytec from Kao Yuan University, Taiwn) was 
employed to analyze the particle size distributions of atomization using the ultrasonic atomizer, 
as shown in Fig. 5.  The laser analyzer with laser beam is used to irradiate the atomization 
status during the ultrasonic spraying, and the particle size of the microdroplets was observed. 
The image analysis software image J was used to characterize the particle size distribution of 
PCL solid microcarriers.  Therefore, the formation from microdroplets to solid microcarriers 
can be observed.

2.5 Drug-loaded PCL microcarrier preparation

 Fifteen milliliters of 5% w/w DOX, which is water soluble, was mixed with 5% w/w PCL 
solution to form the emulsion type of water in oil (W/O) and sprayed using an atomizer, as 
shown in Fig. 6.  About 10 ml of the W/O emulsion solution was supplied to the ultrasonic 
atomizer at 0.3 ml/min using an injection pump.  Through the ultrasonic atomizer with 43 kHz 
frequency, thousands of W/O emulsion microdroplets were sprayed into 300 ml of PVA solution 
with stirring at 200 rpm.  The microdroplets of the W/O emulsion solution were collected in the 
PVA solution and a double emulsion type of water in oil in water (W/O/W) was formed.

2.6 Property measurements of the drug-loaded PCL microcarriers

 A spectrum of DOX was firstly analyzed using a UV-Vis spectrophotometer (Jasco, Model 
V-770), as shown in Fig. 7.  There was a strong absorbance at 230 nm wavelength.  Thus, 230 
nm wavelength was chosen for obtaining the standard calibration curve.  Samples of different 

Fig. 5. (Color online) Laser analyzer (Malvern Spraytec) employed to analyze the particle size distribution of the 
atomization using the ultrasonic atomizer.
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Fig. 6. (Color online) (a) View of DOX mixed with 5% w/w PCL solution. (b) View of W/O emulsion 
microdroplets obtained using the atomizer.

(a) (b)

Fig. 7. (Color online) Spectrum of DOX.  There was 
a strong absorbance at 230 nm wavelength.

Fig. 8. (Color online) Calibration curve of DOX 
solution (0.015−0.4 mM).

concentrations (10–150 ppm) of the DOX solution were prepared to obtain the calibration 
curve, and the result is shown in Fig. 8.  The calibration curve is so linear that the concentration 
of the DOX solution can be calculated on the basis of drug loading efficiency (DLE) and 
encapsulation efficiency (EE).  EE is defined as the percentage of drug weight per unit weight 
of microcarriers, as shown in Eq. (1).  The proportion of the drug in the microcarriers can be 
observed.  DLE is defined as the weight percentage of the drug loaded in all microcarriers per 
batch of the process, as shown in Eq. (2).  How much of the drug is encapsulated or used per 
process can be observed; in other words, the amount of the drug-contain was obtained by DLE.

 ( )% Total weight of drug in microcarriersEE
Total weight of microcarrers

=  (1)

 ( )% Total weight of drug in all microcarriers by one processDLE
Total weight of drug introduced in the process

=  (2)
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3. Results and Discussion

3.1 Emulsion-solvent evaporation with ultrasonic microdroplet spray technology

 The main process for the PCL microspheres is schematically shown in Fig. 9.  Lipophilic 
fragments of PVA attached onto the surface of the oil droplets to achieve three-dimensional 
stability and make the emulsion droplets stable and evenly dispersed.  As the solvent EA of 
PCL microdroplets diffused into the aqueous solution or evaporated into the air, the PCL 
microdroplets formed semicured microcarriers gradually from the interface to the core.  After 
the solvent was completely removed from the PCL microdroplets, the PCL microcarriers were 
obtained, as shown in Fig. 10.
 In traditional emulsification, the particle sizes of microcarriers are determined by the high 
sheer force (stirring speed was more than 1000 rpm) of the PVA solution.  Compared with 
the traditional method, the emulsion-solvent evaporation with ultrasonic microdroplet spray 
technology was employed with the ultrasonic atomizer to produce thousands of microdroplets 
and determine firstly their size distributions without considering the low shear force (stirring 
speed was ~200 rpm) of the PVA solution.  However, the kinetic energy of this gentle and 
directional atomization was too low to break the surface tension of the PVA solution, and the 
solvent was used to change the surface tension of PVA solution to allow PCL microdroplets 
to be able to submerge into the PVA solution.  Many PCL microdroplets had a fiberlike 
agglomeration owing to premature precipitation as the solvent EA has a high water solubility (86 
g EA/1 L H2O), as shown in Fig. 11.  To avoid this phenomenon, the inclined stirring rod and 
inner baffle plate design of the PVA solution beaker were used to produce a stable low vertical 
shearing effect, thereby providing a more stable emulsification environment for the emulsion 
droplets and effectively submerging PCL microdroplets into the PVA solution, as shown in Fig. 
12.

Fig. 9. (Color online) Emulsion-solvent evaporation 
process.

Fig. 10. (C o l o r o n l i n e) V i e w o f p u r e P C L 
microcarriers.
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3.2 Particle size distribution measurement

 Under a stable rotational speed, the PCL microdroplets were solidified as the solvent 
diffused into the PVA solution, and the PCL droplets solidified from the interface to the core.  
By the emulsion-solvent evaporation with ultrasonic microdroplet spray technology, the size 
of the PCL microdroplets was mainly determined by the ultrasonic atomization (particle sizes 
~15−60 µm).  From the results obtained with the laser particle size analyzer, the median particle 
size (Dv 50) after the atomization of the 5% w/w PCL solution was ~32 µm.  From the image 
J results, the median particle size (Dv 50) of the solidified carriers was ~8 µm.  Therefore, the 
analysis of particle size showed that the particle sizes of the microdroplets that form solidified 
carriers shrank by about ~40%, as shown in Fig. 13.

3.3 Drug-loaded microcarriers 

 DOX-loaded microcarriers were produced, as shown in Fig. 14.  The DLE in this process 
was ~42.2%, and the EE of these microcarriers was ~3.21%, as calculated using Eqs. (1) and 
(2).  Through the technology, DOX was encapsulated into the PCL microcarriers by forming 
multiple emulsions of water-oil-water (W1/O/W2).  However, the DOX solution was not evenly 
disperesed in the PCL solution, and the mixture with complex solution properties (such as 
density, surface tension, and vicosity) showed unstable atomization causing uncontrollable 
particle size.  The stratification system can be divided into two parts.  The upper layer solution 
has a relatively low density of the PCL solution (ρ, ~0.897 g/cm3) with a low density of the 
DOX solution.  The lower layer solution has a high density of the DOX solution (ρ, ~1 g/cm3) 
with a low density of the PCL solution.  Since DOX diffused into the PVA solution similarly to 
the solvent EA, the W/O emulsion with the higher density of the DOX solution did not indicate 
that a higher EE of the PCL microcarriers would be obtained.  There are many factors that 
would affect EE, such as temperature, solution concentration, and process time, which will 
be considered in a future study.  The rate of solvent evaporation in emulsification could be a 

Fig. 11. (Color online) Premature precipitation 
of PCL microdroplets and fiberlike agglomeration 
phenomenon.

Fig. 12. (Color online) Inclined stirring rod and inner 
baffle plate design of the PVA solution beaker.
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significant factor for obtaining a high EE of microcarriers.  The rate of solvent evaporation 
determines how completely and rapidly the drug-loaded microcarriers form.  

4. Conclusion

 Biodegradable PCL microcarriers with uniform and controllable particle size (size range, 
~5–100 µm) were fabricated successfully by emulsion-solvent evaporation with ultrasonic 
microdroplet atomization technology.  This innovative method, which combined emulsion-
solvent evaporation with ultrasonic microdroplet atomization technology, not only produced 
a narrow particle size distribution of microcarriers, but also provided controllable particle 
size, high yield, short process time, and simple operation.  With this technology, an ultrasonic 
atomizer is employed to produce stable PCL microdroplets, and highly uniform microcarrier 
formation control is achieved through the low-shear-force effect and the vertical circulation 
of the flow field during the emulsion-solvent evaporation.  This curing environment of PCL 
microcarriers made it possible to control effectively the particle size of microdroplets to form 

Fig. 13. (Color online) Analysis of particle size: (a) microdroplets after atomization and (b) solidified carriers.

Fig. 14. (Color online) View of DOX-loaded PCL microcarriers.

(a) (b)
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solidified carriers (shrinkage range, ~40%).  Furthermore, this technology demonstrated the 
fabrication of microcarriers loaded with DOX.  The DLE in this process was ~42.2%, and the 
EE of these microcarriers was ~3.21%.  In the future, biodegradable drug-loaded carriers will be 
more important for long-term cancer treatment.  The fabrication of these carriers with uniform 
and controllable particle size will be more valuable.
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