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Controllable porous polymer particles generated by electrospraying
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Abstract

In this paper, an electrospraying technique was applied to prepare polycaprolactone (PCL) polymer particles with a different microstructure. The
PCL particles can be controlled to have a porous microstructure by tailoring the evaporation of solvents during the electrospraying process. The
effect of various concentrations on the morphology and microstructure of PCL particles was investigated. The experiment has demonstrated the
versatile capability of the electrohydrodynamic atomization process for preparing polymer PCL porous particles and fibers. The thermally induced
and evaporation-induced phase separations are proposed as the main mechanisms for the porous microstructure formation. The results demonstrate
that the electrospraying method is a simple, innovative and cost-effective method for preparing polymer particles with controllable microstructures.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In the last decade, porous polymer particles have been of
great interest to nanotechnology and bioengineering. They are
widely used in tissue engineering, drug delivery, catalysis,
chemical sensing, and biomolecular analysis due to their de-
signed porous microstructure, large surface area, controllable
pore size, and size distribution [1–4]. Widely applied to the
analysis of gases, porous polymer particles have been used as
a stationary phase in gas chromatography [5,6]. Monodisperse
porous polymer particles with controllable microstructures are
also highly desired as the starting materials for ion exchangers,
polymeric supports in chromatography, and more recently as
chemical catalysts [7,8]. Moreover, porous biological polymer
particles are explored as drug delivery carriers and scaffolding
in tissue engineering for certain orthopedic applications [9,10].
Bioactive substances assembled in the pores can play an im-
portant role in modifying the physical and chemical properties
of the polymer particles. Therefore, designing and arranging
the bioactive substances in the pores can generate novel bi-
ological materials that display unique properties for specific
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applications [11]. From a scientific viewpoint, it is possible to
prepare various functionalized porous polymer particles whose
applications can be expanded to the field of bionanotechnol-
ogy. Currently, a number of approaches for their fabrication
are employed: supercritical carbon dioxide emulsion, colloidal
particles, aerosol spray techniques and controlled solvent evap-
oration have been developed [12–15].

Highly porous fibers of various polymers were prepared via
electrospinning with a modified collector and freezing with liq-
uid nitrogen, which induced a phase separation between the
polymer and the solvent [16]. Porous fibers could also be gen-
erated by electrospinning polymer blends followed by selective
dissolution. For example, porous ultrafine poly(glycolic acid)
fibers were prepared by electrospinning a mixture solution to
obtain poly(glycolic acid)/poly(L-lactic acid) composite fibers,
and then the poly(L-lactic acid) composition was removed via
a selective dissolution technique using chloroform [17]. Mean-
while, a number of research groups have reported that porous
fibers or fibers with unusual surface microstructures can be
obtained when a highly volatile solvent is used during the elec-
trospinning process [18,19]. Porous fibers such as cellulose tri-
acetate were prepared via electrospinning using a mixed solvent
of methylene chloride and ethanol. The porous microstructure
was induced by phase separation resulting from a rapid evap-
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oration of the solvent during the electrospinning process [18].
Unlike the electrospinning of porous fibers, few studies regard-
ing porous particles prepared using electrospraying have been
reported in the literature. Electrospraying and electrospinning
share similar physical principles of electrohydrodynamic atom-
ization [20]. The principle behind electrospraying is the applied
electric field that stretches the liquid meniscus at the tip of the
nozzle. When the applied electric field is sufficiently high, the
liquid meniscus will form a conical jet and further break into
droplets due to electrostatic force [21]. The size and distribu-
tion of droplets can be controlled by optimizing the processing
parameters and the physical properties of the liquid precursor
[22,23]. Electrospinning is an extension of the electrospray-
ing process that uses a high concentration of solution. In a
high concentration of solution, polymer chain entanglement can
easily occur, which is capable of producing fibers at micro-
or nanometer dimensions. Porous fiber production by electro-
spinning through rapid phase separation with a volatile solvent
inspired us to utilize similar methods for the electrospraying
of porous polymer particles. In this work, porous polymer par-
ticles with a controllable microstructure were prepared using
electrospraying for the first time. The influences of processing
conditions upon the pore formation were studied, and possible
mechanisms for pore generation were proposed.

2. Experimental section

To prepare electrosprayed polycaprolactone (PCL) particles
and electrospun PCL fibers, several solutions with concentra-
tions in a range of 1–4 w/v% were prepared by dissolving PCL
(Mw = 10,000; Aldrich) in chloroform (CHCl3, Aldrich) sol-
vent and a mixed solvent of acetone (CH3COCH3, Aldrich)
and chloroform, respectively. The solutions of PCL polymer
dissolved in the solvents were stirred magnetically at room tem-
perature for 2 h before electrospraying.

Fig. 1 shows a schematic of the setup in this experiment.
The electrospraying setup consisted of a syringe pump (Cole–
Parmer Instrument Co., USA) that was loaded with a sy-
ringe (Becton Dickinson and Co., USA), a high-voltage supply
(Acopian, Easton, USA) and a grounded collector. The PCL
polymer solution was placed in a 3 ml syringe and was continu-
ously pushed by the syringe pump at a flow rate of 3.0 ml/h to a
stainless steel blunt nozzle with an internal diameter of 455 µm,
which was connected to the high-voltage power supply. The
high-voltage power supply was used to generate a 8 kV poten-
tial difference between the nozzle and the grounded aluminum
foil, which was placed on a lab jacket platform or immersed in a
water bath around 5 mm in depth, respectively. A spraying dis-
tance of 10 cm between the nozzle and the collector was chosen
for each set of experiments.

The morphologies and pore microstructure of electrosprayed
PCL particles were characterized by a field emission scanning
electron microscope (FESEM, FEI XL 30 SEM-FEG). The ac-
celeration voltage was 8 kV and the working distance was
3 mm. The pore size and size distribution of electrosprayed
polymer particles were measured using SEM technique with
image analysis software (Philips XL 30 SEM, Netherlands) and
Fig. 1. A schematic of the setup used for electrospraying.

Fig. 2. Low- and high-magnification SEM images of PCL particles obtained by
electrospraying a solution directly onto the substrate.

SEM photographs. To obtain SEM images the PCL particles
were collected on an aluminum disk and then were coated with
gold before FESEM analysis.

3. Results and discussion

Fig. 2 shows SEM images of PCL particles obtained by
electrospraying a solution directly onto the substrate. The mi-
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Fig. 3. Low- and high-magnification SEM images of cup-shaped porous PCL
particles prepared via electrospraying by using a mixed solvent of chloroform
and acetone with a concentration of 2 w/v%.

crospheres prepared from a 2 w/v% concentration solution of
PCL and chloroform has diameters in the range of 1–5 µm. The
high-magnification SEM image reveals the particles are non-
porous and filled. It was attributed to the rapid chloroform evap-
oration at the early state of the ejecting passage from the nozzle
to the collector due to the less interaction between the PCL and
chloroform. The chloroform molecules were expulsed fast from
the electrosprayed droplets, thus PCL polymer chains precipi-
tated and linked in the final stage of the process which resulted
in golf ball shaped particles with closed pores on the surface
[18,24]. Fig. 3 shows SEM images of cup-shaped porous PCL
particles prepared via electrospraying by using a mixed solvent
of chloroform and acetone. From the SEM images it can be seen
that the PCL particles with a size in a range of 1–5 µm have an
isolated large circular hole on each particle and scattered adher-
ence. The pore size distribution is shown in Fig. 4. The standard
deviation of the fraction for the pore size distribution is shown
in Table 1. Most of the pore sizes were distributed in a range of
0.3–1.3 µm. The formation of holes was attributed to the phase
separation resulting from the rapid evaporation of acetone dur-
ing the electrospraying process. The polymer-rich phase formed
the cup shell, and the solvent-rich phase resulted in the porous
core [16,25].

Fig. 5 shows SEM images of PCL particles synthesized by
electrospraying PCL solution into a water bath. The particles
have an average size of 4 ± 0.3 µm in diameter with a narrow
size distribution. From the SEM images, some particles are ob-
Fig. 4. Pore size distribution of the cup-shaped porous particle prepared using
a solution concentration of 2 w/v%.

Table 1
Standard deviation of the fraction of pore size distribution

Pore size
(µm)

0.3–0.8 0.8–1.3 1.3–1.8 1.8–2.3 2.3–2.8 2.8–3.3

Fraction (%) 27.3 ± 0.6 30.9 ± 0.3 9.1 ± 0.5 20.0 ± 0.7 7.3 ± 0.2 5.5 ± 0.3

Fig. 5. Low- and high-magnification SEM images of PCL particles synthesized
by electrospraying a PCL and chloroform solution into a water bath.

served to adhere with each other, which is believed to be the
surface tension force of water acting on the PCL particles dur-
ing drying. The shape and size of these particles with nano- and
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Fig. 6. Pore size distribution of the particle prepared using PCL and chloroform solution.

Table 2
Standard deviation of the fraction for the pore size distribution

Pore size (µm) 0.02–0.23 0.23–0.44 0.44–0.65 0.65–0.86 0.86–1.07 1.07–1.28 1.28–1.49 1.49–1.70
Fraction (%) 39.6 ± 0.2 33.7 ± 0.5 13.9 ± 0.3 5.0 ± 0.1 2.0 ± 0.5 3.0 ± 0.1 1.0 ± 0.3 2.0 ± 0.2

Table 3
Standard deviation of the fraction for the pore size distribution

Pore size (nm) 20–80 80–140 140–200 200–260 260–320 320–380 380–440
Fraction (%) 21 ± 0.2 19 ± 0.4 8.6 ± 0.1 7.1 ± 0.5 34.3 ± 0.3 5.7 ± 0.4 4.3 ± 0.2
micrometer pores are clearly identified from the SEM images.
At high magnification it is observed that the PCL particles have
two kinds of isolated pores—small mostly rounded pores in the
nanometer range, and large pores with a size larger than 1 µm
having a hexagon shape. The pore size distribution is shown in
Fig. 6. Tables 2 and 3 show the standard deviation of the frac-
tion for a pore size distribution in the range of 0.02–1.71 µm and
20–440 nm, respectively. It is demonstrated in our experiments
that when the precursor solution was electrosprayed into a wa-
ter bath, the microstructures on particles were different from
those prepared using the previous two processing conditions.
The collecting mode will affect the particle size of the electro-
sprayed PCL particles. With the same solution concentration
the particle size became large when the water bath was used as
the collector because of the pore formation within the particles.
The particle size increased with an increase of the porosity and
pore size. Particles with isolated pores were obtained from the
chloroform/water–PCL system while the cup-shaped and the
golf ball shaped particles were obtained from chloroform and
PCL system, which was due to a change in phase separation
during the evaporation of solvent. It is speculated that the inter-
action between PCL and chloroform decreases because of the
non-solvent water, and thus facilitates the phase separation of
the polymer matrix and solvent [24,26].

When the concentration of PCL and chloroform was in-
creased to 4 w/v% during the electrospraying process, the pores
became smaller and more circular but distributed homoge-
neously in the particles, as shown in Fig. 7. The PCL particles
Fig. 7. Low- and high-magnification SEM images of PCL particles synthesized
by electrospraying with a solution concentration of 4 w/v% into a water bath.
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Fig. 8. Pore size distributions of PCL porous particles prepared by electrospraying the solution into a water bath.
Table 4
Standard deviation of the fraction for the pore size distribution

Pore size
(nm)

10–60 60–110 110–160 160–210 210–260 260–310

Fraction (%) 40.5 ± 0.2 23.0 ± 0.5 31.1 ± 0.6 1.4 ± 0.2 2.7 ± 0.5 1.4 ± 0.1

Table 5
Standard deviation of the fraction for the pore size distribution

Pore size (nm) 10–40 40–70 70–100 100–130 130–160
Fraction (%) 18.6 ± 0.2 24.3 ± 0.5 21.4 ± 0.1 17.1 ± 0.2 18.6 ± 0.4

have an average size of approximately 8±0.5 µm. Fig. 8 shows
the pore size distribution. Tables 4 and 5 show the standard de-
viation of the fraction for a pore size distribution in the range
of 10–310 nm and 10–160 nm, respectively. Most of the pore
sizes were scattered in a range of 10–160 nm. Relatively few
large pores occurred in the particles. From the SEM images it
can be observed that some pores were closed on the surface
of the particles, which was attributed to the phase separation
and evaporation of chloroform at a relatively slower rate be-
cause of more interaction between the PCL and chloroform due
to a high concentration of solution when compared to the so-
lution with a concentration of 2 w/v% [27]. More concentrated
precursor results in a smaller solvent-rich phase and produces
smaller pores because of rapid chloroform evaporation. Fig. 9
shows that large and irregular pores were formed on the sur-
face of the particles prepared using a 1 w/v% concentration of
PCL and chloroform solution. The pores are no longer circular
in shape due to the coalescence of small pores into large pores,
and the PCL particles are adhered together. The pores in the
electrosprayed particles are 0.5–2.5 µm with an average size of
1.5 ± 0.4 µm. The morphologies of particles cannot be clearly
identified from the SEM image because the particles overlap
each other. In the SEM image the circles were drawn to illus-
trate the shapes of PCL particles, which have an average size
of 5 ± 0.2 µm. When a low concentration was used, more chlo-
roform was separated from the mixture due to vapor-induced
phase separation. During electrospraying the rapid evaporation
Fig. 9. SEM image of PCL particle synthesized by electrospraying with a solu-
tion concentration of 1 w/v%.

of chloroform results in a less polymer-rich phase and a more
solvent-rich phase [25,27]. For 1 w/v% concentration solution,
the polymer-rich phase was insufficient to form a rigid matrix
of particles when electrosprayed into the water bath; therefore,
the PCL porous particles collapsed and aggregated together.

The experimental results reveal that phase separation is an
important factor for the formation of pores in PCL particles.
Thermally induced and evaporation-induced phase separations
are the pertinent phase separation processes for pore forma-
tion in electrosprayed PCL porous particles [28,29]. Solvent
evaporation and evaporative cooling results in a solution that
is thermodynamically unstable, which is the driving force for
phase separation. In this work, by varying the precursor solu-
tion and processing parameters, different microstructures with
micro- and nanopores were generated in the electrosprayed
PCL particles. During solvent evaporation the polymer solution
became thermodynamically unstable and phase separation de-
veloped into a polymer-rich and a polymer-poor phase [18,29].
The concentrated polymer phase solidified shortly after phase
separation and formed the particle matrix whereas the polymer-
poor phase formed the pores. Another mechanism to be consid-
ered in the formation of electrosprayed PCL porous particles is
the evaporative cooling due to rapid solvent evaporation, which
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Fig. 10. Illustration of the phase separation that results in different porous microstructure.
significantly decreased the surface temperature of the electro-
sprayed jet [28]. As a result, water droplets were encapsulated
in the polymer particles either from atmospheric moisture or the
water bath due to evaporative cooling during spraying. When
the particles were dried, the water droplets left an imprint on
the particles in the form of pores. This mechanism might play
another role in describing how and why pores are formed in the
electrosprayed particles. It is concluded from this experiment
that pore formation can depend upon a combination of moist
atmosphere conditions and the use of volatile solvents. Fig. 10
illustrates possible formations of particles with different mi-
crostructure. When the precursor was electrosprayed into small
droplets, the droplets would go through one of the processes
to form particles with different porous microstructure, which
was determined by the concentration of precursor, the solvent
evaporation rate and the possible reactions between solvents
and polymer. The phase separations are induced and controlled
by many factors such as the percentage of the solvent, the sol-
vent species, the solute species and the operating temperature,
in which the parameters that decrease the interaction between
the PCL and chloroform facilitate the phase separations.

It is known that electrohydrodynamic atomization, inducing
electrospraying and electrospinning, has been used in preparing
particulate and fibrous materials [30,31]. In the process a liquid
solution is forced through a nozzle and a high-voltage poten-
tial difference is applied between the nozzle and the collecting
electrode. The spraying atomization generated under an electric
field can transform the solution precursor into nano- and mi-
crometer fibers and particles [25]. Principally, electrospinning
and electrospraying processes are both generated by the appli-
cation of a relatively high voltage to a precursor solution. There-
fore, the capability of electrospinning for generating porous
PCL fibers has also been demonstrated in the work. Fig. 11
shows an SEM image of porous PCL fibers prepared by electro-
spinning a solution of PCL and chloroform with a concentration
of 10 w/v% into a water bath using a flow rate of 3.0 ml/h,
a high voltage of 18 kV, and a working distance of 15 cm. The
formation of pores in the fibers results from the same principle.
The diameter of fibers is approximately 3±0.3 µm. The porous
PCL fibers, containing a high density of pores 300–800 nm in
diameter, have circular shaped pores and the size distribution is
Fig. 11. SEM image of porous PCL fiber prepared by electrospinning a solution
of PCL and chloroform.

relatively narrow. However, they have different applications in
the synthesis of materials. Electrospinning is typically applied
to fiber production whereas electrospraying is used to generate
particles.

Electrospraying has been experimentally demonstrated as
a viable process for generating micro- or nanometer droplets,
which have a surface charge, and the highly charged droplets
consequently result in self-repelled particles without coales-
cence [32]. It is conceptually easy to control the size of electro-
sprayed particles from the nanometer to micrometer range by
varying the solution flow rate, the applied voltage, the spray-
ing distance, and the solution physical properties [22]. In the
micro- or nanometer range, the capability of producing poly-
mer particles with controllable porous microstructures using
electrospraying would be unmatched by other aerosol process-
ing methods. Compared with other methods for synthesizing
porous polymer particles, there are several advantages of elec-
trospraying: (1) relative ease of setup, (2) open-atmosphere op-
eration without use of a sophisticated chamber, (3) controllable
particle sizes in a narrow distribution via a cone-jet spraying
mode, (4) high production efficiency due to the direction of
particles onto the collector under an electric field, and (5) well-
dispersed particles due to self-repellence resulting from the
electric charges on the particles.
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4. Conclusions

PCL particles with different microstructure were success-
fully produced using the electrospraying technique. Particles
with an average size of 4 ± 0.3 µm in diameter were gener-
ated to possess nano- and micrometer pores by electrospraying
a PCL and chloroform solution with a concentration of 2 w/v%
into a water bath. As the concentration increased to 4 w/v%,
the pore sizes decreased and mostly were in a range of 10–
160 nm. Phase separation is responsible for the formation of
porous microstructure and can be induced to occur at different
stages during the process in order to produce denser or highly
porous polymer particles. As an atomistic spraying method,
electrospraying can generate pure polymer particles with mi-
crostructural control at room temperature. Through parametric
processing, the resulting procedure exhibits inherent capabil-
ity in the production of polymer particles at the micro- or
nanometer scale with a narrow size distribution. In summary,
electrospraying has potential advantages in cost, simplicity and
innovation in preparing polymer particles with controllable mi-
crostructures based upon phase separation.
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