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ABSTRACT: Electrospraying technology has been studied
in many fields to produce particles of various substances
from nanoscale to microscale sizes. Unlike pure liquids,
droplets formed by electrospraying that are comprised of
polymer solutions undergo additional solidification proc-
esses involving solvent evaporation, which primarily deter-
mine the particle size and morphology. Herein, the effects
of the solvent properties on the morphology and dimen-
sions of solidified particles were systematically studied. In
general, the size of the solidified spherical particles with
smooth surfaces reflected that of the initially formed liquid
droplets, which could partially be estimated by theoretical
equations developed for pure liquids. Particle sizes

increased with an increase in polymer content and a
decrease in the boiling point of the volatile solvent. Inho-
mogeneous drying processes related to phase separation or
skin formation resulted in hollow, cuplike, and porous par-
ticle structures, with particle sizes and morphologies that
were outside of the scope of the theoretical treatments. The
selection of a proper solvent or solvent mixture seemed to
be a convenient way to control the particle morphologies,
such as hollow, cuplike, or porous structures. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 114: 430437, 2009
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INTRODUCTION

Polymeric nanoscale and microscale particles that
are widely used in various applications, such as
photonics,1 electronics,> and drug delivery,3 have
been produced with several common technologies.
Among them, emulsion and suspension polymeriza-
tion*® have advantages for controlling size distribu-
tion but have several drawbacks, such as
inhomogeneous particle fabrication and a restricted
number of ;orocessable polymers. Precipitation,®
spray drying,” and supercritical fluid® processes can
effectively produce polymeric particles; however,
they can hardly generate monodisperse particles.
Shirasu Porous Glass membrane emulsification” and
solvent-evaporation technology'® are useful methods
for producing narrow size distributions. However,
Shirasu Porous Glass barely generates nanoparticles
smaller than 500 nm. The solvent-evaporation
method requires a low polymer concentration (usu-
ally <0.05 wt %) to prepare nanoparticles.
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Recently, electrospraying (electrohydrodynamic
spraying) has been recognized as an alternative tech-
nology for overcoming the aforementioned limita-
tions and generating interesting morphologies.'!!?
Four centuries ago, Gilbert'® observed that electrical
fields could deform fluid interfaces. Zeleny'*
showed that a sufficiently strong electrical field
could destabilize an interface separating a drop from
the surrounding air. The stability of charged drop-
lets was theoretically analyzed by Rayleigh."> He
predicted that an incompressible charged liquid
droplet would become unstable as soon as the dis-
ruptive Coulomb force was equal to the attractive
cohesive force, or, in terms of energies, when the
Coulomb energy (CE) corresponded to twice the sur-
face energy (SE). The Rayleigh limit (X) is defined as

X = CE/2SE = ¢*(64n°eyR?)

where g is the surface charge of a droplet, ¢ is the
permittivity of the medium surrounding the droplet,
v is the surface tension of the liquid, and R is the ra-
dius of a droplet. Rayleigh suggested that the
breakup of a droplet occurs when X > 1. Several
modern experiments'®® have probed Rayleigh’s
original ideas on the stability of macroscopic liquid
droplets, and the breakup of droplets was found for
most cases below the Rayleigh limit. However, the
Rayleigh limit parameters are still insightful for
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understanding the breakup of highly charged drop-
lets of various liquids.

In electrohydrodynamic spraying, an unstable and
charged interface takes on a conical shape, referred
to as a Taylor cone,” and a fine jet emitted from the
cone’s tip disintegrates into highly charged droplets,
with magnitudes close to the Rayleigh limit.** Such
electrohydrodynamic streaming and cone-jetting
phenomena have been applied in various fields,
such as the popular technique of electrospray mass
spectrometry for assaying large biomolecules and
the techniques of encapsulation, fine powder pro-
duction, or thin-film deposition.21*24

The first step in electrospraying is droplet genera-
tion, which depends on the solution properties and
processing parameters. Empirical equations have
been developed for predicting the droplet sizes (dd)
of neat liquids.”>?® In the case of highly conducting
liquids, a theoretical step forward has been made by
Fernandez and Loscertales,” who found a scaling
law for the spray current emitted from an electrified
meniscus. Ganan-Calvo®® formulated the following
theoretical equation on the basis of a steady quasi-
one-dimensional model having no mass loss, for
which the scaling laws agreed reasonably well with
experimental results:

1/6
dy = u<Q38p> (1)

ntoy

where o is a constant depending on liquid permittiv-
ity, Q is the liquid flow rate, € is the dielectric con-
stant in a vacuum, p is the density of the liquid, o is
the surface tension of the liquid, and vy is the con-
ductivity of the liquid. Ganan-Calvo demonstrated
that electrospraying technology could fabricate
monodisperse droplets.

A polymer solution having sufficient chain entan-
glement density (typically, c¢/c* > 3, where c is the
concentration of the polymer and c* is the critical
overlap concentration) will be electrospun instead of
electrosprayed.”” At a nonfiber-forming concentra-
tion (low chain entanglement density), the jet of a
polymer solution disintegrates into fine droplets.
The size of the droplets might be based on Ganan-
Calvo parameters, but the same estimation is not
readily applicable to the size of solidified polymer
particles. Unlike pure liquids, the droplets of a poly-
mer solution undergo additional particle-formation
steps, such as consolidation and agglomeration. Con-
solidation mechanisms can be partially estimated by
the Cahn-Hilliard equation.® However, it is still the
case that the estimation of particle size and morphol-
ogy in electrospraying cannot be satisfactorily
achieved by theoretical equations because of compli-
cated thermodynamic and kinetic parameters
involved in the process.
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Experimentally, several research groups have used
electrospraying technology to produce polymeric
particles for drug-delivery applications, whereas the
relationship between processing parameters and par-
ticle properties has not been clearly studied.”’
Fantini et al.'* studied polystyrene (PS) particles pro-
duced by electrospraying'® and suggested that the
morphology of solidified particles depends on the
molecular weight of the polymer. Liu and Kumar et
al.** demonstrated that the morphology of solidified
poly (methyl methacrylate) was sensitively depend-
ent on the type of solvent used.** They explained
that the cuplike morphology of poly(methyl methac-
rylate) was produced because of solubility parameter
differences.

The theoretical development of electrohydrody-
namic jetting has claimed several advantages: (1)
submicrometer particle size, (2) narrow particle size
distribution, (3) absence of agglomeration and coag-
ulation, (4) convenient encapsulation, and (5) high
yield. Therefore, drug encapsulation by electrospray-
ing seems to be attractive for the effective controlled
release and improvement of drug stability required
for drug-delivery applications. However, the
approaches for drug encapsulation with a proper
polymeric material have had problems because of
the complex consolidation processes.”>®

Although there have been significant recent
advances in the understanding of polymer electro-
spinning, the electrospraying of polymers has
received relatively less attention with basic under-
standings of the technique left largely unexplored.
Previous approaches for electrospraying liquid drop-
lets have not provided sufficient understanding for
the electrospraying of polymer solutions.'>*'* As
mentioned previously, the morphology and size of
polymer particles produced by electrospraying are
complex functions of thermodynamic and kinetic
effects. Herein, to understand the mechanisms
involved in the consolidation of charged polymer
droplets, the correlations between the morphology/
size and processing parameters, that is, the solution
properties (evaporation rates of solvents and concen-
trations) and other variables (flow rate, voltage, and
ground-to-nozzle distance), were systematically
studied. In particular, the solvent properties were
closely monitored and found to be major factors in
determining the morphology and size of solidified
particles.

EXPERIMENTAL
Materials

PS (weight-average molecular weight = 45,000 g/
mol) was purchased from Sigma-Aldrich (USA). The
solvents (reagent grade) used in this study were
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TABLE I
Physical Properties of the Solvents
Surface

Conductivity tension Boiling
Solvent (uS/cm)? (mN/m)? point (°C) R,-]-b
MC 0.04 28 40 12.01
THF 0.04 26.3 66 9.73
Py 0.24 32.8 116 5.72
cc 0.04 352 142 8.13
DMF 12 36.5 146 13.13
An 0.04 29.2 147 7.62
BA 0.8 63.2 178 4.24

@ Measured.

b Rj = [4(814 — 820 + (81 — 82)° + (1 — 8)°1'/? where
8 is the Hensen solubility parameter; 1 and 2 denote the
polymer and solvent, respectively; d, p, and h are the dis-
persion, polar, and hydrogen-bonding terms, respectively;
and 814, 81, and 3y, of PSare 21.3, 5.8, and 4.3, res,pectively.5

N,N-dimethylformamide (DMF), tetrahydrofuran
(THF), methylene chloride (MC), pyridine (Py),
cyclohexyl chloride (CC), anisole (An), and benzal-
dehyde (BA) and were purchased from Sigma-
Aldrich. The physical properties of these solvents
are presented in Table I. All chemicals were used
without further purification.

Electrospraying

Figure 1 shows a schematic diagram of the electro-
spraying process (25°C, ~ 45% relative humidity).
High-voltage direct current ranging from 0 to 30 kV
was applied with a Convertech SHV model power
supply (Seoul, South Korea). PS solutions were
placed in a 5-mL polypropylene syringe (Henke Sass
Wolf, Tuttlingen, Germany) with a 19-gauge stain-
less steel nozzle (i.d. = 0.69 mm, o.d. = 1.07 mm)
and continuously pumped with a KD Scientific
KDS100 syringe pump (Holliston, MA) with a con-
trol step rate of 10 pL/h. The ground-to-nozzle dis-
tance (or working distance) represents the distance
from the tip of a nozzle to the ground. Electrospray-
ing was performed for 5 min, and the electrosprayed
particles were collected on a piece of aluminum foil
(30 x 30 cm®). After electrospraying, all of the sam-
ples were kept in plastic Petri dishes (diameter = 90
mm) for 1 day.

Characterizations

The conductivity of the polymer solutions (50 mL
placed in vials) was measured with a Meterlab
CDM210 conductivity meter (Lyon, France, conduc-
tivity accuracy = 40.2%, two-pole CDC641T elec-
trode). The surface tension was measured with the
pendant drop method (stainless steel needle: i.d. =
0.2 mm, o.d. = 0.41 mm, ~ 40% relative humidity)
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with a Kruss DSA100 tensiometer (Hamburg, Ger-
many, 50 fp/s). The surface tension values were
automatically calculated from the fitting of the drop-
let shape (in a captured video image) into the
Young-Laplace equation, which related interfacial
tension to the droplet shape. Viscosity was meas-
ured with 30 mL of polymer solution in 50-mL glass
vials and a Brookfield DV-II Pro viscometer with a
cylindrical spindle (No. 1) (Middeboro, MA) at 6
rpm for 5 min. All values were obtained by the aver-
aging of three measurements performed at 25 + 5°C.

Scanning electron microscopy (SEM) images of
particles were obtained with a Hitachi S-4800 (To-
kyo, Japan) at 4 kV. Particles collected on aluminum
foil were sputter-coated with platinum (thickness =
3 nm) with a high- resolution ion beam coater
(model 682, Gatan, Pleasanton, CA). Scion image
software (NIH, Bethesda, MD) was used to deter-
mine the average particle size by the calculation of
the mean area of 100 particles.

RESULTS
Critical voltage for the polymer solutions

The application of voltage (V) generates electric
potential (E) at a working distance (H) between a
ground and a nozzle: E = V/H (Fig. 1). When the
interface between a conducting liquid and air is elec-
trically charged beyond a critical level, the meniscus
of the nozzle evolves from a rounded shape to a
conical shape.

The conductivity and surface tension of PS solu-
tions were almost independent of concentration (~ 0
to 7 wt % PS in DMF and THF, data not given). The
surface tension and the conductivity of a miscible
mixture of THF/DMF were found to follow a linear
function: Ppixing = v1P1 + 02P,, where v is a volume
fraction and P represents a physical property such

Nozzle

Positive voltage
supply

== /

Ground (Aluminum foil, 30x30 cm?) =
Vv

Figure 1 Schematic diagram of the electrospraying appa-
ratus. H is the ground-to-nozzle distance.
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Figure 2 Critical voltage, conductivity, and surface ten-
sion as functions of the DMF volume fraction in a PS solu-
tion (THF/DMF mixed solvent). The electrospraying
conditions were a ground-to-nozzle distance of 15 cm and
a flow rate of 0.4 mL/h.

as surface tension or conductivity, as shown in Fig-
ure 2. When the volume fraction of DMF increased,
the surface tension and conductivity increased, and
the critical voltage for electrospraying also increased.
This dependence was qualitatively consistent with
Rayleigh’s prediction.

For pure liquids, the critical voltage and the shape
of the Taylor cone depend on the volumetric flow
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rate.”?** Figure 3 shows that the critical voltage
for electrospraying was linearly proportional to flow
rate. Below the critical voltage, the meniscus at the
nozzle tip was dropped [Fig. 3(a)]. At a critical volt-
age defined for each flow rate, the meniscus at the
nozzle tip elongated to the ground, which resulted
in Taylor cone formation [Fig. 3(b)]. At voltages
above the critical voltage, the jet tilted [Fig. 3(c)].
Beyond the critical voltage for multijets, several jet
streams at the tip of the nozzle were observed [Fig.
3(d)]. This phenomenon was observed regardless of
the flow rates used (valid within the range of flow
rates examined). Therefore, the critical voltages for
electrospraying polymer solutions followed qualita-
tively consistent dependencies on the flow rate and
solution conductivity.

Morphology and size of the solidified particles

The ground-to-nozzle (working) distance determines
the time of solvent evaporation when a droplet flies
to the ground. Increasing the working distance
decreases the applied electric potential but increases
the travel time/distance of droplets, which relates to
solvent evaporation. If a travel time is insufficient,
droplets coat the ground plate as a film (droplet
aggregation). To prevent apparent film formation on

] O
7.0 4 /
I

Voltage (kV)
2}
i

i=S

o

\
\
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8.01 Multi-jet zone
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Single-jet zone
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Figure 3 Spraying modes and critical voltages as functions of the flow rate. The electrospraying conditions were 7 wt %
PS solutions in DMF and a ground-to-nozzle distance of 15 cm. The various modes [(a) dripping, (b) single jet near the
critical voltage, (c) tilted single jet above the critical voltage, and (d) multijet] were distinguished by jetting observations.

5mm
—
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—
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Flow rate

11— 0.1 ml/h
54—0— 0.4 ml’h
1——0.8 ml'h
|——12mlh

Particle size (um)

50 55 60 65 70 75 80 85 90
Voltage (kV)

Figure 4 Particle size as a function of the flow rate and
voltage. The inset SEM images show the solidified PS par-
ticles produced under the indicated conditions. Open and
closed symbols correspond to the singlejet and multijet
modes, respectively. The error bars are the standard devia-
tions. The electrospraying concentration was 7 wt % in
DMF.

the ground plate, THF and DMF solutions require at
least 5- and 8-cm working distances, respectively. In
this experiment, electrospraying was performed at a
fixed working distance of 15 cm. This condition
could have been dependent on other parameters that
were fixed here, such as temperature.

The droplet size in the Ganan-Calvo equation [eq.
(1)] is proportional to the flow rate (Q) on the order
of ~ Q"2 We examined solidified PS particles as a
function of both the flow rate and applied voltage,
as shown in Figure 4. SEM images indicated a nearly
spherical morphology for the solidified PS particles.
The mean size of the PS particles increased with
increasing flow rate at a fixed voltage, although the
scaling exponent was smaller than predicted.”>®
Voltage changes were followed by jet mode changes.
In single-jet mode, the particles had similar sizes,
regardless of the jet tilting angle. In multijet modes,
it was still the case that the particle size scaled with
liquid flow rate, but the size distribution of the par-
ticles was relatively larger than that for the single-jet
mode. This indicated that the jet streams in the mul-
tijet mode might not have experienced uniform elec-
trohydrodynamic forces. As a whole, a voltage in
the single-jet window was necessary for a narrow
particle size distribution, and a fine adjustment of
flow rate was necessary to obtain proper particle
size.

A series of mixed solvents was used to explore
the effects of the solution properties on electrospray-
ing, which directly influenced the development of a
concentration gradient, skin formation, gelation,
phase separation, and particle aggregation during
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consolidation of the droplets. Figure 5 presents the
particle sizes and morphologies of solidified PS par-
ticles for two-solvent systems. For the cases of vol-
ume fractions of DMF of about 0.4 to 1.0, the PS
particles had similar morphologies, despite changes
in the surface tension, conductivity, and vapor pres-
sure, as shown in Figure 2. When the DMF volume
fraction was 0, PS solutions of 0.1 and 0.5 wt %
resulted in particles with smooth surfaces. However,
when the PS concentration was 1 wt % and the DMF
volume fraction was 0.0 or 0.2, the PS particles had
rough surfaces and large pores, which indicated the
presence of phase-separation mechanisms (Fig. 5).

For the 0.0 volume fraction series, PS particles of
0.1 and 0.5 wt % had similar sizes, whereas the 1 wt
% case generated particle sizes of about 5 pm. With
0.1 and 0.5 wt % PS solutions, a decrease in the
DMF volume fraction did not significantly affect
the particle size. However, for 1 wt % PS solutions,
the particle size increased with increasing volume
fraction of THF. Particle size did not reflect the lin-
ear change in conductivity of the solvents, as shown
in Figure 2.

To further elucidate the morphological change
that occurred during solvent evaporation, various
pure solvents were used, as shown in Figure 6. For
all of the solvent series, particle size increased with
increasing concentration. An increase in boiling
point generally correlated with a decrease in the par-
ticle size. For the cases of MC with the fastest evapo-
ration rate among the systems, hollow particles were
fabricated. In the SEM investigation of cleaved par-
ticles, the skin thickness was found to increase with
increasing concentration. When the boiling point of

—— 0.1 wt%
O— 0.5 wWt%
1 wt%

-

Particle size (um)

VVolume fraction of DMF

Figure 5 Particle size as a function of the volume fraction
of DMF with various PS concentrations. The inset SEM
images show the solidified PS particles produced under
the indicated conditions. The error bars are the standard
deviations. The electrospraying flow rate was 0.4 mL/h.
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Figure 6 Particle size as a function of the boiling point of
volatile solvents for 0.01 and 0.05 g/mL PS solutions. The
SEM images exhibit solidified PS particles produced under
the indicated conditions. In the case of MC, images of
cleaved PS particle were examined after compression. The
error bars are the standard deviations. The electrospraying
conditions were an electrospraying flow rate of 0.4 mL/h
and the critical voltage.

the solvents was high enough (>150°C), the particles
had relatively spherical shapes and smooth surfaces
(DMF and BA are good examples). The Py and CC
solvents often resulted in cuplike morphologies,
whereas the An cases showed porous structures sim-
ilar to the THF-rich cases in Figure 5. The interesting
morphologies of cuplike or hollow particles might
have been generated by skin formation and subse-
quent contraction stress development. Our results
prove that the evaporation process significantly
affected the particle size and morphology.

DISCUSSION

The evaporation of solvent from charged droplets
involves the complicated processes of heat/mass
transfer and particle shrinkage. The size and mor-
phology of particles fabricated with electrospraying
are dependent on various variables, such as the type
of solvent, surface charges, viscosity, humidity, tem-
perature, Flory-Huggins interaction parameter
between polymer and solvent, or molecular weight
of the polymer. These parameters are often interre-
lated. Skin rheological properties at the surface
might affect heat and mass transfer. However, the
exact nature of the skin phase is a matter of contro-
versy. The question of whether the skin phase is a
region of viscoelastic fluid, a layer of soft gels, or a
film of glassy polymer has not been answered
clearly.*! Regardless of the nature of the skin phase,
the viscous fluid becomes elastic in the skin phase,
and it is this elastic surface that dramatically
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decreases solvent diffusion and shrinkage. This phe-
nomenon has been confirmed by experiments
involving the solidification of polymer solutions de-
posited on a substrate and by several theoretical/
physical models.>**~*3

In addition, the reduction of droplet size during
solvent evaporation is closely related to the value of
the Rayleigh limit. As shown in Figure 7, if the sur-
face charge exceeded the Rayleigh limit, secondary
breakup (Coulomb fission) could 5produce progeny
droplets and charge/ mass loss.***° Also, secondary
breakup resulted in a broader particle size distribu-
tion. After skin formation, the secondary breakup of
droplets could hardly occur because of increased
chain entanglement density and elasticity of the skin
layer. Phase separation caused by poor solubility
(high R;; in Table I) could lead to porous structures,
whereas homogeneous drying could also occur with-
out any phase separation or significant skin forma-
tion. When the working distance was too short or
the surface charge relaxed too quickly, the droplets
underwent aggregation or film formation.

One of the most effective factors controlling con-
solidation may be the selection of the solvents. We
studied two systems, a one-solvent system and a
two-solvent (miscible) system. Similar to the case of
Taylor cone formation, the drying process of actual
droplets cannot be quantitatively predicted by theo-
retical treatments. The drying process of polymer
solutions can be explained by a combination of dif-
fusion, heat transfer, and thermodynamic energy
equations, whereas contraction stress and actual
non-Fickean diffusion are difficult to consider to-
gether.”*® For the polymer solutions in a single

Droplet from Cone-jet

\ > Rayleigh

limit
\ Coulomb

Fission

90

7]
® o
VT

Aggregates or @@ %{Q % o OO Q

film formation
Porous Skin

HDlllOgEHEOllS
Structures generation drying

Figure 7 Schematic diagram of the particle formation
mechanism of electrosprayed polymeric solutions. [Color
figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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solvent, the drying rate initially stayed constant for
a while and then rapidly decreased. As the surface
diffusion barrier developed, the decrease leveled off.
When two solvents were used, the initial rate was
close to that for the more volatile solvent, and the
final rate was close to that for the less volatile sol-
vent. The overall change in drying rate was similar
to that for a one-solvent system.

The previous drying rate observation tells us
about the possible differences in concentrations and
structures of the surface and center regions. The dif-
ferences resulted in the formation of skin layers,
which could account for the formation of inner holes
and cuplike morphologies. However, porous surfa-
ces more likely developed because of phase separa-
tion induced by solvent evaporation. Figure 7 shows
the results of cases involving inhomogeneous
drying.

Figures 5 and 6 show various solvent systems.
The removal rate at the surface of a droplet could be
faster than the internal mass transfer, and a skin
layer could be generated before shrinkage occurred
in the case of solvents whose boiling point was
lower than 150°C. Polymer chains at the surface of a
droplet were entangled during skin formation, and a
solvent-rich phase developed in the center of the
droplet. If the skin was strong enough to overcome
the contraction pressure, hollow particles could be
fabricated (e.g., MC cases). However, weak or defec-
tive skin layers (e.g., Py and CC cases) collapsed
into cuplike particles to allow for dissipation of the
contraction pressure.

The evaporation of a polymer solution can induce
phase separation between polymer-rich and poly-
mer-poor regions, which can reflect thermal fluctua-
tion.”” Phase separation might induce porous
structures on the surface of droplets or hollow struc-
tures. As shown in Figure 5, PS particles had many
pores after drying (1 wt % PS in THF).

In general, the solvent with the lower boiling
point in two-solvent systems is always removed
faster, and the other solvent is enriched in the solu-
tion.*** For THF/DMF systems, the removal of
THF was faster than the removal of DMF. During
the drying of a droplet, three removal rate stages
might be considered to understand the pore forma-
tion: (1) an initial stage involving the predominant
removal of THF, (2) a middle stage of the removal
of both THF and DMF, and (3) a final stage involv-
ing the predominant removal of DMF. The removal
rate for the initial stage is almost constant, regard-
less of solvent composition.” Pore formation
occurred for THF-rich cases with a high polymer
concentration (Fig. 5). Therefore, phase separation
and subsequent pore formation were likely trig-
gered during the initial or middle removal rate
stages.

Journal of Applied Polymer Science DOI 10.1002/app
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Strictly speaking, all solidified particles will have
a certain amount of radial inhomogeneity (e.g., skin),
and the yielding of particles to contraction pressure
affects particle morphology. These characteristics
provide advantages and disadvantages in the use of
the electrospraying technique for actual applications.

Among the parameters listed in Table I, boiling
point seemed to be the parameter that showed the
most systematic influence on the particle size, as
shown in Figure 6. However, other parameters could
always influence the mechanisms. The conductivity
of each solvent was an important parameter that
needs to be mentioned. According to previous
research,®*%* the diameter of a droplet is inversely
proportional to the liquid conductivity to a certain
power. The relaxation of surface charge can influ-
ence the droplet size and aggregation behavior. The
temperature was fixed in our experiment, but it was
an important parameter, too.

CONCLUSIONS

The effects of electrospraying parameters on the
morphological and dimensional changes of solidified
polymer particles were systematically investigated.
Of the two particle-formation steps—Iliquid droplet
formation and subsequent solidification—the solidifi-
cation step distinctly influenced the final particle
morphology, for which the choice of solvent was
critical. The differences in concentration between the
surface and center region of a droplet triggered the
formation of skin layers, which could account for
the formation of inner holes and cuplike morpholo-
gies. Porous structures on the particles seemed to
result from phase separation induced by solvent
evaporation. These inhomogeneous drying processes
depended on various parameters, such as the evapo-
ration rate and solvent viscosity. An increase in the
rate of solvent evaporation generally increased parti-
cle size. However, this observation did not agree
well with the scaling law of electrohydrodynamic
jetting that has been developed for pure liquids. The
results of this study provide a basis for the produc-
tion of electrosprayed polymer particles for use in
actual applications, such as drug delivery.

One of the authors (C.H.P.) thanks the Ministry of Knowl-
edge Economy and Korea Industrial Technology Foundation
through the Human Resource Training Project for Strategic
Technology and Human Resource Development BK21
(Korea Research Foundation).
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