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Controlling the thickness of hollow
polymeric microspheres prepared by
electrohydrodynamic atomization

Ming-Wei Chang, Eleanor Stride* and Mohan Edirisinghe

Department of Mechanical Engineering, University College London, Torrington Place,
London WC1E 7JE, UK

In this study, the ability to control the shell thickness of hollow polymeric microspheres
prepared using electrohydrodynamic processing at ambient temperature was investigated.
Polymethylsilsesquioxane (PMSQ) was used as a model material for the microsphere shell
encapsulating a core of liquid perfluorohexane (PFH). The microspheres were characterized
by Fourier transform infrared spectroscopy and optical and electron microscopy, and the
effects of the processing parameters (flow-rate ratio, polymer concentration and applied
voltage) on the mean microsphere diameter (D) and shell thickness (¢) were determined. It
was found that the mean diameters of the hollow microspheres could be controlled in the
range from 310 to 1000 nm while the corresponding mean shell thickness varied from 40 to
95 nm. The results indicate that the ratio D: ¢ varied with polymer concentration, with the
largest value of approximately 10 achieved with a solution containing 18 wt% of the polymer,
while the smallest value (6.6) was obtained at 36 wt%. For polymer concentrations above
63 wt%, hollow microspheres could not be generated, but instead PMSQ fibres encapsulating
PFH liquid were obtained.
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1. INTRODUCTION

Spheres with hollow interiors play an important role in
microencapsulation and have been used in medical, bio-
logical, pharmaceutical and industrial applications (Hu
et al. 2007; Bai et al. 2009; Xiao et al. 2009; Yan et al.
2009; Zhang et al. 2009). Both organic and inorganic
materials have been investigated to manufacture new
and smart hollow microspheres and offer advantages
such as low effective density, large internal ‘payload’
space and high specific surface area (Lou et al. 2008;
Shiomi et al. 2009; Zimmermann et al. 2009). Hollow
polymer spheres, in particular those with single core/
shell structures, have stimulated great interest in
encapsulating sensitive materials, e.g. drugs, markers,
DNA and field-responsive agents (Dowding et al.
2004; Xu & Asher 2004). In addition, the investigation
of hollow polymer microspheres with different and
controllable shell thickness has become increasingly
important as a result of their superior mechanical
properties and release behaviour in medical and
pharmaceutical applications (Li, G. et al. 2007; Liu, G.
et al. 2007; Gao et al. 2009).

Several techniques, such as hard template (Wu
et al. 2000), polymeric micelles (Chen & Jiang
2005), dynamic swelling (Okubo et al. 2000) and
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emulsification (Utada et al. 2005; Zoldesi & Imhof
2005), have been explored extensively to generate a var-
iety of such microspheres. Various materials and liquids
are used as templates for hollow spheres to provide
effective control over cavity size and a highly selective
etching ratio (Caruso et al. 1998; Lynch et al. 2005).
The hollow structure may be obtained after removal
of the template core by selective dissolution in an
appropriate solvent or by calcination at high tempera-
ture (Wang & Caruso 2002). The ratio of wall
thickness to diameter can be varied by different pro-
cesses. However, the formation of a shell with a
predetermined shell thickness and properties requires
a time-consuming synthetic process, normally requiring
surfactants or amphiphilic polymers to increase kinetic
stability (Kim & Yoon 2004; Song et al. 2006; Daiguji
et al. 2007). In addition, the template-removal step
not only increases the processing time and cost, it
may also result in damage to the shells (Liu, Q. et al.
2007).

Electrohydrodynamic atomization (EHDA) is an
attractive method for preparing particulate polymeric
carriers with sizes ranging from several tens of
nanometres to approximately 100 wm for the pharma-
ceutical, cosmetic and food industries, as well as
several other technological fields (Pareta & Edirisinghe
2006; Xie et al. 2006; Farook et al. 2009; Valo et al.
2009). This strategy has distinct differences and advan-
tages in comparison with conventional approaches.
There is no template production, which not only
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Figure 1. (a) The experimental set-up; (b) dripping and (c) stable jetting behaviour of PMSQ/PFH.

makes the process of hollow polymer microsphere
generation more efficient, but also avoids the need
for subsequent template removal by calcination or
chemical solutions. Similarly, there is no need for a
separate shell-forming step, which further avoids the
use of surfactants or other additives.

However, despite its versatility and growing popular-
ity, the question as to whether EHDA can be used to
generate hollow microspheres with predetermined
characteristics remains unanswered. Characteristics
such as particle diameter, shell thickness, diffusivity
and uniformity are very important in many cases for
both fundamental research and practical applications.
If these characteristics can be controlled, then it is pos-
sible to tailor the capsule shell to control the exchange
of the encapsulated substance(s) with an external
medium (Shchukin et al. 2003; Wang et al. 2007), to
control the particle’s mechanical properties and its
transportation behaviour (Qiu et al. 2001; Dong et al.
2005; Rachik et al. 2006).

The objectives of this study were to demonstrate the
fabrication of hollow polymeric microspheres by EHDA
and to determine the effect of individual processing par-
ameters upon the shell thickness (¢) and microsphere
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diameter (D) (figure la). Specifically, the effects of
changing the flow-rate ratio, polymer concentration
and applied voltage upon the particle morphology and
ratio D: t(a) were investigated in detail.

2. EXPERIMENTAL SECTION
2.1. Materials

Polymethylsilsesquioxane (PMSQ) was used as a model
shell material while perfluorohexane (PFH) was used to
form the microsphere cores. Both materials are chemi-
cally stable and biocompatible. In addition, PMSQ
can be pyrolysed to directly make ceramic (SiO,C,)
hollow spheres (Nangrejo et al. 2008). PFH was
obtained from F2 Chemicals Ltd (Lea, UK) and was
used without further treatment. PMSQ was obtained
from Wacker Chemie AG, GmbH (Burghausen,
Germany). Ethanol was obtained from BDH Labora-
tory Supplies (London, UK) and used to prepare
solutions of PMSQ of different concentrations by dis-
solving with magnetic stirring in a conical flask for
1800 s at 22°C to ensure full miscibility of the polymer.
Distilled water was used for all experiments.
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Table 1. Measured physical properties of the liquids used in experimental work.

material density (kg m™?) viscosity (mPa s) surface tension (mN m ™ *) electrical conductivity (Sm ™)
perfluorohexane 1710 1.1 12 <1x107"

PMSQ 18 wt% 805 1.8 23 9x107°

PMSQ 27 wt% 834 2.9 23 8x107°

PMSQ 36 wt% 861 5.2 23 6x107°

PMSQ 63 wt% 993 53 26 1x107°

2.2. Characterization of solutions

The physical properties of the liquids being processed
play an important role in EHDA since, together with
the processing conditions (i.e. needle size; Li, X. et al.
2007), working distance (Berkland et al. 2004), flow
rate (Lastowa & Balachandran 2006) and applied vol-
tage (de la Mora & Loscertales 1994), they determine
the electrospraying mode and hence also the size (Xie
et al. 2006), shape (Berkland et al. 2004) and mor-
phology (Munir et al. 2009) of relics formed. The
viscosity, density, surface tension and electrical conduc-
tivity of the polymer solutions were characterized as
follows. Viscosity was determined using a U-tube
viscometer and a Viscoeasy rotational viscometer.
Density was measured using a standard 25 ml density
bottle. Surface tension was measured using a Kruss
tensiometer. Electrical conductivity was determined
using an HI-8733 conductivity probe. The properties
of PFH were provided by the standard data sheet
from F2 Chemicals Ltd (2010). Ethanol was used to
calibrate the various instruments mentioned above
and all experiments were performed at the ambient
pressure and temperature (22°C).

2.3. Fabrication of hollow microspheres

A schematic of the experimental set-up used for prepar-
ing the microspheres is shown in figure 1a and consisted
of a pair of concentric needles, with the inner needle
raised by 2 mm above the exit of the outer needle.
The outer needle had outer and inner diameters
of 1100 and 685 pm, respectively. The inner needle
had an outer diameter of 300 pm and an inner
diameter of 150 wm. The inner stainless steel needle
was supplied with PFH, while the PMSQ solution
was introduced through the outer needle. The flow
rates of the two liquids were controlled by high-
precision programmable syringe pumps (Harvard
PHD 4400, Apparatus, Edenbridge, UK). Syringes
with volume capacities of 10 and 5 ml were separately
connected to the inner and outer needles using silicone
tubing. A high-voltage generator (Glassman Europe
Ltd, Bramley, UK) was connected to provide the
electric field between the needles and a ring-shaped
ground electrode (external and internal diameter of
20 and 15 mm, respectively). The distance from the
exit of the outer needle to the ground electrode
(the working distance) was fixed at 12mm in all
the experiments.

To visualize the flow of the liquids under the influ-
ence of the electric field, a video camera (Leica S6D
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JVC-colour) was focused upon the needle outlet and
the video signals transmitted to a data recorder and
monitor. The microspheres were collected in a glass
vial containing distilled water, positioned just below
the ring-shaped electrode (figure 1a). A 100 x 150 mm
filter (grade 105) was used to remove solidified lumps
of polymer collected with the microspheres, and sub-
sequently the microspheres were transferred to a new
glass vial.

2.4. Characterization of microspheres

The size and surface morphology of the fabricated par-
ticles were studied by optical microscopy (Nikon Eclipse
ME-600, Nikon Co., Tokyo, Japan) and scanning elec-
tron microscopy (SEM; JEOL JSM-6301F field
emission scanning electron microscope). One millilitre
samples of the microspheres were collected and put on
glass slides. After drying for 48 h in a desiccator, the
samples were then vacuum-coated with a thin layer of
gold for 90 s to obtain scanning electron microscope
images. These particles were examined using SEM at
5kV. To calculate the size of the capsules, 200 micro-
spheres were analysed from the SEM images.

The shell thickness was measured as follows. The
dried microspheres were sectioned using a scalpel
blade (no. 21, VWR International Ltd, London, UK)
to enable examination of the cross sections of individual
microspheres. SEM was used to estimate the shell
thickness of the microspheres. The shell thickness
was measured at four points per microsphere using
50 particles randomly selected from a batch of 200
microspheres and the mean shell thickness was calcu-
lated from these four values. All measurements on the
micrographs were carried out using the standard
IMAGE-PROPLUS  software (Media Cybernetics,
L.P. Del Mar, CA, USA).

Fourier transform infrared (FT-IR) spectra were
obtained using a Perkin Elmer System 2000 FT-IR
spectrometer (PerkinElmer Life and Analytical
Sciences, Inc., Wellesley, MA, USA) using the standard
KBr pellet technique. All spectra were obtained after
KBr background subtraction by averaging 30 scans.

3. RESULTS AND DISCUSSION
3.1. Fabrication method

The measured properties of the materials used in this
study are shown in table 1. The two immiscible liquids,
PFH and PMSQ solutions, were injected with different
flow rates and under different applied voltages to



S454  Controlling microsphere shell thickness M.-W. Chang et al.

determine the effect upon microsphere formation. How-
ever, to obtain a stable jet in two-phase (co-axial)
electrospraying, the characteristics of the ‘driving’
liquid need to be carefully selected (Loscertales et al.
2002), since it is this liquid that accommodates the
electrical force and thereby plays the dominant role in
the formation of the jet and hence the size and coating
thickness of the capsules formed.

In this study, the outer PMSQ solution acted as the
driving liquid because of its lower electrical relaxation
time (Lépez-Herrera et al. 2003) and higher viscosity
compared with PFH. The stable jet was not observed
in the absence of the PMSQ solution, indicating that
the inner liquid (PFH) cannot produce a stable jet
because of its low electrical conductivity. Figure 1b,c
shows the electrospraying behaviour of both the
PMSQ solution and PFH at different applied voltages.
The gravity-driven dripping mode of PMSQ/PFH
was observed at zero voltage, while the flow rates of
syringe 1 (PFH solution) and syringe 2 (36 wt%
PMSQ solution) were fixed at 150 and 300 wl min™!,
respectively (figure 1b). In this experiment, the
dripping mode can be approximately divided into two
parts (upper and lower), in which the lower part con-
sists of the PFH droplets surrounded by a thin layer
of PMSQ because of the higher density of the inner
liquid.

With increasing electric field strength, the dripping
mode changes to stable jetting, which was reached at
4.2kV (figure 1c¢). Jet stability is discussed further in
a related paper (Chang et al. 2010). Normally, in this
mode, the cone volume is largely occupied by the
inner liquid, with the outer liquid flowing in a very
thin film on the outside of the cone (Loscertales et al.
2002). In figure le¢, however, it can be seen that
there is a liquid interface inside the cone and the
inner liquid does not fill the cone volume. This
observation can be ascribed to the high density,
low electrical conductivity and low miscibility of the
PFH liquid and the high polymer concentration. Once
the cone-jet is formed, concentric droplets can be
generated as the jet breaks up. These droplets are
initially highly charged, but lose their charge during
collection owing to the presence of the grounded
electrode (figure 1a).

3.2. Effect of flow rate

The liquid flow rates are often the key controlling par-
ameters during the preparation of structures by
EHDA. To determine the influence of the driving
liquid, the flow rate of syringe 2 (PMSQ solution
18 wt%) was varied between 200 and 650 wlmin ™'
while the flow rate of syringe 1 (PFH solution) was
fixed at 150 plmin~'. Figure 2 shows the effect of
increasing the PMSQ solution flow rate on the particle
mean diameter (D), which increased from 420 nm at
250 wl min ! to 1000 nm at 650 wl min~'. However, at
a flow rate of 200 pl min !, irregular microspheres
with a porous surface were generated instead of spheri-
cal microspheres (figure 3a). This can be attributed to
the outer liquid (PMSQ solution) being unable to pro-
vide sufficient driving force (see §3.1) to encapsulate
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Figure 2. Diameter and shell thickness of microspheres versus
varying flow rate of PMSQ and with PFH flow rate of
150 plmin~" (error bars show standard deviation). Line
with crosses, D; line with filled circles, ¢.

the PFH liquid. This kind of hollow microsphere with
a porous surface has in fact previously been reported
and classified as a new particle on account of the
higher effective diffusivity and available surface area
compared with microspheres of the same size (Im
et al. 2005).

Figure 3a—f shows SEM images of the hollow PMSQ
microspheres fabricated at flow rates of PMSQ at 200,
250, 350, 450, 550 and 650 pl min~ ', respectively. As
above, for liquid flow rates less than 200 wlmin™*,
microspheres of irregular morphology with a porous sur-
face were generated (figure 3a). When the flow rate
was fixed greater than 250 wl min ', the microspheres
were spherical with smooth surfaces and a narrow size
distribution. However, some of these microspheres
were also seen to be interconnected. This is thought
to have occurred as a result of liquid residue (water
and ethanol) remaining between the PMSQ micro-
spheres when they were transferred to the desiccator
for drying. The ethanol subsequently acted as a solvent
on very small quantities of the PMSQ shell surface,
creating a connection between some of the micro-
spheres. Repeating the ‘washing’ of the microspheres
could eliminate this effect.

The mean shell thickness (t) was also influenced by
increasing PMSQ flow rate and similarly increased
with increasing flow rate (figure 2). Typical cross sec-
tions are presented on the upper right-hand side of
figure 3b—f. It should be noted that the sectioned micro-
spheres were obtained by a destructive method and the
non-spherical appearance of some of the particles is due
to the applied cutting force. Figure 3b—f indicates that
hollow microspheres with a single cavity were success-
fully formed and that the shell thickness varied from
40 nm for a mean diameter of 420 nm to 95 nm for a
mean diameter of 1000 nm. Furthermore, the D/t
ratio (a) showed a slight increase from 10.5 at
250 wl min~' to 10.7 at 650 wlmin~'. Figure 4 shows
a microsphere with its shell cracked open, and this is
further evidence to indicate that the microspheres
were not solid capsules but consist of a single internal
cavity, which was previously occupied by PFH. If the
spheres had been solid with a sponge-like internal
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Figure 3. Effect of PMSQ flow rate on the geometry of the hollow microspheres: (a) 200; (b) 250; (c) 350; (d) 450; () 550; and
(f) 650 wl min~".

structure, then this would have indicated that the PFH
liquid had not been successfully encapsulated.

3.3. Influence of polymer concentration

The effect of PMSQ concentration on the preparation of
hollow microspheres was studied for 18, 27, 36 and
63 wt% PMSQ in ethanol. With increasing PMSQ con-
centration, the viscosity of the solutions increases owing
to increased polymer chain entanglement, while electri-
cal conductivity decreases because of the insulating
characteristics of PMSQ (table 1). Both parameters
would be expected to affect the morphology of the
microspheres. The microspheres generated were spheri-
cal except at 63 wt% PMSQ. However, increasing
the polymer concentration resulted in an increase in
the mean microsphere diameter (D) from 460 nm at
18 wt% PMSQ to 630 nm at 36 wt% (figure 5). The
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increase in particle size may be attributed to the
higher surface tension, density and viscosity and
the lower electrical conductivity of the higher con-
centration solutions. The mean shell thickness of the
microspheres varied from 45 nm at 18 wt% PMSQ to
95 nm at 36 wt% (figure 5). In addition, the ratio o
showed a decrease from 10.2 at 18 wt% to 6.6 at
36 wt%. These effects may similarly be attributed to
the higher viscosity and higher surface tension
(Hartman et al. 1999).

As the polymer concentration was increased to
63 wt%, a transition from electrohydrodynamic spray-
ing to electrospinning was observed. Also, the polymer
began to solidify and it became difficult to obtain
hollow microspheres by adjusting the applied voltage.
Instead, composite fibres were formed as shown in the
optical and scanning micrographs in figure 6.
Figure 6a shows an SEM image of an electrospun fibre



5456

Controlling microsphere shell thickness M.-W. Chang et al.

Figure 4. Scanning electron micrograph of a fractured hollow
microsphere.

prepared at 9.7 kV, whose surface shows both wrinkled
and smooth features that are thought to be due to sol-
vent evaporation during collection (Loscertales et al.
2002; Berkland et al. 2004). Figure 6b shows an optical
image of the same fibre and provides more detailed
internal information. The PFH liquid droplets with
diameters of 7 wm were encapsulated in a PMSQ fibre
of 10 pm diameter. This type of structure could poten-
tially be used as a functional material, e.g. for textiles
(Sun et al. 2003), as well as in drug delivery applications
(Sill & Recum 2008).

3.4. Effect of applied voltage

The applied voltage between the needles and the
ground electrode is the other key process control par-
ameter (Lépez-Herrera et al. 2003). In this study, the
effects of applied voltage on hollow microsphere geom-
etry and shell thickness at different voltages of 3.4,
3.8, 4.2 and 4.6 kV were investigated, while the polymer
concentration was fixed at 36 wt%, and the flow rates in
the inner and outer needles were kept at 150 and
300 Wl min~"', respectively. It was found (figure 7)
that increasing the applied voltage resulted in a
reduction in the mean microsphere diameter (D) from
810 nm at 3.4kV to 370 nm at 4.6 kV. Thus, these
results demonstrate that, by increasing the applied
voltage, microspheres with diameter about four orders
of magnitude smaller than the size of the outer needle
can be produced. However, when the applied voltage
is increased, the cone angle becomes larger and the
acceleration distance to the exit of the outer needle
becomes correspondingly shorter, so there will be a
maximum voltage above which it is difficult to reach
steady-state jetting. The mean shell thickness of
hollow microspheres was 119 nm at 3.4 kV. By increas-
ing the applied voltage to 3.8 kV, the mean thickness
became smaller, reducing to 84 nm at 4.2kV and
53 nm at 4.6 kV. The ratio o was almost constant at
approximately 6.8.

3.5. Steady jetting region and D/t ratio

The driving liquid, which has a high viscosity and elec-
trical conductivity, plays an essential role in the
preparation of hollow microspheres and the spray
phenomenon is mainly determined by the properties
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Figure 5. Size and shell thickness of microspheres versus

PMSQ concentration with inner flow rates of 150 wl min

and outer flow rate of 300 wl min~" (error bars show standard
deviation). Line with crosses, D; line with filled circles, t.

of the driving liquid (Loscertales et al. 2002). The
relationship between applied voltage, flow rate and
the onset of stable jetting at PMSQ concentrations of
18, 27 and 36 wt% was investigated (figure 8a—c). In
each stable jet mode region, with all other parameters
fixed, the applied voltage increased with increasing
PMSQ flow rate. In addition, by increasing the PMSQ
concentration from 18 to 36 wt%, the applied voltage
needed to prepare hollow microspheres becomes higher
and the magnitude between upper and lower voltages
of cone-jet mode spraying decreases with the increase
in the PMSQ concentration.

In this study, the ratio a provides important infor-
mation for the preparation of capsules with
predetermined mechanical properties and transpor-
tation behaviour of encapsulated bioactivity agents
(Qiu et al. 2001; Dong et al. 2005; Rachik et al. 2006).
In addition, the ratio of diameter to wall thickness pro-
duced by different processes is in the range of 5—30. It is
clear that the production of a thinner shell will decrease
the overall stiffness of the capsule wall (Rachik et al.
2006), and simultaneously increase the inner core
volume while the diameter (D) is fixed. Over the
entire parameter space, the largest value of a was
achieved by a factor of approximately 10 at 18 wt%
PMSQ while the smallest value of & (6.6) was obtained
by increasing polymer concentration at 36 wt% PMSQ
(figure 9). These hollow particles with a lower D/t
ratio would be less prone to fragmentation, but have a
smaller core volume.

3.6. Characterization of composition

FTIR spectra were obtained to confirm the composition
of the hollow microspheres. Figure 10 shows infrared
spectra of samples of native PMSQ powder and the
microspheres over the wavenumber range from 400
to 4000 cm™'. C-H vibrations of ~CH, —CH, and
—CH3 groups showed absorption bands at around
2000 cm~'. Less significant absorption was also
observed at 2359 cm ™!, which may be attributed to
residual carbon dioxide not purged from the FTIR spec-
trometer (C—O asymmetrical stretching vibration)
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Figure 6. Effect of 63 wt% PMSQ concentration on the process product: (a) SEM image of PFH-loaded PMSQ fibre; (b) optical
image of PFH-loaded PMSQ fibre. Scale bar, (b) 10 pm.
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Figure 7. Size and shell thickness of microspheres versus
applied voltage with inner flow rates of 150 wlmin~! and
outer flow rate of 300 wlmin~' (error bars show standard
deviation). Line with crosses, D; line with filled circles, t.

(Bogart et al. 1995). The methyl groups (CHj) were
also observed at absorption bands of 1410 and
1275 cm ™!, respectively. The typical absorption band
of polysilsesquioxane at 1130 cm™' was observed in
both spectra (Ma et al. 2002). The two spectra are
almost identical except for an additional absorption in
the spectrum of ‘dried hollow microsphere’ at
1119 cm ™. This is attributed to CoFg (Eapen et al.
1994) and indicated that the PFH provides a volume
for shell formation, after which it evaporated. Thus,
the polymer is stable and not reactive with the PFH
during processing, although there was some residual
PFH in the hollow sphere.

3.7. Mechanism of hollow microsphere
formation

PFH, which is a liquid at ambient temperature, is
non-toxic and has been used in the preparation of multi-
functional microspheres for medical and pharmaceutical
applications (Giesecke & Hynynen 2003). The mechan-
ism for the preparation of hollow microspheres takes
advantage of its properties of immiscibility and vola-
tility (Pisani et ol 2006). PFH and PMSQ were
injected with appropriate flow rates under an applied
voltage, in which the electrical forces acted on the
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Figure 10. FTIR spectra of PMSQ and dried hollow
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driving liquid and led to the establishment of the cone.
The PMSQ solution was accelerated by the electrical
field, while the flow of PFH was dominated by viscous
stresses. Hence, the electrical forces acting on the
PMSQ film drive the inner viscous liquid so that both
liquids flow steadily with the same velocity. Thus, con-
centric droplets can be obtained with PMSQ around the
PFH; these are stable and retain their integrity owing
to their immiscibility. The core material (PFH) can
change phase from liquid to gas at ambient temperature
owing to its low boiling point. The thin PMSQ layer
contains nanopores and channels that can allow small
molecules and ions to pass through the shell. After
shell formation, the core liquid can thus be easily
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removed by gentle evaporation under ambient
conditions owing to its volatility.

The use of PFH liquid droplets in this technique also
paves the way for incorporating functional oils or oil-
soluble compounds inside the particles. Apart from its
non-toxicity, PFH is able to dissolve and deliver
oxygen to several tissues (Riess 2001), and it can also
be used as an external phase of emulsion to entrap
lipophilic drugs into hydrophilic or lipophilic polymers
(Mana et al. 2007). It is biocompatible against other
solid templates and may allow facile and efficient
introduction of functional liquid cores, drug and DNA
molecules inside the capsule, which is particularly
attractive in drug delivery and pharmaceutical
applications. By partially evaporating the core, the
microspheres would also be made amenable for stimu-
lated release of the encapsulated material by thermal
or ultrasonic excitation (Chang et al. 2009).

As mentioned earlier, the polymer shell used in this
study (PMSQ) is both biocompatible and highly
stable, and thus the microspheres produced were also
resistant to degradation, showing no degradation over
the course of the experimental work (several weeks)
under ambient conditions. The two materials (PFH
and PMSQ) were used in this work, however, simply
to provide a model system to enable detailed character-
ization of the EHDA processing method. The
relationship between the physical and electrical proper-
ties of the materials used and the characteristics of the
capsules formed is demonstrated by the results shown
above, and thus indicates that a wide range of materials
could potentially be used for microsphere formation
using this method. The selection would be determined
mainly by the requirements of the particular appli-
cation (e.g. the properties of the material to be
encapsulated and the required degradation rate of the
shell) rather than the constraints of the processing
method.

The use of EHDA is by no means restricted to bio-
medical applications, but an important question in
terms of the industrial application of EHDA is the
yield of particles that may be obtained. For the single
co-axial needle set used in this work, approximately
4.6 x 10" particles min " were generated. Yield can of
course be increased by the use of multiple needles as
described by Bocanegra et al. (2005) and, as discussed
in the introduction, EHDA is an efficient method for
microcapsule preparation as it avoids the need for tem-
plating and template-removal steps required by other
methods.

4. CONCLUSIONS

This study demonstrates that EHDA provides a means
of preparing hollow polymeric microspheres with close
control over their diameter and shell thickness. This
method provides a simple mechanism to integrate the
forming of a core-shell structure in one step and offers
a simplified route avoiding complex procedures invol-
ving templating. It also eliminates the wuse of
surfactants or additives in the forming process. In this
study, controlling the surface morphology, shell
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thickness and diameter of hollow microspheres was
investigated in depth and results showed that the
mean diameter of the hollow microsphere could be
varied in the range from 310 to 1000 nm by adjusting
the flow rate, polymer concentration or applied voltage.
The shell thickness can be controlled by the polymer
concentration. It is related to the outer diameter by a
factor of 10 at polymer 18 wt%, a factor of 8.1 at
27 wt% and 6.6 at 36 wt%. However, at 63 wt%,
hollow microspheres could not be obtained but PMSQ
fibres with PFH liquid encapsulated can be generated.
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