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Submicrometre size spheres prepared from biocompatible polymers are becoming increasingly popu-
lar in drug and gene delivery. This paper describes the preparation of polymeric spheres with a mean
diameter of 0.4 �m with a polydispersivity index of 8%, using coaxial electrohydrodynamic atomization
(CEHDA) microbubbling. An 18 wt.% solution of polymethylsilsesquioxane, a hydrophobic biocompatible
polymer, was subjected to CEHDA microbubbling by passing air through the inner needle and polymer
solution through the outer needle of a twin needle co-axial device, under the influence of an electric
rug carrier
icrobubbling

iocompatible
olymer
ize
olydispersivity

field. A parametric plot of the flow rate of air and the flow rate of polymer solution was constructed and
used for systematic process control to reduce the diameter of the microspheres from micrometre size to
submicrometre size. CEHDA is an excellent method for obtaining polymer microspheres. By studying the
process in detail and mapping it, we can now demonstrate it can also be used to prepare submicrometre
sized particles with the ability to control size and polydispersivity.
ize distribution
ubmicrometre

. Introduction

Polymer-based carriers such as bubbles, capsules and other
articles are finding increasing use in a diverse range of clinical
pplications, e.g. for diagnostic imaging, tissue engineering and
rug delivery (Lee and Lee, 2010; Chang et al., 2010a; Enayati
t al., 2010; Hettiarachchi and Lee, 2010). Some of the major advan-
ages of polymer-based drug delivery systems; are the continuous

aintenance of drug levels in a therapeutically desirable range,
eduction of harmful side effects, decreased amount of drug needed,
nd decreased size and frequency of doses (Mitragotri and Lahann,
009). An ideal drug delivery system should be non-toxic, bio-
ompatible, mechanically strong, capable of achieving a high drug
oading, safe from accidental release, simple to administer and easy
o fabricate and sterilize (Brannon-Peppas, 1997).

The influence of particle size on carrier function has been widely
nvestigated. Particle diameter can be controlled via the physical
roperties of the materials or via the processing parameters of the
abrication method. Size has a great impact on many aspects of par-

icle function such as flow properties, clearance, degradation and
ellular uptake mechanisms (Stolnik et al., 1995; Dunne et al., 2000;
atil et al., 2001; Lamprecht et al., 2001). For example, micrometre-
ize carriers have been administered via intravascular, inhalation,
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nasal and subcutaneous routes and undissolved micrometre-size
carriers are eventually cleared from the body mainly by phagocy-
tosis, which is one of the body’s innate modes of defence against
invading pathogens and other non-indigenous particulate matter
(Tabata and Ikada, 1990; Rejman et al., 2004; May and Machesky,
2001). Also, the diameter of particles administered dictates their
velocity, diffusion and adhesion to walls, in blood vessels, airways
or the gastro-intestinal tract (Moghimi and Hunter, 2001; Illum
et al., 1982; Desai et al., 1996; Desai et al., 1997). Movement of
particles in tissues, whether arriving by migration, or injection, is
also limited by size due to steric hindrance in the extracellular
matrix. The sub-micrometre size carrier offers a number of dis-
tinct advantages over larger microparticles, for example higher
intracellular uptake (Zauner et al., 2001; Sahoo et al., 2002), being
able to penetrate throughout the submucosal layers (the larger
micrometre-size carriers are predominantly localized in the epithe-
lial lining) and administration into systemic circulation without the
problems of particle aggregation or blockage of fine blood capillar-
ies.

Polymeric carriers are versatile and a range of polymeric mate-
rials such as polysiloxanes, polyethylene glycol, polylactides and
polyanhydrides are employed for drug delivery because of their

desirable physical properties. The choice of polymer determines
several aspects of the carrier including the types of drug or protein
that can be encapsulated, the mode of degradation and drug release,
biocompatibility and physical properties (Uhrich et al., 1999; Pillai
and Panchagnula, 2001; Panyam et al., 2003; Khutoryanskiy, 2007;
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Fig. 1. Parametric plot of the relationship between the flow rate of air and the flow
rate of 18 wt.% polymer solution. Zone 1: No microbubbling due to insufficient air.
Zone 2: No microbubbling due to insufficient liquid. Zone 3: Intermittent microbub-

spheres. Samples of 0.05 ml of the suspension were taken from the
M. Enayati et al. / International Jour

lanco et al., 2000). For instance, polymethylsilsesquioxane poly-
er is hydrophobic, chemically stable and unreactive and has been

sed in vivo on account of its biodurability and biocompatibility
or several decades. Also, biodegradable polymers such as polylac-
ide (PLA) homopolymers and copolymers have been extensively
nvestigated as they have been shown to stimulate no adverse tis-
ue reactions when carrying drugs and can be hydrolyzed in the
ody to form products that can be easily eliminated so that the
emoval of these implants by surgery is not needed (Arbós et al.,
002; Jalil and Nixon, 1990; Wang et al., 1999).

A variety of methods including emulsion-evaporation,
mulsion-diffusion, breaking-up of a liquid stream, interfacial
olymerization and emulsion polymerization are used for the
reparation of the polymeric carriers (Bibby et al., 1999a,b; Langer,
990; Jain, 2000; Park et al., 1998). Amongst the methods based
n breaking up of a liquid jet, electrohydrodynamic atomization
EHDA) and co-axial electrohydrodynamic atomization (CEHDA),
ave been successfully adapted to prepare polymeric carriers

ncluding bubbles and capsules that can be used as drug delivery
ystems (Farook et al., 2007a; Farook et al., 2008; He, 2008). These
ethods offer great potential for producing multi-layered coated

ubbles for use in targeted drug delivery (Jaworek, 2007). For
nstance, paclitaxel capsules of controllable morphology were pre-
ared using EHDA (Xie et al., 2006). Recently, a method combining
ow-focusing and laminar jet break-up has been reported to have
repared matrix structured near-monodisperse microcapsules
Stride and Edirisinghe, 2008).

CEHDA also offers ample potential for the preparation of com-
osite microspheres, for example preparing polydimethylsiloxane
PDMS)-coated starch/bovine serum albumin (BSA) microspheres
f 5–6 �m diameter (Pareta and Edirisinghe, 2006). This method
an be successfully used to prepare near monodisperse spherical
icrocapsules by encapsulating bovine serum albumin (BSA) using

oly-l-lactide (PLA) (Xu and Hanna, 2008). Using CEHDA microbub-
ling and using a polymethylsilsesquioxane solution, an in situ
reparation method for liquid-filled polymeric microspheres with
mean diameter of 1.5 �m and a standard deviation of 0.5 �m has
een developed (Farook et al., 2008).

The objective of this paper was to investigate the potential of the
EHDA method for controlling crucial parameters such as carrier
iameter and polydispersivity. A parametric plot was constructed
etween the applied flow rate of air and the flow rate of poly-
er solution. It was used for the selection of flow rates to reduce

he diameter of the microspheres from micrometre size to sub-
icrometre size. In this paper we conform to the FDA accepted

efinition of nano (i.e. <100 nm) and therefore the carriers prepared
re described as microspheres.

. Materials and methods

.1. Materials

Commercially available polymethylsilsesquioxane (density
240 kg m−3, PMS MK powder, Wacker Chemie AG, Germany) was
sed. General purpose research grade ethanol (790 kg m−3, BDH
aboratory Supplies, UK) was used as the solvent medium and a
olution of 18 wt.% polymer was prepared in a conical flask by dis-
olving polymethylsilsesquioxane in ethanol and by subsequently
agnetic stirring for 600 s.
.2. Characterization of solution

Density was measured using a standard 50 ml specific grav-
ty bottle and the surface tension value was obtained using a
russ Tensiometer (Standard Wilhelmy’s plate method). Electrical
bling and Zone 4: Continuous microbubbling. The letters q, r, s, t, u and v represent
the flow rate combinations at which CEHDA microbubbling was performed, and are
defined in the text. The other two axes represent same data (air flow and polymer
flow speed) with the unit of ms−1.

conductivity was estimated using a HI-8733 (Hanna Instruments,
Atlanta, USA) conductivity probe and the viscosity was determined
using a U-tube viscometer (BS/U type). These characterizations
were conducted at ambient temperature (22 ◦C) after calibrating
the equipment using ethanol. Full details of these characterization
methods have been published previously (Farook et al., 2008).

2.3. Microbubbling apparatus

The details of the co-axial electrohydrodynamic microbubbling
experimental set-up is found in Farook et al. (2008). In brief, the
polymer solution was pumped through an outer capillary needle
while air was passed through the inner capillary. The flow rates of
air and polymer solution were regulated by high precision Harvard
syringe pumps (PHD 4400) which were connected to two syringes
with different capacities, 10 ml for air and 5 ml for polymer solution.
A high voltage DC power supply was connected to both the capil-
laries relative to an earthed ring electrode placed 12 mm below the
outer needle. The flow of the materials was monitored on a screen
using a LEICA S6D JVC-colour video camera attached to a zoom lens
and a DVD video recorder MP-600.

2.4. Process and product characterization

A parametric plot constructed between the flow rate of air
and the flow rate of polymer solution provided the basis for this
investigation (Fig. 1). Comparison of the size and size distribu-
tion of microspheres was made after microbubbling the polymer
solution–air system at six different combinations of flow rates cho-
sen from the parametric plot. These flow rate combinations are
represented by letters q, r, s, t, u and v in Fig. 1. Products prepared at
each flow rate combination were collected in glass vials of distilled
water kept just below the ring electrode for the formation of micro-
glass vials using 1 ml syringes and transferred to glass slides and
dried under ambient temperature and atmospheric pressure for 2 h
and then in a desiccator for 2 days. Subsequently, these were used
for scanning electron microscopy (JEOL JSM-6301F field emission
scanning electron microscope).
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Table 1
Properties of the 18 wt.% polymer solution.
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845 2.5

. Results and discussion

All experiments reported in this work were conducted using
he 18 wt.% polymer solution (Table 1). In our previous study, four
ifferent concentrations (18 wt.%, 24 wt.%, 40 wt.% & 60 wt.%) were
icrobubbled and compared (Farook et al., 2008). The 18 wt.% solu-

ion was found to provide the largest applied voltage range over
hich there was no solidification of polymer at the needle tip dur-

ng microbubbling, due to its moderate electrical conductivity and
ow surface tension (Farook et al., 2008). This enabled stable elec-
rohydrodynamic microbubbling, with all three sequential modes
f microbubble evolution, namely bubble dripping, coning and
icrobubbling, over a wide range of applied voltages (4.9–5.7 kV)

Farook et al., 2007a,b). The polymer solutions containing >18 wt.%
olymer were difficult to microbubble due to their lower electrical
onductivity and the rapid solidification of the polymer at the cap-
llary exit. For instance, it was observed that at 40 wt.%, the polymer
egan to solidify at the tip of the outer needle in a range of applied
oltage of 0–4.7 kV and this phenomenon was more noticeable at
0 wt.% solutions.

A parametric plot was constructed between the air flow rate
nd the polymer solution flow rate using 18 wt.% solution (Fig. 1).
n Zone 1, due to the lack of sufficient gas phase, the polymer
olution behaved as if it was subjected to conventional electrohy-
rodynamic atomization and therefore, no microbubbling occurred
elow this critical minimum air flow rate of 0.6 �L s−1. Also, in
one 2 due to the low flow rates of liquid, no microbubbling was
bserved. In Zone 3, the microbubbling was intermittent and unsta-
le but continuous and stable microbubbling was achieved in Zone
. The combinations of flow rates denoted by q and r were cho-
en for further investigation within the continuous microbubbling

egion (Zone 4) of the parametric plot.

The scanning electron micrographs of the microspheres pre-
ared at the flow rate combinations represented by q and r are
hown in Fig. 2a and c. The corresponding size distribution data
btained by measuring 300 microspheres from these micrographs

ig. 2. Scanning electron micrographs of microspheres prepared under ambient temper
�L s−1:5 �L s−1 (a) and at r with air:polymer flow rate of 3 �L s−1:5 �L s−1 (c). Size distr
lectron micrographs (b & d).
ace tension (mN m−1) Electrical conductivity (Sm−1/105)

9

are given in Fig. 2b and d and the respective flow rates, flow ratio
(air/liquid), mean diameter, standard deviation and polydispersiv-
ity index (P.I.) are shown in Table 2. The mean size of the fabricated
microspheres slightly reduced from 0.5 �m (at point q) down to
0.4 �m (at point r which is closer to the threshold of the continu-
ous microbubbling zone). The polydispersivity index of the sample
r was dramatically lower (50%) compared to the P.I. of the sample
q. Thus, via a systematic manipulation of the flow rate of the air,
more monodisperse microspheres were produced.

Points s, t and u were chosen on both sides of the vertical line and
closer to the threshold boundary of the continuous microbubbling
zone in order to compare the results achieved at point r with the size
and size distribution of microspheres obtained at other possible
combinations of flow rates that can result in smaller particles. The
point v is chosen to represent a combination of higher flow rates.
The results obtained are summarised in Table 3.

The scanning electron micrographs of the microspheres pre-
pared at flow rate combinations with respect to points s, t, and
u are given in Fig. 3a, c and e. The corresponding size distribu-
tion data measuring ∼300 microspheres from these micrographs
are given in Fig. 3b, d and f. The scanning electron micrograph
with respect to point v is given in Fig. 3g. It was observed that
microspheres prepared at flow rate combinations near the con-
tinuous bubbling threshold (s, t, u), were more polydisperse with
higher standard deviation. In the case of t, it is very close to the
line demonstrating the continuous to intermittent microbubbling
transition zone and this seems to significantly increase the poly-
dispersivity even though the flow ratio is very similar to the value
at q and r. At s and u the flow ratio used is higher and lower
respectively, compared with point r and this has increased the
polydispersivity. The mean size, standard deviation and polydis-

persivity of the samples prepared at v (Fig. 1) were relatively
high and seems to be dominated by the use of a high poly-
mer flow rate. These results indicate point r lies in the optimum
region for obtaining microspheres with low standard deviation and
polydispersivity.

ature and pressure and flow rate combinations at q with air:polymer flow rate of
ibution data obtained by measuring ∼300 microspheres from respective scanning
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Table 2
Processing conditions for co-axial electrohydrodynamic microbubbling of 18 wt.% polymer solution at ambient conditions and size data of microspheres obtained.

Position on parametric plot Flow rate of air (�L s−1) Flow rate of polymer (�L s−1) Flow ratio (�) Mean diameter (�m) Standard deviation (�m) P.I. (%)

q 4 5 0.8 0.50 0.08 16
r 3 5 0.6 0.40 0.03 8

Table 3
Microsphere sizes obtained by co-axial electrohydrodynamic microbubbling of 18 wt.% polymer solution at ambient conditions where flow rate combinations were selected
near the continuous microbubbling threshold (s, t, u) and v represents a combination of higher flow rates.

Position on parametric plot Flow rate of air (�L s−1) Flow rate of polymer (�L s−1) Flow ratio (�) Mean diameter (�m) Standard deviation (�m) P.I. (%)

p
t
s
i
s
w

F
u
f

s 4 3
t 3 4
u 2 7
v 5 12

The results shown in Tables 2 and 3 suggest two important
oints. First, a detailed investigation of a parametric plot can facili-
ate identification of flow rate combinations that will result in much

maller microspheres with a very low polydispersivity index fulfill-
ng the main objective of preparing microspheres of submicrometre
ize with a narrow size distribution. Second, it is not the flow ratio
hich always determines the size of the spheres but also the abso-

ig. 3. Scanning electron micrographs of microspheres prepared at s with air:polymer flo
with air:polymer flow rate of 2 �L s−1:7 �L s−1 (e) & v with air:polymer flow rate of 5 �

rom respective scanning electron micrographs (b, d, f & h).
1.33 0.9 0.20 22
0.75 0.52 0.34 39
0.29 0.50 0.08 16
0.42 1.2 0.62 52

lute magnitude of the flow rates. For instance, although the flow
ratio at point v is slightly smaller and comparable to the flow ratio at
r (∼0.6), the mean sphere size (1.2 �m) generated was much larger

and accompanied by a very high polydispersivity index (52%) due to
the high magnitudes of flow rates that lead to larger jet diameters at
the time of microbubbling (Farook et al., 2007b). At a fixed voltage
of 5.7 kV, within the continuous microbubbling region (Zone 4) and

w rate of 4 �L s−1:3 �L s−1 (a), t with air:polymer flow rate of 3 �L s−1:4 �L s−1 (c),
L s−1:12 �L s−1 (g). Size distribution data obtained by measuring 300 microspheres
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ig. 4. Graph of the microsphere diameter (db) versus the flow ratio (�) within the
ontinuous microbubbling zone (gas ratio between 0.6 and 1) of the parametric plot.

n the vertical line passing through point q, the mean microsphere
iameter db, for the polymer solution–air system, scales with the
ow ratio � according to the equation (Fig. 4):

b = 8.75(� − 0.67)2 + 0.35 (1)

The ability to mass produce polymeric microspheres with a
ean diameter of 400 nm with a narrow size distribution is of

linical significance (Amiji, 2006). The authors’ previous work on
icrobubbling shows that the rate of production is at least 109

apsules per minute. As such, the results obtained in this investi-
ation could be considered as an important milestone in preparing
olymeric therapeutic agent (drug, gene or cell) delivery vehicles
sing CEHDA microbubbling. However, since the diameter of the
icrospheres limits the area of application of the microspheres,

he demand for much smaller spheres is also equally high. Since
EHDA microbubbling is dependent on many variables such as pro-
ess parameters, material parameters, needle geometry, ground
lectrode configuration and collection distance, it would be always
ossible to carry out further investigations by making changes in all
hese parameters to further tailor the characteristics of the prod-
cts. Current and on-going parallel investigations in our laboratory
ave also shown how the internal structure of the carriers prepared
an be controlled from particulates (Enayati et al., 2010, 2009) to
ollow spheres (Chang et al., 2010a) and filled with different active
harmaceutical ingredients (API) such as estradiol, insulin and cele-
oxib. At a more generic level, we have simulated the release of a
tandard dye used in drug release studies (Pancholi et al., 2009;
hang et al., 2010b) and aim to match the molecular weight of this
ye with APIs having similar, higher or lower molecular weights.

. Conclusions

The results of this study show that co-axial electrohydrody-
amic atomization microbubbling can be used to prepare spheres

n the submicrometre range with a narrow size distribution. A
arametric plot was constructed between the air flow rate and
he polymer solution flow rate using a 18 wt.% polymer solution.
he optimum region for obtaining microspheres with low standard
eviation was identified. The lowest mean diameter of the spheres
repared in this work was 0.4 �m with a polydispersivity index of
%. The size and size distribution could be further reduced by vary-

ng other process parameters such as the polymer concentration,
eedle size and collection distance and the aim of further work is
o achieve drug-filled nanocapsules <100 nm in diameter with a
olydispersivity index of <1%.
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