
J. R. Soc. Interface (2012) 9, 2437–2449
*Author for c

doi:10.1098/rsif.2012.0166
Published online 25 April 2012

Received 29 F
Accepted 28 M
Release profile and characteristics of
electrosprayed particles for oral

delivery of a practically insoluble drug
Adam Bohr1,2, Jakob Kristensen2, Mark Dyas2, Mohan Edirisinghe1

and Eleanor Stride1,3,*
1Department of Mechanical Engineering, University College London, Torrington Place,

London WC1E 7JE, UK
2Veloxis Pharmaceuticals A/S, Kogle Allé 4, 2970 Hørsholm, Denmark
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Poly(lactic-co-glycolic acid) (PLGA) microspheres containing celecoxib were prepared via elec-
trospraying, and the influence of three processing parameters namely flow rate, solute
concentration and drug loading, on the physico-chemical properties of the particles and the
drug-release profile was studied. Microspheres with diameters between 2 and 8 mm were pro-
duced and a near-monodisperse size distribution was achieved (polydispersivity indices of
6–12%). Further, the inner structure of the particles showed that the internal porosity of the
particles increased with increasing solvent concentration. X-ray powder diffraction (XRPD)
analysis indicated that the drug was amorphous and remained stable after eight months of sto-
rage. Drug release was studied in USP 2 (United States Pharmacopeia Dissolution Apparatus 2)
dissolution chambers, and differences in release profiles were observed depending on the para-
metric values. Changes in release rate were found to be directly related to the influence of the
studied parameters on particle size and porosity. The results indicate that electrospraying is
an attractive technique for producing drug-loaded microspheres that can be tailored towards
an intended drug-delivery application. Compared with the more conventional spray-drying pro-
cess, it provides better control of particle characteristics and less aggregation during particle
formation. In particular, this study demonstrated its suitability for preparing capsules in
which the drug is molecularly dispersed and released in a sustained manner to facilitate
improved bioavailability.

Keywords: controlled release; microspheres; electrospraying; low solubility;
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1. INTRODUCTION

A large number of new drugs currently under development
are classified as being poorly soluble, and this critically
limits their absorption and hence effectiveness when
administered orally. These drugs dissolve slowly, irregu-
larly and incompletely, resulting in low bioavailability
and poor pharmacokinetics in vivo [1,2].

Many solubilization techniques and dissolution-
enhancing strategies have been employed to address
these issues, including solid dispersions [3], micronization
[4], lipid formulations [5] and solid-state alterations [6].
Although these methods generally provide enhancements
in solubility and/or dissolution rate to enable increased
absorption during intestinal transit, they also suffer
from a number of disadvantages when used in isolation
[5,7]. Lipid formulations are effective but are limited to
highly lipophilic or very potent drugs [8]. Particle-size
reduction by different means results in an increase in
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the dissolution rate, but the drug’s inherent solubility
remains low [3]. Amorphous systems have enhanced solu-
bility owing to their thermodynamic properties and lower
energy barrier than crystalline systems [9]. However, the
actual solubility enhancement is limited owing to a devi-
trification process that takes place upon exposure to an
aqueous environment. This effect is believed to be over-
come by preparing solid dispersions using polymers
with a high glass transition temperature (Tg) [10].
Despite their sometimes poor physical stability, solid dis-
persions have been shown to slow down devitrification,
enhance wettability and effectively disperse drugs in
polymer matrices [5,11].

Drug-loaded microspheres fabricated with biode-
gradable polymers typically form a matrix structure in
which the drug is supposedly molecularly dispersed,
resulting in amorphous characteristics [12]. This thus
combines the advantages of amorphous systems with
those of micronization. However, the drug distribution
in the microspheres will depend on the miscibility of
the drug with the polymer and the drug loading
This journal is q 2012 The Royal Society
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of the particles, and these may affect the state of
the drug [13]. Drug-loaded microspheres are often inves-
tigated for controlled release applications, where a
continuous release of the drug from the microspheres
is sustained over a period of time. This type of release
mechanism is desirable to maintain a certain thera-
peutic level of the drug in the required time span, in
particular for drugs with low aqueous solubility [14].

In biodegradable microparticle systems, the drug-
release kinetics can be controlled partly by altering
their polymer composition such as molecular weight
and ratios of monomers for co-polymer systems [15].
Also, several studies have shown that the properties
of the microparticles such as size [16], morphology
and porosity [17,18] as well as drug loading [16,19] are
important factors in determining the drug-release
profile of these particles. By adjusting different par-
ameters in the processing operation, solvent system
and formulation, these properties can often be con-
trolled to some degree. However, control of particle
properties and their drug-release behaviour are still lim-
ited and better control is necessary to tailor drug release
towards a specific purpose [20,21].

There are various methods for preparing solid disper-
sions, including hot-melt extrusion, solvent wetting and
spray drying [11]. Of these now conventional tech-
niques, spray drying is considered the most attractive
for controlling particle size and structural features and
further allows for the production of dry particle
powder on an industrial scale [22]. Yet, spray drying
also has its limitations such as a broad particle-size dis-
tribution, particle agglomeration owing to insufficient
dispersion, low particle yield at the laboratory scale
and the potential instability of materials sensitive to
high temperatures [23,24]. In this paper, an alternative
approach somewhat similar to spray drying, but over-
coming these limitations, is considered and optimized
for the purpose of producing microspheres loaded with
hydrophobic drugs. Drug microspheres were prepared
using the electrospraying technique where the bio-
degradablepolymerpoly(lactic-co-glycolicacid) (PLGA)
and the drug celecoxib (CEL) were used. CEL is a
hydrophobic, non-steroidal anti-inflammatory drug,
which was chosen because of its low aqueous solubility
(approx. 5 mg ml21) and solubility-limited bioavail-
ability [25]. An increase in bioavailability is typically
a consequence of higher peak serum concentration of a
therapeutic drug, Cmax, but this is not always an advan-
tage. For CEL, an elevated Cmax is associated with
serious side effects and a slow release may be more suit-
able, further reducing the pill burden for the patient
[26]. As with spray drying, it is hypothesized that
solid dispersion and generation of an amorphous state
can both be achieved using electrospraying.

In its cone-jet mode, electrospraying can produce
near-monodisperse microdroplets, which then solidify
into microspheres, in a passive one-step process. Electro-
spraying also has the advantage that the droplets are
self-dispersing owing to Coulombic repulsion and there-
fore, particle aggregation can be avoided under the
right conditions [27,28]. Finally, high drug encap-
sulation efficiencies of around 90 per cent have been
reported using electrospraying [29,30]. Several research
J. R. Soc. Interface (2012)
groups have studied the use of electrospraying to
prepare polymeric particles for drug-delivery purpo-
ses (including [31–33]). Drug-loaded microparticles
have been produced in sizes ranging between 250 nm
and 100 mm depending on the materials used and
the processing parameters applied but are most often
observed between 1 and 10 mm in diameter [34].
These microparticles are typically intended for pulmon-
ary, nasal or systemic delivery for which they have a
suitable size [28]. However, they may also be useful for
oral delivery, and in fact, most drug molecule studies
with electrospraying have been conducted on drugs
with low aqueous solubility such as paclitaxel [32] and
itraconazole [35] or protein drugs [36], both of which
are challenging but desirable classes of drugs to deliver
orally. Most studies have reported spherical particles
with a smooth surface and narrow particle-size distri-
butions with some control of particle diameter and a
drug-release profile following the Higuchi model
[34,37]. Yet, some studies have reported low-density
particles such as hollow spheres and porous particles,
which could be useful for pulmonary delivery [21,38].
Further, other studies have demonstrated that particles
can be prepared with wrinkled or porous surface mor-
phology or in different shapes such as ellipsoid, disc or
rods [33,39]. This may be useful for modifying drug
release or for promoting or preventing its interaction
with cells [40,41]. Although, these studies have exam-
ined many aspects of the electrospraying system and
control of particle dimensions and morphology, there
are still a number of aspects relating to system proces-
sing, formulation and the influence on particles
properties that have yet to be fully examined [21,42].

CEL-loaded PLGA microparticles have been prepa-
red by several researchers by use of different
techniques, including emulsion and solvent evaporation-
based methods [26,43,44] as well as a vibrating nozzle
device [45]. In these studies, microparticles of sizes
0.1–5 mm were obtained depending on the study, and
drug release took place at different rates, with the
release time ranging between a few hours [43] and sev-
eral weeks [26], indicating the influence of particle size
on drug release. In a previous study by the authors, it
was shown that PLGA microspheres loaded with CEL
could be prepared using electrospraying and that par-
ticle characteristics were dependent on the processing
parameters [46]. The aim of this investigation was to
determine quantitatively the specific influence of
selected processing and formulation parameters on the
resulting particle physico-chemical properties and
drug-release profile. The overall objective is to deter-
mine how these properties could be tailored to a
specific application through appropriate specification
of the preparation protocol.
2. MATERIAL AND METHODS

2.1. Materials

PLGA (50 : 50 Resomer RG503H, Mw ¼ 33 000) was
purchased from Boehringer Ingelheim (Ingelheim,
Germany). CEL crystalline powder was acquired from
Dr Reddy, Hyderabad, India (Mw ¼ 381.38 g mol21).
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Figure 1. Schematic of the electrospraying apparatus with: (a) pump, (b) tubing, (c) voltage source, (d) stainless steel nozzle,
(e) collection plate and video camera single frames of jetting behaviour: ( f ) dripping mode and (g) stable cone jet.
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Acetone (99.9% high-performance liquid chromato-
graphy (HPLC) grade) and acetonitrile (99.9% HPLC
grade) were purchased from Sigma Aldrich (Poole,
UK). Phosphate-buffered saline (PBS, 0.01 M, pH 6.8)
was made from sodium phosphate monobasic and
sodium hydroxide purchased from Sigma Aldrich
(Poole, UK), and sodium lauryl sulphate (SLS) was
purchased from Fagron (Waregem, Belgium). All
other chemicals and solvents were of analytical grade
and used without further purification.

2.2. Particle preparation

CEL-loaded PLGA microspheres were fabricated
using single-nozzle electrospraying (figure 1). The spray-
ing apparatus consisted of three main components, a
high-voltage electrical power supply (Glassman Europe
Ltd, Tadley, UK), a mechanical syringe pump (PHD
4400, Harvard Apparatus, Edenbridge, UK) and a
custom-built, stainless steel nozzle with an inner and
outer diameter of 1.77 and 2.34 mm respectively. A
video camera with an in-built magnifying lens (Leica
S6D JVC-color) was used to monitor the jet at the
nozzle tip during particle generation (figure 2).

Solutions with specified solute concentrations and
drug loading were prepared by dissolving appropriate
amounts of PLGA and CEL in acetonitrile and mixing
until a clear solution was formed. Three experimental
parameters were varied and the corresponding variation
in particle properties examined: solute concentration (3,
5 and 7 wt%) drug loading (10, 20 and 30 wt%) and
flow rate (10, 30 and 50 ml min21) of the solution through
the nozzle. Of the possible 27 combinations, nine sets of
parameters were investigated (table 1). All solutions
were electrosprayed with an applied electrical potential
difference ranging between 10 and 13 kV and collected
at a distance of 70 mm from the nozzle onto a collection
plate. The particles were either collected onto a sheet of
aluminium foil or onto glass slides. The samples were
then stored in a desiccator under slight vacuum, immedi-
ately after preparation, to reduce any residual solvent in
the sample.

2.3. Particle size and morphology

Particle morphology and size were characterized using a
scanning electron microscope (JEOL JSM-6301F and
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Hitachi VP-SEM S-3400N). The prepared samples, con-
sisting of a thin layer of particles, were sputter-coated
with gold, mounted on metallic stubs with double-
sided carbon tape and viewed at an accelerating voltage
of 3 kV (for JEOL JSM-6301F) or 10 kV (for Hitachi
VP-SEM S-3400N). The images obtained were used to
calculate the mean diameter and polydispersivity
index for the different particle samples. For each
sample, 300 particles were measured from different
sites of the sample, using the software IMAGEJ. The
sizes were calculated as the Feret’s diameter based on
the circumference of the particles [47].
2.4. System yield and drug entrapment efficiency

The particle yield of the system was determined gravi-
metrically as the ratio between the mass of dried
particles collected and the theoretical mass of solid con-
tent sprayed during the collection time.

%yield ¼ mass of particles collected
solute concentration� flow rate

� collection time� 100%:

Drug entrapment efficiency (EE) was determined by
measuring the total amount of drug in the collected
samples. Samples with 10–20 mg microspheres were
weighed, dissolved in acetonitrile (10 ml) and agitated
for 1 h. This solution was then diluted 1 : 10 in aceto-
nitrile : water (20 : 80 v/v) and centrifuged at
3000 r.p.m. for 10 min. The drug content in the super-
natant was analysed using an HPLC unit with Pump
P680 and ASI 100 sample injector and UVD340U
(Dionex, Germany) equipped with Kromasil 126 column
(Kromasil, Sweden). A mobile phase of acetonitrile :
water (60 : 40 v/v) was used at a flow rate of
0.5 ml min21 and the injection volume of 10 ml was
detected at wavelength 230 nm and a run time of approxi-
mately 15 min. A calibration curve was obtained from
reference CEL solutions between 0.5 and 50 mg ml21,
and good linear correlation was achieved over the entire
range. The drug EEwas then determined using the follow-
ing equation:

EE% ¼ 100�mass of drug loaded inparticles
mass of drug processed

:
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Figure 2. (a–h) Representative SEM images of different microsphere samples: samples 1 (a), 2 (b), 3 (c), 4 (d), 5 (e), 6 ( f ), 7 (g),
8 (h), 9 (i) and a low resolution view of sample 5( j).

Table 1. List of microsphere samples prepared.

sample solute concentration (%) drug loading (%) polymer concentration (%) flow rate (ml min21)

1 7 10 6.3 10
2 7 10 6.3 30
3 7 10 6.3 50
4 7 30 4.9 30
5 5 10 4.5 30
6 3 10 2.7 30
7 3 30 2.1 30
8 3 10 2.7 10
9 3 10 2.7 50
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2.5. Cross-sectional images of microspheres

Cross-sectional images of the drug-loaded microspheres
were prepared using a combined dual beam focused
ion beam (FIB)—scanning electron microscopy (SEM)
(Zeiss XB 1540) with a Gemini SEM column. Samples
were sputter-coated with gold and mounted on metallic
J. R. Soc. Interface (2012)
studs with double-sided carbon tape. FIB milling of
samples was undertaken with a Gaþ ion beam at an accel-
erating voltage of 30 kV. Layer-by-layer milling of the
microspheres was done at a beam current of 30–
100 pA, with the final thinning being in the lower
range. Secondary electrons formed during the milling
process enabled simultaneous imaging of the sample.
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Reducing the beam current generally helped to reduce
sample damage during ion beam.

2.6. X-ray diffraction

XRPD patterns of samples were analysed using a
PANalytical X’Pert PROMPD system (PW3040/60,
Philips, The Netherlands) using Cu Ka radiation (l ¼
1.542Å). The samples were measured in reflection mode
in the 2u range 28–408 on flat aluminium sample holders
and scanned at an operating voltage and current of
40 kV and 30 mA, respectively. Each diffractogram was
recorded at a scanning speed of 48 min21 with a step size
of 0.02. The diffraction patterns were generated using
X’Pert High Score v. 2.2.0 (Philips, The Netherlands).

2.7. Drug dissolution

It is recommended that characterization of the drug-
release profile of a poorly water-soluble drug is under-
taken under sink conditions and the drug concentration
is kept below 10 per cent of saturation to be safe
[48,49]. In this study, the CEL-loaded microspheres
were suspended in a PBS release medium containing
1.5% wt/v SLS to ensure sink conditions. Dissolution
studies were performed on a Sotax AT7 dissolution
station (Sotax, Switzerland) equipped with a United
States Pharmacopeia dissolution apparatus 2 (USP 2;
paddle) apparatus and 1000 ml glass vessels. Samples
were drawn through 2.7 mm glass microfibre filters
(Whatman Ltd, UK) using an autosampler, Biolab/
Gilson GX-271 (Biolab, UK). Samples of drug-loaded
microspheres were weighed (10–20 mg) and placed in
a dissolution medium of 500 ml PBS (0.01 M, pH
6.8) þ 1.5% SLS at a paddle rotation of 50 r.p.m., in a
constant temperature bath at 378C. Samples of 5 ml
were taken at 17 time points over 24 h and later
poured into HPLC vials. HPLC analysis was conducted
as previously described for drug EE. A minimum of four
experiments was performed for each sample condition
and the results combined to construct cumulative
drug-release profiles. The drug EE was taken into con-
sideration when analysing the drug-release data, and
the release data were corrected by linear scaling of
each data point. Moreover, selected release curves
were evaluated using the Higuchi model for drug
release, a simplified model based on Fick’s first law,
with the following equation [37]:

Q ¼ kht
1=2;

where Q is the amount of drug released at the time (t)
and kh is the Higuchi dissolution constant.
3. RESULTS AND DISCUSSION

3.1. Fabrication of microspheres

A series of drug-loaded microsphere samples were suc-
cessfully prepared via electrospraying with different
formulation and operating conditions. The model drug
CEL was entrapped in particles predominantly com-
posed of PLGA by co-dissolving in acetonitrile before
atomizing the solution into fine droplets. Different
J. R. Soc. Interface (2012)
formulation and operating parameters and their influ-
ence on particle physico-chemical properties and drug-
release kinetics were investigated prior to this study,
and specific parameters of interest were selected for a
detailed investigation (table 1). The electrospraying
flow rate, solute concentration and drug loading were
chosen as the parameters of interest for this study.
The effects of these parameters and their combinations
were evaluated by characterization of the particle
physico-chemical properties and drug-release profile.
Other important parameters such as system voltage
and sample collection distance were optimized to
achieve a stable cone jet and uniform particles and
otherwise kept constant during the study.

The solvent evaporation process plays an important
role in electrospraying where droplets are formed into par-
ticles via a passive-drying process. Solvent evaporation
from these droplets involves a combination of heat/mass
transfer processes and results in particle shrinkage. This
is due to the difference between the vapour pressure of
the solvent and the partial pressure of the gas phase
[50]. The electrostatic charge on the droplets is further
believed to increase the evaporation rate of the solvent
to accelerate particle formation. Also, the droplets pro-
duced are typically sufficiently small that complete
solvent evaporation takes place over characteristic times
of milliseconds and thus pre-heating of the solution is
not required [51]. These may be important features of
electrospraying that compensate for the otherwise pas-
sive-drying process. The evaporation process is critical
for determining particle properties such as size and mor-
phology and must therefore be carefully studied [52].
The applied voltage during spraying has also been
shown to have an influence on the particle characteristics
such as particle morphology [53]. However, in this work,
the voltage was kept in the earlier specified range to
reduce its influence on the particle characteristics.
3.2. Characterization of microspheres

3.2.1. Particle size and morphology
Particle size and morphology were studied using SEM,
and representative SEM images of each sample produ-
ced are shown in figure 2a– j. Generally, the particles
fabricated were spherical and some had visible pores
on their surface while others appeared to have a
smooth surface. Particles from samples 3, 6, 7 and
9 all appeared to have small pores on their surfaces
and particularly those of sample 3 were covered with
homogeneously distributed pores around 100 nm in
size (figure 2c). The presence of such small pores on
the surface can perhaps be explained by a pressure
developing inside the particles. Assuming that the par-
ticle shell was initially formed and was rigid enough not
to collapse, small pores may have formed to release
some of that pressure stored inside [21]. Particles from
sample 7 were collapsed with an opening on one side,
resulting in a cup-like morphology and making visible
the inner particle structure. Large pore channels were
observed on the inside of these particles. The collapse
of these particles is explained by the low polymer con-
centration in the processed solution (approx. 2%).
When the polymer concentration is this low, it can
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Figure 3. (a,b) Mean diameter of particles prepared at different flow rates, (c) solute concentrations and (d) drug loading. Error
bars indicate s.d. from the mean. n � 200–300 particles.

Table 2. Characteristics of particle samples.

sample yield (%)
drug entrapment
efficiency (%)

drug loading
(mg g21)

samples
studied (n)a

particle
size (mm)a

polydispersivity
index

1 85+ 2 94+ 3 94 1 2.5+0.23 9.3
2 87+ 3 88+ 1 88 2 4.9+0.41 8.3
3 86+ 3 92+ 2 92 1 7.2+0.88 12.3
4 93+ 1 98+ 1 294 2 4.1+0.41 9.9
5 81+ 3 89+ 1 89 1 4.2+0.25 6.0
6 91+ 2 99+ 1 99 2 3.4+0.30 8.7
7 85+ 3 90+ 1 279 2 3.0+0.25 8.3
8 89+ 3 97+ 2 97 2 2.0+0.14 7.3
9 86+ 2 95+ 1 95 2 4.5+0.36 8.1

aThe number of samples indicates the number (n) of independent SEM samples prepared for each of the parametric
conditions. In each case, 100–300 measurements of particle size were made for each sample prepared. The particle size values
quoted are the means of each of the individual sample means and the s.d. quoted are the means of each of the individual
sample s.d.
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result in the particle membrane becoming unstable and
collapsing owing to a lack of structural support, during
solvent evaporation [54].

The outer diameter of the particles ranged between
2 and 8 mm depending on the sample conditions,
and all samples had a relatively narrow particle-size dis-
tribution with a polydispersivity index between 6.0 and
12.3 per cent (table 2). Figure 3a–d demonstrates that
the particle size was dependent on the combination of
processing parameters. Flow rate had the greatest influ-
ence on particle size with a more than threefold size
increase being produced by an increase in flow rate
from 10 to 50 ml min21 (figure 4a). This result is con-
sistent with previous studies [38,55]. The solute
concentration also showed a clear trend with an increase
in particle size as the solute concentration was
increased. This is explained by the increase in viscosity
of the solution seen with an increase in solute concen-
tration [55,56]. Finally, the drug loading also had an
J. R. Soc. Interface (2012)
influence on the particle size with the particle size
decreasing as the drug loading was increased. Moreover,
the effect observed was relative to the solute concen-
tration. A greater effect was observed between samples
2 and 4 than between samples 6 and 7. The influence
of drug loading on particle size may be explained by
the less-significant contribution of the drug compared
with the polymer on the viscosity of the solution, as
shown in a previous study by the authors [46]. Most
of the samples prepared were near-monodisperse (see
example on figure 2j), and this is one of the advantages
of the electrospraying technique. In some cases, sputter
coating a particle surface with gold may have an influ-
ence on the size and the morphology of the particles
observed. Yet, in this study, a gold coating of a few
nanometres was applied and is believed to have had a
negligible effect on the particle size measurements but
may have had an influence on the surface porosity
observed by making the smaller pores less visible.
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Figure 4. FIB/SEM images of microspheres showing the cross-sectional structure of sample 6 (a) before and (b) after milling,
(c) sample 5 and (d) sample 2.
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3.2.2. System yield and entrapment efficiency
The collection yield of particles ranged between 81 and
93 wt% of the initially electrosprayed solute mass
depending on the processing conditions. The micro-
spheres were collected onto an electrically conductive
collection sheet and, owing to the electric charge of
the particles, most were attracted onto the grounded
sheet. Yet, a portion of the particles was either attached
to the nozzle wall or dispersed out in the surroundings.
The collection yield can be optimized by coating the
surface of the nozzle with a hydrophobic material and
by increasing the area of the collection sheet. In a
manufacturing scenario, the particles would be sprayed
into a closed chamber as with a standard spray-drying
set-up, and further loss of materials could be avoided
at large-scale production. There was no obvious corre-
lation between the measured yield and the different
conditions. However, the yield values in wt% obtained
are comparable to or slightly higher than other liquid
atomization techniques such as spray drying and
ultrasonic atomization [54,57,58].

The entrapment efficiencies of CEL in the particles
were found to be in the range 88–99%. These values
are significantly higher than the values typically
reported for other encapsulation methods such as emul-
sion methods [59,60]. Although differences in EE were
observed, there did not seem to be any correlation
between the EE and the processing conditions. Other
studies have shown that a fast precipitation of the poly-
mer during microsphere formation is advantageous for
achieving high entrapment efficiencies, as the polymer
will act as a diffusion barrier for the hydrophobic
drug [12]. Moreover, the solubility of the drug in the
polymer and the size of the particles influence the EE
[30]. Thus, the high entrapment efficiencies achieved
can be explained by the fast precipitation of PLGA,
the hydrophobicity of CEL, the relatively large size of
the particles and also the premixing of PLGA with
CEL. It is also interesting to note that no correlation
was observed between the EE and flow rate.
3.2.3. Compositional features
The internal structure of the microspheres was studied
using FIB/SEM to determine whether the particles had
a porous or a solid internal structure (figure 4). It was
demonstrated that the particles could be sectioned
J. R. Soc. Interface (2012)
using a weak FIB beam without melting or collapse of
the internal particle structure. It was not possible to see
from the images whether the drug was distributed
evenly within the microspheres or as aggregates. The
images in figure 4 indicate that all the samples examined
had a porous interior to some degree. Sample 7 was the
most porous of the three samples with large holes domi-
nating its interior. The other two samples had a less
porous profile with sample 5 being slightly more porous
than sample 2. This indicates that the inner porosity
decreases with an increase in solute concentration and
thereby with increasing solution viscosity.

The creation of pores inside the particles can be
explained by several factors that have an influence on
the formation of particles from droplets. A droplet
initially shrinks as the solvent evaporates from its surface
and the solutes diffuse towards its core until a shell
forms. When the solvent evaporation takes place quicker
than the solute diffusion, the particle shell forms at an
early stage resulting in solvent trapped within the shell
[61]. As solvent evaporates through the shell, it may
leave behind pores and further lead to pores on the par-
ticle surface. A study by Park & Lee [21] demonstrated
that the type of solvent used for electrospraying
also influenced the porosity of the particles, with low-
boiling-point solvent resulting in more porous particles
than high-boiling-point solvents. The solvent used in
this study, acetonitrile, has a relatively low boiling
point of 828C and is likely to have evaporated more
quickly than the diffusion of solutes towards the core
resulting in early shell formation. The higher degree of
porosity observed for particles prepared at 3 per cent
solute concentration compared with particles prepared
at 5 and 7 per cent solute concentration is most probably
due to the larger volume of solvent that needed to escape
the particle core and the lower polymer concentration
present to maintain the inner particle structure. The
drug loading is likely to have had a similar but smaller
effect on particle porosity by altering the polymer con-
centration of the solution, with high drug loading
resulting in more porosity. The flow rate has been
demonstrated to have a great influence on droplet size,
and with a lower surface-to-volume ratio of large droplets
these result in slower particle formation and would have
more solvent entrapped within their shell. Particles pre-
pared at high flow rates are thus likely to be more porous
than particles prepared at low flow rates. This is also
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Figure 5. XRPD diffractograms of (a) pure CEL, (b) pure
PLGA, (c) physical mixture of CEL and PLGA (20 wt%
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Figure 6. XRPD diffractograms of microspheres taken over a
time span of eight months.
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indicated by the porous surfaces of particles prepared at
50 ml min21 (figure 2c,i).

The presence of pores increases the surface-area-
to-volume ratio of the particles and also increases the
diffusivity of molecules through the polymer matrix.
This is bound to have a significant effect on the drug-
release profile but has also been suggested to reduce
the autocatalytic effect of PLGA by increasing the dif-
fusivity of acids, therefore limiting polymer degradation
[62]. Porous drug-loaded particles have in some cases
produced a more linear release profile than non-porous
particles [17].

The physical form of the drug and polymer was
studied using XRPD and selected diffractograms are
shown in figure 5. The curves indicate that CEL is crys-
talline both in its pure form and when physically mixed
with PLGA, shown by the strong characteristic peaks.
PLGA is amorphous on its own and does not contribute
to the crystallinity observed when mixed with CEL. The
electrosprayed microspheres (figure 5d) do not show any
crystalline peaks whatsoever and are thus assumed to be
amorphous. Particles with drug loading between 10 and
30 wt% were tested and although some are not included
in this figure, all samples showed similar curves without
any peaks. This indicates that CEL is molecularly
dispersed within the polymer matrix.
3.3. Physical stability

The drug-loaded microspheres were kept in a climate
chamber at a temperature of 208C and a relative
humidity of 60 per cent at all times after particle prep-
aration for physical stability studies. A well-known
J. R. Soc. Interface (2012)
disadvantage of solid dispersions and amorphous
drugs, in general, is their instability under storage
[63]. With this in mind, the solid-state stability of the
produced particles was studied for a period of eight
months using XRPD analysis to detect possible changes
in crystallinity.

Figure 6 shows XRPD diffractograms of microspheres
captured with two months intervals. No visible changes
were observed during the eight months in storage,
which indicates good physical stability. To further sup-
port these findings, SEM images were taken from
samples after eight months of storage and it was observed
that the particles still maintained their shape and size,
indicating no crystalline growth or agglomeration.
3.4. Drug-release study

The influence of the different operating and formulation
parameters on the drug-release kinetics was studied
using a standard USP 2. In order to investigate the
effect of different particle properties such as size and por-
osity, release studies were conducted for all samples. CEL
release profiles from the microspheres are shown in figures
7–9. As observed, drug release from the polymer matrix
took place at a rate that varied over time, involving an
initial burst release followed by a diffusion-driven release.
Generally, a small burst release was observed, of the order
of 10 per cent, with some exceptions. This was then fol-
lowed by a high initial release rate of the drug located
near the surface. Finally, a diffusion-dependent release
was seen over a period of hours. Figure 7 shows that
pure CEL dissolves almost instantaneously, while the
microspheres released between 90 and 96 per cent of
the drug during the 24 h of measurement. The drug-
release rates increased as the solute concentration was
reduced, and sample 2 with the highest solute concen-
tration showed the closest to linear release. The
influence of drug loading on drug release (figure 8)
showed a significant difference for both the solute concen-
trations examined. An increase in drug loading resulted in
increased drug-release rates in both cases. The influence
of flow rate on drug release (figure 9) did not show as
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Figure 7. Drug-release profile of microspheres prepared with different solute concentrations, with 10% drug loading and at a
flow rate of 30 ml min21, measured over 24 h. Double solid line, pure CEL; dotted line, 3% solute; solid line, 5% solute;
dashed line, 7% solute.
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Figure 8. Drug-release profile of microspheres prepared with different drug loading at a flow rate of 30 ml min21, measured over
24 h. Long dashed lines, pure CEL; dashed lines, 3% solute, 30% CEL; grey solid line, 3% solute, 10% CEL; dotted line, 7% solute,
30% CEL; double solid lines, 7% solute, 10% CEL.
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clear a trend as the other two figures did. Both samples 1
and 3 released their payload more quickly than sample 2.

Figures 7 and 8 indicate that size, porosity and drug
loading of the particles all have an influence on the
measured drug-release patterns. As the size of the par-
ticles was reduced, an increase in the drug-release rate
was observed. This is a result of an increase in the sur-
face-area-to-volume ratio of the particles as the size is
reduced, which increases the dissolution rate according
to the Noyes–Whitney equation and is not surprising
[63]. The degree of porosity observed from the cross-
section images was inversely proportional to the size
of the particles in figure 7 and also seemed to influence
the release rate. The drug release increased with an
increase in porosity, which can again be explained by
J. R. Soc. Interface (2012)
an increase in the surface-area-to-volume ratio, but
this time due to increased access to the core of the par-
ticle through the pores. It is however difficult to
distinguish between the effect of size and porosity
based on the data available. The effect of drug loading
on drug release is consistent with other similar studies
[16,48] and may have two explanations; that the
increased drug loading reduces the relative amount of
polymer acting as a diffusional barrier; or that the
drug is phase-separated from the polymer matrix and
increased release occurs via pores created by the drug.
Both of these phenomena may play a role in the
increased release rate observed. There were some discre-
pancies in the relationship between particle size and
drug-release rate observed in figure 9, where particles
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Figure 9. Drug-release profile of microspheres prepared at different flow rates, with 7% solute concentration and 10% drug
loading, measured over 24 h. Dotted line, 10 ml min21; dashed lines, 30 ml min21; solid line, 50 ml min21.
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Figure 10. Drug-release curves fitted to the Higuchi model for microspheres prepared with 7% solute concentration and 10% drug
loading. Circles, 10 ml min21; triangles, 30 ml min21; diamonds, 50 ml min21.
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from sample 3 given their larger size were expected to
release drug more slowly than particles from sample
2. This finding is likely a result of the highly porous sur-
face observed for particles from sample 3. Again, the
porosity resulted in an increased surface-area-to-
volume ratio, which in turn increased the release rate.

Most of the samples did not reach above 90 per cent
release during the 24 h of measurement, indicating that
there was still drug entrapped within the polymer
matrix. Degradation of PLGA typically does not take
place within this time span and this explains the
residual drug trapped within the polymer network.

Release of CEL from the microspheres mainly takes
place via diffusion-dependent release and this is demon-
strated by fitting the release data from figure 9 with the
Higuchi model. Drug release in the Higuchi model is
based under the assumptions that the drug molecules
are homogeneously distributed within a solid matrix
J. R. Soc. Interface (2012)
and are released from the surface via diffusion mediated
by the surrounding solvent. According to this model,
drug release takes place linearly as a function of the
square root of time. Figure 10 shows the release curves
of microspheres prepared with 7 per cent solute concen-
tration and 10 per cent drug loading as a function of the
square root of time. All three curves were fitted with
linear regression and gave the dissolution constants 27,
22 and 24 for 10, 30 and 50 ml min21, respectively. It is
observed that the curves can be fitted to a linear trend
line over the first 6 h of drug release as shown in the
figure. From then onwards, drug release slows down
and does not follow the model in the last 18 h. The
fitted curves confirm that the major part of the drug
release from these particle samples is controlled by diffu-
sion. However, the Higuchi model did not apply well on
the drug release from microspheres prepared with less
than 5 per cent solute concentration and with drug
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loading above 20 per cent and the fitted release curves for
these samples are therefore not shown. It is believed that
the model did not fit on these samples owing to their
larger degree of porosity inside the particles and the
lower diffusion barrier provided by PLGAwith increasing
drug loading.

Different processing parameters and their influence on
particle characteristics and drug release were studied to
determine the optimal parameters for this experimental
set-up. However, this would depend on the specific appli-
cation of the microparticles. It was noticed that the jet
was less stable when prepared at 50 ml min21 and thus
resulted in less monodisperse particles, especially at
higher drug loading. Amorphous CEL was found for all
samples and physical stability between the samples
could not be distinguished. It was observed that even
small changes in particle size and porosity resulted in sig-
nificant differences in their release profile. Particles
prepared at a solute concentration of 3 per cent and/or
a drug loading of 30 per cent resulted in quick release
owing to their smaller size, high porosity or reduced diffu-
sion barrier and could not be fitted to a common release
curve. Particles prepared at 5 or 7 per cent solute concen-
tration with a drug loading of 10 per cent and at a flow
rate of 10–30 ml min21 thus seem the most suitable and
depending on the desired release rate, these parameters
can be chosen accordingly.
4. CONCLUSIONS

This study demonstrates that electrospraying is a
precise and controllable technique for producing micro-
particles with pharmaceutically useful physico-chemical
properties. The size and morphology of CEL-loaded
electrosprayed PLGA microparticles particles can be
controlled by adjusting the flow rate, solute concen-
tration and drug loading, with flow rate having the
greatest influence. The porous inner structure of the
particles was explained by an early shell formation
and subsequent evaporation of acetonitrile during par-
ticle formation. Particle porosity was found to be
dependent on solvent concentration, but this remains
to be investigated in detail. Although, XRPD analysis
demonstrated that CEL was amorphous within the
PLGA matrix, the particles were physically stable for
more than eight months. In addition, high entrapment
efficiencies were observed compared with conventional
fabrication techniques, indicating that electrospraying
is potentially attractive for the processing of expensive
pharmaceutical ingredients. The release of CEL from
the particles could be controlled to provide a rapid
release over a few hours or a sustained release over
24 h. Particle size, porosity and drug loading had the
greatest influence on the release rate. Careful control
of the drug distribution within particles would greatly
impact the drug-release mechanism, possibly resulting
in a more useful delayed release behaviour with
improved bioavailability and therapeutic efficacy.
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