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Microparticles were fabricated for pharmaceutical purposes using electrospraying with the aim to
determine the effect of the solvent(s) used. Particles of poly(lactic-co-glycolic acid) (PLGA) and the drug
Celecoxib were prepared from acetone, acetonitrile and acetone:methanol with different polymer and
drug concentrations. The solvent power, evaporation rate and electrical conductivity of the solvents all
had a significant effect on the particle formation process as well as the particle characteristics and drug
release profile. Particles were near-spherical and between 2 and 7 mm in diameter with smooth or
corrugated surfaces. The drug release rate was mainly dependent on particle size, with larger particles
showing slower release. The solvent in which PLGA was poorly soluble resulted in small grainy particles
that disintegrated instantaneously with full drug release. It may be concluded that the selection of an
appropriate solvent may be a useful way to control particle characteristics and drug release profiles when
using electrospraying.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The entrapment of drugs in polymer microparticles continues to
be of interest for new drug formulation strategies. Compared with
conventional drug formulations, microparticles with drug entrap-
ped in a polymermatrix allow better control of delivery particularly
for large molecules such as proteins and nucleic acids as well as
small molecule drugs with lowaqueous solubility [1e3]. Thematrix
protects, stabilizes, and increases the efficiency of the drug and the
release kinetics can be controlled by manipulating the physical and
chemical properties of the polymer surrounding the drug mole-
cules as well as the structural features of the microparticles [4,5].
Several types of polymers have been used for drug encapsulation
and of these poly(lactic-co-glycolic acid) (PLGA) is among the most
widely studied due to its biodegradability and its compatibility
withmany different molecules. Furthermore, PLGA is FDA approved
and is amorphous when containing glycolic acid in the range of
25e70% [6]. Yet, despite the extensive studies on microparticles for
controlled release using PLGA systems, the mechanism of drug
x: þ44 20 73880180.
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release from PLGA microparticles is not fully understood. This is
partly due to the complexity of the processes and the interactions
present in such a system but also because of the lack of under-
standing on the relationship between particle characteristics and
drug release [7].

There are several existing technologies for producing micro-
particles for drug delivery purposes with the most popular being
emulsion-based techniques and spray drying. With emulsion-
based techniques, drug molecules are mixed into a polymer solu-
tion and emulsified in awater or an oil phase to formmicro droplets
and then dried via solvent removal to form dry particles. This
method however has several disadvantages such as the time
consuming process of removing the solvents, the poor drug loading
capacity of the particles and the numerous steps involved in the
processing. It is further limited by hygroscopic properties of the
drug, requires additives such as surfactants and typically results in
a broad particle size distribution [3,8,9]. Spray drying is another
widely applied pharmaceutical technology for producing micro-
particles both at laboratory and commercial scale. Here the feed
solution containing polymer and/or drug is atomized at elevated
temperatures in a chamber under a constant air flow and dried
microparticles are collected. Although spray drying is a simple and
attractive particle preparation method it has the limitation of
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Table 1
Physical properties of solvents used to fabricate microparticles.

Physical properties Acetone Acetonitrile Methanol

Density at 25 �C (kg m�3) 790 782 792
Viscosity (mPa s) at 25 �C 0.30 0.35 0.57
Boiling point (�C) 56.0 82 64.0
Evaporation rate (BuAc ¼ 1)a 5.6 2.0 4.1
Electrical conductivity (mS/m) 6 23 50
Solubility of PLGA Soluble Soluble Insoluble
Solubility of CEL Soluble Soluble Soluble

Values in italic are from the solvent handbook.
a Relative to the evaporation rate of Butyl Acetate.
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producing particles with a relatively broad size distribution, may
often suffer from agglomeration of particles and the elevated
temperatures involved can lead to instability of thermosensitive
molecules [10e12].

Several studies have indicated that a monodisperse particle size
distribution provides better control over drug release and therefore
improves therapeutic effect [13,14]. Particle morphology has also
been demonstrated to influence several aspects of drug delivery
mechanisms and engineering particles with different morphologies
and surface characteristics is thus relevant. It has been shown by
some researchers that phagocytic internalization of polymeric
based particles is dependent on the shape of the particles [15]. Also,
the drug release kinetics and targeting abilities of microparticles
have been observed to be influenced by the particle surface
chemistry, morphology and curvature [16,17]. It is therefore evident
that it is important to control homogeneity in terms of both size
and morphology of the particles.

There is an increased interest in the fabrication of polymeric
microparticles using electrospraying with numerous studies in
recent years on electrosprayed particles for pharmaceutical
purposes [13,18,19]. Electrospraying utilizes electrostatic forces to
control the break up of a liquid flow to form droplets and hence
microparticles. It is both simple and inexpensive and largely over-
comes the limitations of aforementioned techniques, producing
monodisperse microparticles with control over their size and
morphology without the need of surfactants or elevated tempera-
tures [20,21]. Yet, electrospraying is a complex process in terms of
controlling the process of particle formation as the underlying
mechanisms are influenced by many variables including: flow rate,
electric field strength, solution properties and external conditions
[21,22]. Many of these variables have an interdependent influence
on the resulting particle properties and drug release profile, and it
is thus challenging to fully optimize the final output. Typically, in
the studies applying electrospraying, an emphasis is placed on the
final particle product and the characterization thereof. Meanwhile,
more detailed understanding of the particle formation is not fully
explained although some findings have been reported [23e25]. It is
critical for the optimization of electrospraying as a processing
technique to have some insight into the mechanisms that influence
the process of particle formation and this is the object of this study.

Specifically, we investigated the formation of drug-loaded
microparticles with a focus on the solvents used, to examine how
this factor influences the final particle characteristics and release of
the drug from the particles. For this purpose a small molecule drug,
Celecoxib (CEL), was used as the model drug. CEL is a non-steroidal,
anti-inflammatory drug with a poor aqueous solubility [26]. PLGA
(50:50, Mw ¼ 33000) was used as the polymeric carrier. Further,
three solvent systems were investigated, i.e. acetone and acetoni-
trile, which are good solvents for both CEL and PLGA, and a binary
solvent consisting of acetone and methanol, in which methanol is
a poor solvent for PLGA. The objectives of this study were to
investigate the role of these different solvents in the process of
particle formation via electrospraying by examining the particle
characteristics and release behavior of these CEL-loaded PLGA
microparticles.

2. Experimental

2.1. Materials

CEL crystalline powder was acquired from Dr. Reddy, Hyder-
abad, India (Mw ¼ 381.38). Poly(D,L-lactide-co-glycolide (PLGA;
50:50 Resomer RG503H, Mw ¼ 33000) was purchased from Boeh-
ringer Ingelheim (Ingelheim, Germany). Acetone (ACE, 99.9% HPLC
grade), methanol (MeOH, 99.9% HPLC grade) and acetonitrile (ACN,
99.9% HPLC grade) were purchased from Sigma Aldrich (Poole, UK).
Ultrapure water (SG Water Purification System, Barsbuttel,
Germany) was used for all the experiments. 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. Characterization of spraying solutions

The properties of the solvents used, are shown in Table 1. The
values for density, boiling point, evaporation rate, dielectric
constant were obtained from literature [27]. The values for elec-
trical conductivity of the solvents and the spraying solutions were
measured using a multimeter (InLab, Mettler Toledo). The viscosity
of the solvents and spraying solutions were determined using an
Ubbelohde viscometer (Cannon Instruments) at 25 �C in a water
bath. The intrinsic viscosity ([h]) of PLGA in the different solvents
was determined by extrapolation of the values for specific viscosity
hsp as the polymer concentration, c, went to zero using equation (1)
[28]. Seven different concentrations were measured for each PLGA-
solvent combination. Further, the Martin constant (Km) was calcu-
lated for the solutions with 5% polymer concentration by using
equation (2), the Martin equation [29]. Also, the overlap concen-
tration (c*) for PLGA in the different solvents was calculated using
equation (3) [30].

½h� ¼ limc/0

�
hsp
c

�
(1)

hsp
½h�c ¼ expðKm½h�cÞ (2)

c* ¼ 1
½h� (3)

2.3. Preparation of microparticles

Microparticles consisting of PLGA and CEL were fabricated using
a single-nozzle electrospraying setup where a thin jet is dispersed
into small droplets that dry into particles (see Fig. 1). The solutions
with different solute concentration (3, 5 and 7 wt.%) and different
drug loading (10 and 30 wt.%) were prepared by dissolving
appropriate amounts of CEL and PLGA in different solvents (i.e.
acetone, acetonitrile or acetone:methanol (75:25 M ratio). The
electrospraying setup applied consisted of a high voltage power
source (Glassman Europe Ltd, Tadley, UK), a high precision
mechanical syringe pump (PHD 4400, Harvard Apparatus, Eden-
bridge, UK) and a custom-built concentric stainless steel nozzle
with outer and inner diameters of 2.34 mm and 1.77 mm,
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Fig. 1. Schematic diagram of electrospraying setup.
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respectively. All solutions were electrosprayed with an applied
electrical potential difference of between 10 and 13 kV with the
positive electrode attached to the tip of the nozzle and the negative
electrode to the collector. The particles produced from electro-
spraying were collected at a distance of 70 mm from the nozzle
either onto a microscope slide containing distilled water or onto
a sheet of aluminum foil. The particle samples were left to dry
completely in a desiccator under vacuum. A video camera with an
in-built magnifying lens (Leica S6D JVC-color) was used to observe
the nozzle tip at all times during the preparation of the
microparticles.

2.4. Particle size and morphology

The morphology and size of the microparticles were character-
ized using a scanning electron microscope (SEM) (JEOL JSM-6301F
and Hitachi VP-SEM S-3400N). The microparticles were sprayed on
to glass slides as a thin layer and were sputter-coated with gold,
mounted onmetallic studs and viewed at an accelerating voltage of
3 kV (for JEOL JSM-6301F) or 10 kV (for Hitachi VP-SEM S-3400N).
The SEM images were used to calculate the mean diameter and
polydispersivity index for each of the microparticle samples
studied. Between 200 and 300 microparticles were measured from
different sites of the sample, using the image analysis software
ImageJ (NIH).

2.5. Drug loading and entrapment efficiency

The drug loading and entrapment efficiency (EE) of CEL in the
microparticles was measured by determining the total amount of
CEL in the microparticle samples. In brief, 15e20 mg samples of the
microparticles were dissolved in 10 ml acetonitrile and agitated
for 1 h under sealed conditions. Then, 1 ml of the solution was
aliquoted and diluted 1:10 in a solution of acetonitrile:water
(9:91 M ratio) and mixed. The drug content in this mixed
solutionwas then analyzed by using reverse phase HPLC, UVD340U
(Dionex, Germany) equipped with a Kromasil 126 column (Kro-
masil, Sweden). The mobile phase consisted of an acetonitrile:-
water (52:48 M ratio) solution and was used at a flow rate of
0.5 ml min�1 and a 10 ml injection volume was measured over a run
time of 15 min at a wavelength of 230 nm. A calibration curve was
obtained from CEL solutions in the range 0.5e50 mg/ml and a good
linear correlation was found over the entire range. The drug
entrapment efficiency was calculated using equations (4) and (5):

Drug loadingð%Þ ¼ ðMactual=weighed amount of

composite particlesÞ100 (4)

Entrapment efficiencyð%Þ ¼ ðMactual=MtheoreticalÞ100 (5)

2.6. Drug release study

Drug release studies were performed on a Sotax AT7 dissolution
station (Sotax, Switzerland) equipped with a USP II paddle appa-
ratus and 1 L glass vessels. Samples of 5 mL were drawn through
2.7 mm glass microfiber filters (Whatman, England) using an
autosampler, Biolab/Gilson GX-271 (Biolab, UK). Microparticle
samples of 15e20 mg were placed in vessels containing 500 ml
dissolution media and the dissolution apparatus was run at
a paddle rotation of 50 rpm and a temperature of 37 �C. The
dissolution media consisted of PBS (0.01 M, pH 6.8) þ 1.5% SLS and
sink conditions applied, the volume of dissolution media was at
least 3 times greater than the saturation point of CEL. Samples were
drawn at predetermined time intervals up to 20 h and subsequently
transferred to HPLC vials. The HPLC measurements were run as
described for drug entrapment efficiency and release data were
analyzed using the software Chromeleon 6.8 (Dionex, Germany).

Selected drug release data were curve fitted using the Higuchi
release model, a simplified model based on modifications of Fick
law of diffusion, with the following equation [31]:

Q ¼ kht
1=2

where Q is the amount of drug released at the time, t, and kh is the
Higuchi dissolution constant. The Higuchi model was modified by
using a level 2 polynomial regression instead of a linear regression.

3. Results

3.1. Characterization of solvent systems and polymer solutions

Two solvent properties, i.e. boiling point and solvent power (the
ability of a solvent to dissolve solutes, in this case PLGA and CEL)
were examined to investigate effects of the solvents on the char-
acteristics of microparticles produced from the electrospraying
process. Solvents for preparation of the microparticles were
selected based on the criteria that both CEL and PLGA needed to be
soluble in them. Further, the solvents needed to be volatile enough
to result in dry particles upon collection. Following these criteria
the solvents ACN and ACE were selected, which have similar
densities but significantly different boiling points (see Table 1). In
addition, a binary solvent of ACE and MeOH was also used with
MeOH being a poor solvent to PLGA.

The values presented in Table 1 demonstrate that the solvents,
apart from having different boiling points and evaporation rates
also have different electrical conductivities and viscosities. The
values showed that ACE was the least conductive and least viscous
of the three and MeOH was the most conductive and most viscous.
Both viscosity and electrical conductivity are known to play an
important role in electrospraying and hence controlling the prop-
erties of the microparticles obtained, most notably an increase in
conductivity and decrease and viscosity resulting in decrease of
particle size [32,33]. Themeasurements of electrical conductivity in



Table 2
Electrical conductivity of solutions containing CEL or PLGA.

Solution 5% CEL
in ACE

5% CEL
in ACN

5%CEL
in ACE/MeOH

5% PLGA
in ACE

5% PLGA
in ACN

5% PLGA
in ACE/MeOH

Electrical conductivity
(mS/m)

101 106 109 23 40 32

Table 4
List of samples prepared. Solute conc. and polymer conc. are presented in % w/v and
drug loading is presented in % w/w.
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solvents containing either 5%wt CEL or PLGA showed that the
contribution by CEL to the conductivity is larger than for PLGA at
the same concentration (Table 2).

Measurement of the intrinsic viscosity was performed to
determine the solubility and behavior mainly of PLGA in the
different solvents. The contribution of CEL to the viscosity is
insignificant compared with PLGA due to its low molecular weight
and moreover only PLGA is relevant in the context of polymer
entanglement during particle formation. The intrinsic viscosity
refers to the capability of a specific polymer to enhance the
viscosity of the solvent in which it is dissolved. This depends
partly on the molecular weight of the polymer and the
polymeresolvent compatibility [28]. The intrinsic viscosity of
PLGA in the solvents was between 0.127 and 0.276 dL/g (see
Table 3) indicating a relatively low fluid dynamic volume of the
polymer chains in all the measured solvents. In ACE, PLGA showed
the highest intrinsic viscosity and in ACE/MeOH it showed the
lowest value demonstrating the compact conformation of the
polymer chains in ACE/MeOH and a better solubility of the PLGA in
ACE [34]. This is an important parameter that influences the
process of microparticle formation as it correlated to the degree to
which the polymer forms intra or inter-polymer chain entangle-
ments in the solution and during drying. Polymer entanglements
become more significant as the polymer concentration increases
and is believed to take place at some point in particle formation
during electrospraying [23]. The Martin constant (Km) is similarly
used to indicate the interactions between solutes and between
solute and solvent, with a higher value indicating more
polymerepolymer interaction. In this case ACE/MeOH showed the
highest Martin constant and ACE showed the lowest Martin
constant indicating a higher degree of interactions between PLGA
and ACE, than for PLGA and ACE/MeOH [25]. The overlap
concentration (c*) indicates the transition concentration of poly-
mer in a solvent at which the intermolecular interactions become
important and transient networks are formed. In other words, this
is the concentration at which the intra and inter-polymer chain
entanglements begin to form [30]. It is observed that ACE has the
lowest overlap concentration while ACE:MeOH has the highest
overlap concentration. This means that PLGA chain entanglements
begin to form at a lower concentration in ACE than in the two
other solvents. Moreover, chain entanglements may already have
begun to form for some solutions before the electrospraying
process and may not yet have formed in other solutions.
Table 3
Intrinsic viscosity, Martin constant and overlap concentration of PLGA in different
solvents.

Solvent Acetone Acetonitrile Acetone:methanol
(75:25)

Intrinsic
viscosity (dL/g)

0.276,
R2 ¼ 0.981

0.216,
R2 ¼ 0.978

0.127,
R2 ¼ 0.997

Martin
constant (Km)

0.480 0.629 1.297

Overlap
concentration (c*)

3.60 4.63 7.9
3.2. Particle morphology and size

To study the effect of different solvents on the formation of
microparticles in the electrospraying process the size and
morphology of the microparticles were examined as a function of
solute concentration and drug loading (see Table 4). Representative
SEM images from each of the microparticle samples are shown in
Fig. 2A-L. The SEM images show that most of the generated
microparticles had a near-spherical geometry with smooth, porous
or grainy surfaces. The microparticles prepared with 7% solute
concentration (Fig. 2EeH) generally exhibited less surface porosity
compared with lower solute concentrations. For example samples
3S10A and 3S30A have a raisin-like morphology (Fig. 2A and B),
those from sample 3S30N (Fig. 2D) are collapsed with large pores
inside and those from sample 5S20M (Fig. 2K and L) consists of
small grains (w100 nm in diameter) that are aggregated.

The diameter of the particles was found to range between 2 and
7 mm and the mean particle diameters from the different samples
are listed in Table 4. Fig. 3 shows the particle diameters presented
as a column chart with arrows indicating the influence of viscosity,
electrical conductivity and solvent power. It can be seen that
microparticles prepared with high solute concentration (high
viscosity) and low drug loading (low electrical conductivity) are
generally larger than those prepared at low solute concentration
and high drug loading (See Fig. 3A). This trend is observed for both
ACE and ACN, and furthermore particles prepared with ACE were
slightly larger than those prepared with ACN in all cases. The
particles prepared with the binary solvent of ACE and MeOH were
significantly smaller than those prepared using ACE or ACN alone
(see Fig. 3B).
3.3. Drug release studies

The drug entrapment efficiencies of the microparticle samples
were found to be in the range of 88e99% with no correlation
between the entrapment efficiency and the solvents used. Release
of CEL from the microparticles was measured for each of the
samples and release profiles are shown in Figs. 4e6. The micro-
particles all release between 88 and 98% of their drug content
Sample
code

Solute
conc.
(%)

Polymer
conc.
(%)

Drug
loading
(%)

Solvent Particle
diameter
(mm)

3S10A 3 2.7 10 ACE 3.6 � 0.4
3S30A 3 2.1 30 ACE 3.3 � 0.4
3S10N 3 2.7 10 ACN 3.4 � 0.3
3S30N 3 2.1 30 ACN 3.0 � 0.3
7S10A 7 6.3 10 ACE 5.6 � 0.9
7S30A 7 4.9 30 ACE 4.4 � 0.5
7S10N 7 6.3 10 ACN 4.9 � 0.4
7S30N 7 4.9 30 ACN 4.1 � 0.4
5S20A 5 4.0 20 ACE 4.3 � 0.5
5S20N 5 4.0 20 ACN 4.2 � 0.3
5S20M 5 4.0 20 ACE/MeOH 2.9 � 0.4



Fig. 2. SEM images of electrosprayed particle samples 3S10A (A), 3S30A (B), 3S10N (C), 3S30N (D), 7S10A (E), 7S30A (F), 7S10N (G), 7S30N (H), 5S20A (I), 5S20N (J), 5S20M (K)
and 5S20M enlarged (L). The scale bar indicates 2 mm on all images.
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within 20 h of exposure to the dissolution medium. Generally the
particles produced with high solute concentration (Fig. 5) showed
a slower release than those produced at a low solute concentration
(Fig. 4), both for ACE and ACN. Also, the drug loading had a signif-
icant influence on release rate both at high and low solute
concentration and for both ACE and ACN but particularly for ACN
a clear difference was observed. When comparing the release
profiles of particles prepared with ACE and ACN the trend observed
is that those with ACE release their payload slightly slower than
those with ACN, all except for samples 7S10A and 7S10N (Fig. 5). In
Fig. 6 it is seen that samples 5S20A and 5S20N have relatively
similar release curves while sample 5S20M releases much quicker.
This indicates that adding a small amount of MeOH into the solu-
tion had a great effect on the drug release from the particles.

Fig. 7 shows selected release curves fitted with a modified
version of the Higuchi model for diffusion dependent release as
a function of the square root of time. All four curves were fitted
with a level 2 polynomial regression and gave the y-intercepts
e2.3,�3.2,�12.6,�10.0andR2values0.997, 0.998, 0.999,0.995 for the
samples 5S20N, 7S30A, 7S10A and 7S10N, respectively. It is observed
that all curves in Fig. 7 follow their trend line very well. The Higuchi
diffusionmodelwasnot compatiblewith the releasecurveof theother
particle samples as they released their payload at a quicker rate.

Particles were scooped out of the dissolution chamber after
completing drug release studies and they were examined using
SEM to observe whether they remained structurally intact after
most of the drug had been released from them. Particles from
samples 5S20A and 5S20M were selected for this purpose to
observe the largest differences between the samples. Fig. 8 shows
that particles from sample 5S20A were still intact and spherical in
shape after losing 20% of their dry weight but were smaller than
before dissolution. On the other hand particles from sample 5S20M
showed no preservation of structure and they seemed to have
disintegrated during drug release and agglomerated.

4. Discussion

4.1. Particle formation process in electrospraying

CEL-loaded PLGA microparticles were produced from ACE, ACN
and ACE:MeOH via electrospraying at different solute concentra-
tion and drug loading applying the same flow rate and collection
distance. Although essentially a one-step process, particle forma-
tion in electrospraying takes place through several mechanisms
which can be divided into four phases that take place continuously
(see Fig. 9).

1. The solution breaks down into small electrically charged
droplets that repel each other and disperse into a shower. The
droplets are drawn downwards to the collection point under
gravity and electrical forces and evaporation of the solvent
occurs mainly from the surface of the droplets resulting in
a progressive decrease in droplet diameter [35].

2. The electric charge of each droplet remains constant while it
shrinks but the electrical stress changes with surface area. At
a certain point the Rayleigh limit is reached where the droplet
can no longer withstand the increasing charge density due to
the balance between electric stress and surface tension. At this
point, the droplets undergo Coulomb fission into smaller
offspring droplets which then continue to shrink [36,37].



Fig. 5. Drug release profile of microparticles prepared with 7% solute concentration
and different drug loading in ACE or ACN, measured over 20 h, n ¼ 3e5.

Fig. 3. Mean diameter of particles produced at different solute concentration and drug
loading (A), and particles prepared at 5% solute concentration using different solvents
(B). Error bars indicate standard deviation from the mean. n > 200 particles.
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3. The solutes in the droplet diffuse towards the core of the
droplet as solvent evaporates at the surface. However, the
increasing solute concentration in the droplets eventually
results in the solute components beginning to deposit and
cover the entire surface forming a shell, and from this point
onwards the droplet diameter remains constant [23,38].

4. Solvent evaporation continues but takes place from inside the
shell until the particle is dry. Depending on the solute
concentration in the droplets as well as the balance between
Fig. 4. Drug release profile of microparticles prepared with 3% solute concentration
and different drug loading in ACE or ACN, measured over 20 h, n ¼ 3e5.
evaporation rate and polymer diffusion rate and conformation,
different shell thicknesses will form [25,37,39]).

It is believed that solvent evaporation and polymer diffusion are
the two main mechanisms determining both particle formation
and their resulting properties [24]. Polymer diffusion refers to the
mechanism by which polymer molecules migrate away from the
surface due to the concentration gradient resulting from accumu-
lation of polymer at the surface. The solvent evaporation rate
determines how quickly the droplets begin to solidify. Evaporation
of solvent from a droplet is a coupled heat and mass transport that
is driven by the difference between the vapor pressure of the
solvents and their partial pressure in the gas phase. The rate at
which this process takes place is controlled by the balance of
energy required to vaporize the solvent and the energy transported
to the surface of the droplet [11]. The evaporation mechanism of
droplets containing dissolved solids is different from that of pure
solvents and takes place via the different stages of evaporation
explained above. The evaporation rate from a droplet depends on
the initial diameter of the droplet and increases with the decrease
in its squared diameter. Also, amore volatile liquid will have a faster
evaporation rate and results in more rapid particle drying. In this
context, a fast evaporation of the solvent is generally believed to
result in porous or hollow particles but coupled with fast polymer
Fig. 6. Drug release profile of microparticles prepared with 5% solute concentration
and 20% drug loading in ACE, ACN or ACE:MeOH, measured over 20 h, n ¼ 3e5.



Fig. 7. Selected drug release curves fitted to the modified Higuchi model.
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diffusion inside the droplets dense, solid particles can be formed
[23,40,41].

Whenmore than one solute constituent is added in the spraying
solution the diffusion mechanism of each constituent during
evaporation can be different depending on the properties of these
constituents [42]. The understanding of such diffusion processes
seems to be limited currently but it is hypothesized that the
diffusion of different components in a droplet can happen in a non-
equilibrated fashion, leading to phase separation among the
different constituents [43,44]. Such phase separation between
solutes would be of interest as it can provide a useful route for
controlling the distribution of material within the final particles.
The diffusion process and particle formation in general may further
be influenced by the electric field surrounding the droplet and the
electric charge of the droplet. It has been shown that the evapo-
ration rate of solvents increases when an electric field is applied
and that an AC field has more impact on the heat transfer than does
a DC field [45,46]. Such enhanced heat transfer may be of signifi-
cance when small droplets are exposed to a strong electric field,
influencing the otherwise passive drying process.

4.2. Effect of the solvents on the morphology of the microparticles

It is known from studies using electrospraying but also from
other atomization techniques that the properties of the solution
affect both particle size and morphology in many ways. In similar
studies it was observed that particle morphology may depend on
solute concentration and on drug loading. With low solute
concentration it has been observed that spherical particles could
Fig. 8. SEM images of particles from sample 5S20A (A) and 5S20M (B) after drug
release.
not form and that particles tended to collapse or shrink to give
a “raisin-like” morphology [47]. For electrospraying it has been
observed that with high solute concentration, at a point where
polymer entanglement begins before coulomb fission of droplets,
elongated particles were formed [23]. It has further been observed
that particles tended to be more spherical and less concave as the
polymer concentration was increased towards the maximum value
at which a stable jet could be achieved [25]. These findings corre-
late well with the observations made from Fig. 2 where particles
with both raisin-like appearance and collapsed particles were
obtained at low concentration, whereas higher concentration gave
rise to spherical particles but although not elongated particles. The
differences observed in particle morphology on Fig. 2 are partly
explained by the overlap concentration of PLGA in the different
solvents (Table 3). In Table 4 it is seen that that the solutions of
samples 3S10A, 3S30A, 3S10N, 3S30N, 5S20N and 5S20M all have
a PLGA concentration below the overlap concentration indicating
that polymer entanglement has not yet been initiated. The particles
formed from these solutions are slower at reaching polymer
entanglement and thus do notmanage to get a smoothmorphology
as the particles prepared at PLGA concentrations above the overlap
concentration. This makes sense when observing the SEM images
of the particles in which those prepared at PLGA concentrations
below the overlap concentration result in collapsed, porous,
aggregated or “raisin-like” particles. The differences in morphology
seen between particles prepared using ACE and ACN at low
concentration can also be explained by the higher solubility of PLGA
in ACE (higher intrinsic viscosity, see Table 3) and hence a greater
ability to retain the particle shell through polymer diffusion during
drying. They thereby manage to avoid collapsing and instead
shrink. Xie et al observed in a similar study using electrospraying
that a faster evaporation rate of the droplets resulted in a smoother
particle surface [18].

When comparing the particles formed using either ACE or ACN
one could expect to observe a difference based on the difference in
evaporation rate of the solvents. Although particles prepared with
ACN at high solute concentrations seem more prone to form pores
on the surface a clear trend was not found at low solute concen-
trations. The collapse of particles from sample 3S30N, however,
indicates that slower evaporation of ACN could have resulted in the
solvent not fully managing to evaporate before the particles were
being collected. The impact of the particle at collection may have
resulted in its collapse because the shell was not thick enough. The
grainymorphology of the particles in sample 5S20M is explained by
the effect of MeOH on the solubility of PLGA in the solution. With
the intrinsic viscosity of PLGA in ACE:MeOH being significantly
lower than for the two other solvents it is likely that the polymer
chains are more curled up and take up less volume [34]. These
compact chains could also have resulted in faster polymer diffusion
during solvent evaporation. It is believed that the small grains
observed via the SEM start forming due to the coiled up state of the
polymer and then aggregate as the solvent evaporate.

4.3. Effect of the solvents on the size of the microparticles produced

The summary of particlemean diameters in Fig. 3 shows that the
solute concentration, drug loading and the type of solvent used all
influence the particle size. Several studies have demonstrated that
an increase in solute concentration and hence viscosity results in
larger particles [48]. The drug loading mainly influences polymer
concentration and hence solution viscosity but also has a significant
effect on the electrical conductivity of the solution as seen in
Table 2. An increase in conductivity reduces the particle size by
increasing the tendency for the droplets to undergo coulomb
fission [49]. The influence on the particle size caused by the solvent
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appears to mainly be driven by the differences in electrical
conductivity. The viscosities of the solvents are similar and if
anything they show contradictory effects. Also, the slower evapo-
ration of ACN (Table 1) could have resulted in more pronounced
droplet shrinking and was further enhanced by the lower solvent
power of ACN (Table 3) and hence increased polymer diffusion. The
conductivity of ACE is the lowest of the three solvents used and
therefore results in the largest particles. The conductivity of ACN is
slightly higher and this could therefore explain the slightly smaller
particles obtained. ACE:MeOH has a higher electrical conductivity
than ACE and ACN and was seen to give smaller particles than the
other solvents. Similar effects of type of solvent on the particle size
were observed by Xie et al. [18]. The effect of solvent evaporation
rate on particle size can only be speculated upon in this work as
information on particle density is necessary to assess whether
more porous particles were produced with ACN due to the balance
between polymer diffusion and solvent evaporation.

4.4. Effect of solvents on the release behavior of microparticles

Typically, it is desirable to have a controlled release of the drug
from the microparticles. In some cases it is suitable to have a sus-
tained release over a long period and in other cases it is preferable
to have a constant release rate over a short period or even instan-
taneous release (i.e. burst release). Figs. 4e6 show that in this study
the particles released most of their payload within 20 h and for
some particles release occurred much more quickly. Some “burst”
release seems to take place from the surface of all samples, judging
from the quick release observed in the beginning. Generally, high
drug loading gave more burst compared with low drug loading and
decreasing solute concentration resulted in more burst effect. This
indicates that the particles with high burst effect had a higher drug
concentration close to the particle surface or had a larger surface to
volume ratio as a result of their smaller size or higher porosity. The
remaining drug release seems to be diffusion dependent and the
curves follow the same trend as for the burst release, with high
burst samples continuing with a fast release.

Curve fitting for the selected microparticles with slow release
(see Fig. 7) supports the hypothesis of a diffusion driven release
mechanism according to a modified Higuchi release model. The
Higuchi model is based under the assumptions that the drug
molecules are homogeneously dispersed within the polymer
matrix and are released through diffusion from the particle surface
mediated by the surrounding medium [31]. However, the Higuchi
model wasmodified by using a level 2 polynomial regression due to
a much improved correlation over a straight line. The rate of
diffusion was observed to fall off with time compared with
a conventional Higuchi model possibly for two reasons (1)
a reduced rate of diffusion due to distance traveled and (2) a
possible lack of sink condition. Moreover, not all release profiles for
the samples studied fit well with the Higuchi model, in particular
those with quicker release rates. This indicates that either these
particles contained a high degree of porosity or the drug was
unevenly distributed towards the surface of the particles resulting
in a lower diffusion barrier provided by the polymer matrix. Studies
by other researchers on the drug release from biodegradable
microparticles prepared with electrospraying and other prepara-
tion techniques such as spray drying show similar trends in the
release profile with an initial burst followed by a diffusion-
mediated release [10,19,43]. However, in many of these studies
the release took place over a much longer time span of several days
to weeks, thus including release via polymer erosion, although the
particles were of similar size. The quicker release observed in the
present study can be explained partly due to porosity of the
particles and the small molecular size of the drug (Mw¼381.38 g/
mol) both of which have been shown to increase mobility and
enable quicker release [4,7,50].

The full release mechanism is complex but in the case of diffu-
sion driven release it is believed to mainly depend on particle size
and porosity [7,48]. Size dependent release was also seen here
where the largest particles (sample 7S10A and 7S10N) had the
slowest release and the smallest particles had the quickest release
due to their respective surface to volume ratios. An increase in drug
loading results in more rapid release and this is believed to be
partly due to their smaller size but also because of the smaller
amount of polymer acting as a diffusional barrier from drug release
as explained by Pinon Segundo et al. [51]. Comparisons of drug
release from samples prepared using ACE and ACN show that those
prepared in ACN release slightly more quickly than those prepared
in ACE, except for samples 7S10A and 7S10N. This is believed to be
partly related again to the particle size where those prepared in
ACN are slightly smaller and therefore release more quickly. Also,
from the SEM images in Fig. 2 it seems that the particles prepared
using ACN are slightly more porous on their surfaces. These parti-
cles could also be more porous inside (see Fig. 2D) due to less intra-
polymer entanglements compared with ACE, giving a less homog-
enous network of the polymer. Even a slightly higher porosity
would have a visible effect on the drug release rate from the
particles given the larger surface area. Internal porosity would act
as channels to allow more rapid penetration of the dissolution
medium into the core and thus faster solubilization. Further,
particles that are collapsed (Fig. 2D) expose more surface and
should thereby also have quicker release. Also, ACN being a poorer
solvent means that the polymer is more packed and perhaps cannot
incorporate as much drug within the matrix. Why the faster release
of particles prepared with ACN is more prominent at 30% drug
loading, however, cannot be fully explained from the information
available. It could be due to differences in the polymer and drug
concentration gradients of particles prepared in ACE and ACN or the
better ability of particles prepared in ACE to incorporate the drug in
the matrix at high drug loading.

The drug release from particles prepared in ACE:MeOH (sample
5S20M) was much faster compared with that from samples
5S20A and 5S20N and can be explained in terms of the observed



A. Bohr et al. / Polymer 53 (2012) 3220e32293228
morphology. The particles in sample 5S20M appear to be composed
from the assembly of small grains and therefore could be expected
to disintegrate when placed in the release medium, greatly
increasing the surface area-to-volume ratio resulting in instanta-
neous release of the drug. This idea of disintegration is supported
by the images on Fig. 8 showing loss of particle structure after
releasing their drug, most likely related to the compact confor-
mation of PLGA in the poor solvent. Such disintegration and
instantaneous release from an otherwise stable particle could be of
interest for formulations in which the drug needs to be released at
a specific site.

5. Conclusions

In the present study CEL-loaded PLGA microparticles were
prepared via electrospraying using different solvents and polymer
concentrations to investigate their influence upon particle forma-
tion, morphology and drug release. The solvents ACE and ACN as
well as a binary solvent of ACE and MeOH with a molar ratio of
75:25 were selected to study the influence of solvent power,
evaporation rate and electrical conductivity on the resulting
particle properties. With all solvents particles between 2 and 7 mm
were produced with a relatively narrow size distribution (poly-
dispersivity index of 6e16%). Drug release studies showed that the
release could be controlled to take place in a time span of 1e20 h
with varying levels of burst release. Particles with different
morphologies were obtained depending on the different processing
conditions where those prepared at low solute concentration
showed the most distinct differences. ACE solutions had high
solvent power and low electrical conductivity and resulted in the
largest particles with raisin-like morphology at low solute
concentration. The release rate from particles prepared in ACE was
slower than for particles prepared in other solvents. Solutions with
ACN had lower evaporation rates and solvent power than ACE but
slightly higher conductivity and resulted in slightly smaller parti-
cles with collapse occurring at low polymer concentration. The
release rates from these particles were slightly faster than for those
prepared in ACE. The ACE/MeOH solute solution had the lowest
solvent power and the highest conductivity and resulted in the
smallest particles with small grainy features (w100 nm) indicating
early precipitation of PLGA before shell formation. Drug release
from these particles took place almost instantaneously indicating
disintegration of the particles. The presence of a poor solvent,
MeOH, had a significant role in the particle formation as well as
particle morphology and drug release and will be further investi-
gated. Overall, the results in this study support the use of electro-
spraying as a means of producing microparticles designed for
optimum drug delivery.
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