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ABSTRACT
Purpose It is imperative to understand the particle formation
mechanisms when designing advanced nano/microparticulate
drug delivery systems. We investigated how the solvent power
and volatility influence the texture and surface chemistry of
celecoxib-loaded poly (lactic-co-glycolic acid) (PLGA) microparticles prepared by spray-drying.
Methods Binary mixtures of acetone and methanol at different
molar ratios were applied to dissolve celecoxib and PLGA prior to
spray-drying. The resulting microparticles were characterized with
respect to morphology, texture, surface chemistry, solid state properties and drug release profile. The evaporation profiles of the feed
solutions were investigated using thermogravimetric analysis (TGA).
Results Spherical PLGA microparticles were obtained, irrespectively of the solvent composition. The particle size and
surface chemistry were highly dependent on the solvent power
of the feed solution. An obvious burst release was observed for
the microparticles prepared by the feed solutions with the
highest amount of poor solvent for PLGA. TGA analysis
revealed distinct drying kinetics for the binary mixtures.
Conclusions The particle formation process is mainly governed by the PLGA precipitation rate, which is solventdependent, and the migration rate of celecoxib molecules
during drying. The texture and surface chemistry of the spraydried PLGA microparticles can therefore be tailored by adjusting the solvent composition.

KEY WORDS celecoxib . microparticles . particle formation .
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INTRODUCTION
A significant number of solid dosage forms developed by
the pharmaceutical and biotech industries are based on
microparticles because they have shown to be effective
in i) enhancing drug targeting specificity, ii) lowering
systemic drug toxicity, iii) improving drug absorption
rates, and iv) providing protection for pharmaceuticals
against chemical and enzymatic degradation (1). In addition, they can be tailored to a wide variety of administration routes, including parenteral, oral, nasal and
pulmonary delivery (1–5).
Several technologies have been used to design and fabricate microparticles with the aforementioned functionalities,
including double emulsion solvent evaporation methods (6),
phase separation techniques (7), spray-drying (8–13), sprayfreeze-drying (8,9,14–16), supercritical fluid technology
(8,9,17,18) and electrospray-drying (19–21). Among them,
spray-drying may be the most preferred technology in the
pharmaceutical industry for such purpose because it is a fast
and continuous one-step process. Moreover, it is the most
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feasible technique among the aforementioned methods due
to the possibility for an industrial scale production.
In line with the concept of Quality-by-Design (QbD)
approach, numerous attempts have been made to define,
understand and control formulation and process variables to
assure the quality attributes of the final spray-dried product.
It is of crucial importance to understand the mechanisms
behind the particle formation process during spray-drying.
However, most particle engineering approaches have largely been based on characterization of the final product,
followed by adjustment of the composition of the formulation and/or optimizing the drying process parameters to
meet the specifications (22–26).
To date, a few mathematical models have been developed to describe the particle formation process during
spray-drying. One of the most commonly used models is
the constant evaporation rate model, which has been discussed in literature (1,27–30). The evaporation rate constant, κ, is defined according to Eq. 1:
d 2 ðtÞ ¼ d02  k t

ð1Þ

where d0 is the initial droplet diameter, t is the time and d(t)
is the droplet diameter at time t. The droplet drying time
(τD) can be calculated from Eq. 2:
t D ¼ d02 =k

ð2Þ

The Peclet number (Pe) described in Eq. 3 is an important parameter in the spray-drying process, which can be
used to predict the particle formation process and the resulting particle properties:
Pei ¼ k =8Di

ð3Þ

where Pe is a dimensionless number and D is the diffusion
coefficient.
The surface enrichment (Ei) [the surface concentration of
component i (Cs,i) relative to its average concentration in the
droplet (Cm,i)] and the time required for a component to
reach saturation at the surface of droplet (τsat, i) can be
approximated by the Eqs. (4) and (5), respectively.

Ei ¼ Cs;i Cm;i ¼ 1 þ Pei =5 þ Pei2 =100  Pei3 =4000
ð4Þ

2=3 
t sat; i ¼ t D 1  S0;i Ei

ð5Þ

where S0,i is defined as the ratio between the initial concentration of the components in the feed solution (C0,i) and its
saturation concentration (Csat, i).
As indicated by Eqs. 1–5, Pe depends on the drying rate
(κ) and the diffusion coefficient (Di) of the solutes, as well as
the solubility of the solutes and the initial concentration of
the solution, which are the key factors influencing the

solidification of the solutes and the particle formation process. When Pe≤1, the diffusional velocity of the solute in a
droplet is faster or in the same order of magnitude as the
solvent recession rate at the droplet surface (drying rate) and
consequently, the radial concentration profile of the solute is
predicted to be flat. For such small Pe with a large solute
solubility, precipitation of the solutes is expected to appear
at a late stage of the evaporation process, which leads to
condensed particles with a relatively homogeneous distribution of solutes in the resulting particles. For Pe>1, the recession of the droplet surface is faster compared to the diffusion of
the solute molecules. Therefore, the solutes tend to accumulate at the surface and precipitate at the surface, resulting in
shell formation. Particles formed under such circumstances
typically have voids and a lower density (1,27,30). Hence, by
characterizing the solubility, the diffusion rate of the solutes
and the drying rate, these models can to some extent be used
to predict the particle formation process.
However, these models are based on the assumption of a
constant drying rate during the spray-drying process and
without considering the existence of solvent-solvent and
solute-solute interactions during drying. Their use may
therefore be restricted to relatively simple systems composed
of a single solute component and/or a single solvent system.
When multiple solutes and solvents are applied, describing
the shrinkage of the droplets and the mobility (diffusion) of
the solutes in the droplet becomes much more complicated
due to the existence of both solvent-solvent and solute-solute
interactions during drying (the solutes may have different
solubilities and diffusion coefficients in different solvents).
Thus, a more thorough investigation of the interplay between
solutes and solvents during the particle formation process is
required for rational particle engineering via spray-drying.
The influence of the solvent composition on the particle
morphological characteristics (23), physical stability (31) and
drug release profile (32) of spray-dried microparticles has
been studied with an emphasis on characterizing the resulting microparticles and investigating the formulation and/or
process parameters that influence the final product attributes. However, less emphasis has been given to understanding the effect of critical solvent properties (e.g. solvent power
and volatility) on the particle formation process and the
resulting particles characteristics, such as the inner texture
and surface chemistry, and their effect on the drug release
profile. In the present study, we aimed to investigate how
the interplay between the solvent power and the drying rate
influences the formation and physicochemical characteristics of celecoxib-loaded PLGA microparticles prepared by
spray-drying. PLGA was chosen because it is one of the most
extensively used polymers for controlled-release formulations (33). Celecoxib, a selective COX-2 inhibitor, was used
as a poorly water-soluble model drug (solubility approximately 5 μg/ml in water) (34). Various solvent systems
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composed of acetone (ACE) or binary mixtures of ACE and
methanol (MeOH) were employed to vary the solvent power
and the drying rate systematically. ACE and MeOH were
selected to form the solvent mixtures because they are a
good solvent and a poor solvent for PLGA, respectively. By
using different compositions of these two solvents we
intended to understand how anti-solvent precipitation during the drying process influences the microscopic structure
of the spray-dried PLGA microparticles. In addition, ACE
and MeOH have different boiling points, indicating the
different evaporation rates with acetone evaporating faster.
The binary mixtures of ACE and MeOH were also
employed to study the impact of the drying rate on the
process of particle formation and particle characteristics.
The spray-dried microparticles were characterized by applying a number of advanced techniques to the analysis of
the morphology, inner structure, surface chemistry, solid
state properties and drug release rates.

MATERIALS AND METHODS
Materials
Celecoxib was purchased from Dr. Reddy [99.6%, Hyderabad, India (Mw 0381.38 g/mol)]. PLGA, acid terminated,
50:50, Mw 024,000–38,000, [(C6H8O4)X(C4H4O4)Y]n), acetone (ACE, 99.9% HPLC grade) and methanol (MeOH,
99.9% HPLC grade) were purchased from Sigma–Aldrich
(Poole, UK).
Methods
Determination of Evaporation Rates
The evaporation rates of the pure solvents and the binary
feed solutions used in the spray-drying process were mimicked and estimated by thermogravimetric analysis (TGA),
using a TGA 7 (Perkin Elmer, Waltham, Massachusetts,
USA). Briefly, approximately 20 μl solvent or feed solution
was transferred into a platinum pan, placed in the sample
holder and enclosed inside the temperature-controlled furnace constantly purged with nitrogen at a flow rate of
20 ml/min. The temperature was kept constant at 30°C to
mimic the outlet temperature during the spray-drying process. The weight loss was recorded as a function of time.
Particle Preparation by Spray-Drying
PLGA microparticles loaded with celecoxib were prepared
using a Büchi B-290 spray dryer (Büchi Labortechnik AG,
Postfach, Switzerland) equipped with an inert loop B-295
(Büchi Labortechnik AG). All samples were prepared at
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identical drying conditions (inlet temperature: 45°C; outlet
temperature: 30°C; drying air flow rate: 22.5 m3/h; atomizing air flow rate: 742 L/h and feed flow rate: 3 ml/min).
The gentle drying conditions, especially the relatively low
outlet temperature, were chosen due to the low glass transition temperatures of PLGA (45°C) and celecoxib (51°C),
respectively (34,35).
Particle Size and Morphology
The morphology and particle size of the spray-dried particles were visually examined using a Zeiss Ultra55 scanning
electron microscope (SEM, Carl Zeiss, Denmark). The samples were transferred onto sticky carbon tape and mounted
on metallic stubs, followed by sputter coating with a 5 nm
thick layer of gold to make the surfaces conductive. The
specimens were then imaged at an accelerating voltage of
3 kV with a 30 μm aperture. The particle sizes and distributions were measured by conventional image analysis using a software (Image J, NIH, USA): The Martin’s diameter
of 100–150 randomly selected particles was determined in a
fixed direction (left to right) from the field of view of the
SEM images. The size data were expressed as D10, D50,
D90, which are diameters at 10%, 50%, and 90% cumulative number, respectively. The broadness of the size distribution, known as the span, equals (D90− D10)/D50.
Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM)
A Zeiss 1540 XB Cross Beam Scanning Electron Microscope (Carl Zeiss, Denmark) equipped with a 30 kVGa+
FIB-gun was used to investigate the inner structure of the
spray-dried microparticles. Briefly, an automated FIB-SEM
slice-and-view procedure was used for characterization. The
ion beam removes thin sections of the particles, pausing the
milling process at a predetermined time interval, and an
image of the newly exposed area is saved. The slice-andview process continued through the particle, exposing the
internal structure. The resulting image stack was post processed in Image J (NIH, USA) using StackReg for alignment
(translation in x, y only).
Differential Scanning Calorimetry (DSC) and Thermogravimetric
Analysis (TGA)
DSC measurements were carried out using a PerkinElmer
series DSC 7 thermal analysis system (PerkinElmer Ltd.,
UK). Samples (5–10 mg) were crimped and sealed in aluminum DSC pans with vented lids, which were placed in
sample cells under nitrogen. Samples were heated from 25
to 200°C at a scanning rate of 10°C/min. The bulk samples
were analyzed using a TGA 7 (Perkin Elmer, Waltham,
Massachusetts, USA) under a nitrogen purge of 20 ml/
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min. Samples (ca. 5–10 mg) were loaded onto an open
platinum pan and heated from 20 to 120°C at a scan rate
of 10°C/min.
X-ray Powder Diffraction (XRPD)
The X-Ray powder diffraction spectra were recorded on a
PANalytical X’Pert PRO MPD (PW3040/60, Philips,
Netherlands) using a copper (Cu) anode for radiation with
λ01.542 Å, 45 kV and 40 mA. The samples were transferred onto a silicium plate fitted in a sample holder. The
samples were measured from 5° to 40° 2θ with a step size of
0.053° and 0.025° per second.
Drug Entrapment Efficiency
The drug entrapment efficiency (EE) was measured by
evaluating the total amount of drug in the collected samples.
Samples of 10–20 mg microspheres were accurately
weighed, dissolved in acetonitrile (10 ml) and agitated for
1 h. This solution was then diluted 1:10 in acetonitrile:water
(20:80, v/v) and centrifuged at 3,000×rpm for 10 min. The
drug content in the supernatant was analyzed using an HPLC
unit with a P680 pump, an ASI 100 sample injector and
UVD340U detector (Dionex, Idstein, Germany) equipped
with a Kromasil 126 column (Kromasil, Partille, Sweden). A
mobile phase of acetonitrile:water (60:40, v/v) was used at a
flow rate of 0.5 ml/min, the injection volume was 10 μl, and
the samples were detected at wavelength 230 nm and a run
time of approximately 15 min. A calibration curve was generated from reference celecoxib solutions ranging from 0.5 to
50 μg/ml, and a good linear correlation was achieved in the
entire range. The drug entrapment efficiency was then determined according to Eq. 6:
EE % ¼ 100  Mass of drug loaded in particles
=Mass of drug processed

ð6Þ

The drug entrapment efficiency was taken into account when analyzing the drug release data, and the
release data was corrected by linear scaling of each data
point.
Drug Release Behavior in Vitro
The in vitro drug release behavior was investigated using the
USP paddle method. Briefly, celecoxib-loaded microspheres
were suspended in a release medium of phosphate-buffered
saline (PBS) containing 1.5% (w/v) sodiumlaurylsulphate
(SLS) to ensure sink conditions. Dissolution studies were
performed using a Sotax AT7 dissolution station (Sotax,
Allschwil, Switzerland) equipped with a USP II (paddle)

apparatus and 1,000 ml glass vessels. Samples were withdrawn through a 2.7 μm glass microfiber filters (Whatman
Ltd, Oxon, England) using a Biolab/Gilson GX-271 autosampler (Biolab, Gloucestershire, UK). Samples were
weighed (10–20 mg) and placed in 500 ml release medium
at a paddle rotation of 50 rpm at 37°C. Samples of 5 ml
were taken at each time point and analyzed by HPLC as
described above. A minimum of four experiments were
performed for each microparticles formulations, and the
cumulative drug release profiles were constructed.
X-ray Photoelectron Spectroscopy (XPS)
Particles on glass slides were analyzed by XPS using a KAlpha (Thermo Scientific, Denmark) equipped with a
monochromated AlKα X-ray source with energy of
1486.6 eV. Wide energy survey scans (0–1,350 eV binding
energy) were acquired with pass energy of 200 eV and step
size of 1.0 eV. Additional high resolution spectra of carbon
(C1s), oxygen (O1s) and silicon (Si2p) were acquired using
pass energy of 25 eV and a step size of 0.1 eV. The angle
between the sample surface and the analyzer (take-off angle)
was 90°. Charge compensation was accomplished with a
dual beam flood gun. An X-ray spot size of 200 μm was
used for the spray-dried particles due to the inhomogeneous
coverage. The drug content (in weight %) was determined
by rationing the detected amount of fluorine in the sample
to the amount of fluorine in celecoxib.
Statistics
Measurements were performed in triplicate, unless otherwise stated. Values are given as means±SD. Statistically
significant differences were assessed by an analysis of variance (ANOVA) at a 0.05 significance level, followed by the
t-test (Excel, Microsoft, USA).

RESULTS
Measurement of Evaporation Rates
The evaporation profiles of the solvents (without celecoxib
and PLGA) showed reversed S-shapes representing three
distinct drying phases (Fig. 1a) i.e. an initial slowly declining
evaporation rate, a fast declining evaporation rate and a
slowly declining evaporation rate. During the first phase, a
rapid loss of solvent mass took place, and the evaporation
rate was mainly governed by the affinity between the solvent
molecules. In the second phase, the evaporation rate decreased rapidly, indicating that the major part of the solvents has evaporated. In the third drying phase, the rate of
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Fig. 1 Estimation of the evaporation rates of the pure solvents (a) and the feed solutions (b). Results denote average value (n03)

mass loss of residual solvents decreases further because less
solvent was available for evaporation.
The evaporation profiles of the solvents were significantly changed when PLGA and celecoxib were added
to the solvent systems. Four drying phases were observed for the two solvent systems at ACE:MeOH molar

ratios of 69:31 and 75:25, whereas three phases were
observed for the two solvent systems of ACE:
MeOH090:10 and 100:0 (Fig. 1b). A decrease in the
drying rate and significant extended drying time were
observed when polymer and celecoxib were added to
the solvent systems (compare Fig. 1a, b).
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Physicochemical Properties of Celecoxib-Loaded
PLGA Microparticles
Celecoxib-loaded PLGA microparticles were prepared with
the four different solvent systems, but at identical formulation and processing conditions. The estimation of the solubility of the polymer and celecoxib in ACE and MeOH is
listed in Table I, and the physicochemical properties of the
various microparticles are presented in Table II. For all four
formulation types, the entrapment efficiency was around
100% and the residual moisture content was below 1%
(Table II), despite the gentle spray-drying conditions. The
microparticles were spherical with smooth surfaces and relatively narrow size distributions for all the four samples
(Table II and Fig. 2). D50 of 1.63–2.8 μm and sizes distributions with Span in the range of 1.62–1.98 were observed
for all samples prepared with the different solvent systems.
The microparticles prepared at a high MeOH ratio (ACE:
MeOH 0 69:31) were smaller than those prepared at low
MeOH ratios or in the absence of MeOH. As observed from
the FIB-SEM images, the microparticles produced at high
MeOH molar ratios exhibited a more compact inner structure, as compared to the microparticles prepared with solvents of a low MeOH molar ratio (Fig. 3). In addition,
porous particles were observed in the samples prepared
using 100% ACE and ACE:MeOH 0 90:10.

Characterization of the Physical Solid State
of Celecoxib-Loaded PLGA Microparticles
All spray-dried celecoxib-loaded PLGA microparticles formulations showed one endothermic event at approximately
46°C (Fig. 4a) (onset of the peak), which corresponds to the
glass transition temperature of PLGA when analyzed by
DSC. No melting events of celecoxib were observed in the
thermograms of the microparticles, suggesting that the celecoxib was dispersed in the PLGA matrix as an amorphous
state. This was supported by XRPD data, for which no
crystalline diffraction was observed for the spray-dried
microparticles (Fig. 4b). All spray-dried microparticles formulations exhibited a halo shape characteristic for the
amorphous state.

Table I Physical Properties of Acetone and Methanol and Solubility of
Celecoxib and PLGA in the Solvents
Solutes and physical properties of solvents

Acetone

Methanol

Solubility of celecoxib (%w/v)
Solubility of PLGA (%w/v)
Boiling point (°C)

60–70
50–60
56.0

10
Insoluble
64.0

Surface Chemical Analysis by XPS
The relative theoretical atomic concentration (in %) of C,
O, F, N and S (H was not measured) of pure celecoxib were
65.38%, 7.69%, 11.54%, 11.54% and 3.85%, respectively.
Similarly, the relative theoretical atomic concentration (in
%) of C and O for PLGA were 55.56% and 44.44%,
respectively. The concentration of celecoxib can be estimated directly from the atomic concentration of F, N and S
atoms. In order to eliminate the errors, the ratios of N/F, S/
F and F/C were used to calculate the celecoxib concentration at the surface of the microparticles, which was measured to be in the range of 10–22% (Table III), and there
was a trend that this concentration increased significantly
with an increase in the amount of MeOH in the feed
solution.
Drug Release Behavior in Vitro
The in vitro drug release behavior of the celecoxib-loaded
PLGA microparticles showed sustained release profiles
(Fig. 5). In addition, the four different types of spray-dried
microparticle formulations prepared at different solvent
compositions exhibited different celecoxib release profiles.
The microparticles prepared using ACE:MeOH 0 69:31
showed a burst release of 50% of the drug within the initial
30 min, followed by a sustained release. The other three
microparticles formulations showed diffusion-driven release
profiles without a distinct burst release, and higher release
rates were generally observed when the MeOH:ACE molar
ratio was increased.

DISCUSSION
Effects of Solvent Power and Volatility
on the Formation of PLGA Microparticles
in the Spray-Drying Process
The formation of the particles in the spray-drying process is
influenced by the physicochemical properties of the solvent,
such as the volatility, polarity and solvent power to solutes.
These factors determine the mass and heat transfer of the
droplets after atomization of the feed solution, which in turn
influence the characteristics of the particles resulting from
the spray-drying process. The drying kinetics, as well as the
interplay between the solute and solvent molecules, is critical determinants for the particle formation process. In the
present study, the effects of drying rate and solvent power on
the formation of PLGA microparticles during the spraydrying process were studied by varying systematically the
composition of the solvent systems consisting of binary mixtures of ACE and MeOH. However, it is almost impossible
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Table II Composition and Viscosity of Feed Solutions, and Physicochemical Properties of Celecoxib-Loaded PLGA Microparticles (5% (w/v) Solid Conc.,
10% (w/w) Drug Content)
Feed solution
Composition (acetone: methanol molar ratio)
69 : 31
75 : 25
90 : 10
100 : 0

Characterization of the microparticles
[η] (dL/g)

D10 (μm)

D50 (μm)

D90 (μm)

Span

EE (%)

RM (%)

0.154
0.188
0.204
0.236

0.68
0.96
1.34
1.08

1.63
2.17
2.80
2.46

3.90
4.89
5.88
5.65

1.98
1.81
1.62
1.86

101.4±0.1
102.7±0.9
106.9±1.5
106.4±1.0

0.55±0.06
0.47±0.05
0.53±0.03
0.52±0.07

Results denote mean ± SD (n03)

to measure directly the drying rates in spray-drying processes due to the instantaneous evaporation of the solvent(s).
Therefore, model systems are often used to study the drying
kinetics. Here, we studied the drying kinetics of different
solvent systems by measuring the evaporation rates of the
solvents as a function of time, by monitoring the weight loss
of the solvents and feed solutions using TGA under controlled temperature, surface area and nitrogen flow (31,36).
For the solvent systems without solutes, prolonged evaporation profiles were observed with an increase in the proportion of MeOH in the solvent systems (Fig. 1a), indicating
that the higher the proportion of MeOH in the solvent
system, the slower the drying rate. This can be attributed
to the lower volatility of MeOH, as compared to ACE.
Similar results have been reported for studies of the drying
kinetics of binary solvent systems, which have shown that the
evaporation coefficient of the solvent systems change as a
function of time at constant drying conditions (37,38). During the last part of the drying process, the evaporation
Fig. 2 SEM images of PLGA
microparticles loaded with 10%
(w/w) celecoxib prepared using
the following binary solvent
mixtures: ACE:MeOH 0 69:31
(a), ACE:MeOH 0 75:25 (b),
ACE:MeOH 0 90:10 (c) and
ACE:MeOH 0 100:0 (d).

coefficient approaches the coefficient for the solvent with
the lowest volatility (38,39).
The drying profiles of the feed solutions exhibited reduced evaporation rates, as compared to the solvent systems
without solutes (Fig. 1a, b). As both drying kinetics studies
were conducted at identical operation conditions, the prolonged drying profiles in the feed solutions can be attributed
to the affinity between the solvent molecules and the polymer molecules, which reduced the rate of solvent evaporation. The decrease in the evaporation rate of the four
different feed solutions can be attributed to the increased
viscosity of the feed solutions at higher concentrations upon
evaporation of the solvent because the molecular mobility is
hindered.
The drying profiles of ACE:MeOH 0 90:10 and ACE:
MeOH 0 100:0 were similar during the first drying phase,
while in the second drying phase, ACE:MeOH 0 90:10
showed a delayed drying profile (Fig. 1b). This indicates
that the addition of a solvent with lower volatility (MeOH)

a

b

c

d
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Fig. 3 FIB-SEM images of PLGA
microparticles loaded with 10%
(w/w) celecoxib prepared using
the following binary solvent
mixtures: ACE:MeOH069:31
(a), ACE:MeOH075:25 (b),
ACE:MeOH090:10 (c), ACE:
MeOH0100:0 (d).

extends the drying time of the feed solution. However, no
obvious extension of the drying time was found with an
increase in the proportion of MeOH in the feed solutions
from 10% (90:10 molar ratio) to 31% (69:31 molar ratio),
even thought this was observed in the solvent systems
(Fig. 1a). This suggests that the decrease in the viscosity of
Fig. 4 Representative DSC
thermograms (a) and
representative XRPD profiles (b)
of celecoxib, PLGA, physical
mixture of celecoxib and PLGA,
and PLGA microparticles loaded
with 10% (w/w) celecoxib
prepared using different solvent
systems.

a

b

c

d

the polymer solutions with an increase in the content of
MeOH may compensate for the reduced evaporation rates
of the solutions containing higher amount of the solvent with
low volatility.
At the early stage of the evaporation process, the ACE:
MeOH 0 75:25 and ACE:MeOH 0 69:31 feed solutions

b
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Table III Chemical Surface
Composition of Celecoxib-Loaded
PLGA Microparticles (5% (w/v)
Solid Conc., 10% (w/w) Drug
Content)
Results denote mean ± SD (n03).
Results significantly different from
microparticles prepared with acetone are indicated: * p<0.05
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Composition of feed solution

Elemental analysis

Acetone:methanol molar ratio

N/F

S/F

F/C

69 : 31
75 : 25
90 : 10
100 : 0

0.96±0.07
0.35±0.07
0.89±0.04
0.96±0.15

0.39±0.09
0.13±0.03
0.34±0.02
–

0.040±0.001
0.047±0.006
0.018±0.001
0.026±0.003

Drug accumulative release percentage (%)

exhibited two-step drying profiles, i.e. a rapid decrease in
the evaporation rate (5–15 min), followed by a slow decrease
in the evaporation rate (15–40 min), while the ACE:MeOH
0 90:10 feed solution exhibited a linear reduction in the
evaporation rate between 5 and 40 min, which is similar to
the ACE:MeOH 0 100:0 feed solution. This indicates that
addition of MeOH to the solvent system alters the drying
kinetics of the feed solution. Because MeOH is a poor
solvent for PLGA, an anti-solvent precipitation of the polymer may occur when the molar ratio between ACE and
MeOH decreases upon evaporation due to the higher volatility of ACE, as compared to MeOH. On the other hand,
anti-solvent precipitation of celecoxib is unlikely to occur as
it can be dissolved in both ACE and MeOH, and the
concentration of celecoxib in the feed solution is rather
lower, as compared to the PLGA concentration. Considering the difference in molecular weight of celecoxib and
PLGA, and the mass transfer involved in the spray-drying
process, a different migration rate of celecoxib and PLGA
can be expected during the solidification of the droplets,
eventually influencing the distribution of the two molecules
in the resulting microparticles.
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Fig. 5 In vitro drug release profiles of PLGA microparticles loaded with
10% (w/w) celecoxib prepared using different solvent systems. Results
denote mean ± SD (n04).
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Effect of Solvent Power and Volatility
on the Physicochemical Properties and Release
Profiles of Celecoxib-Loaded PLGA Microparticles
Varying the solvent composition did not significantly influence the encapsulation efficiency, residual moisture content
and morphology of the PLGA microparticles in the current
study (Fig. 2 and Table II). As expected, the encapsulation
efficiency of celecoxib was about 100%, regardless of the
solvent composition. The low residual moisture content in
the microparticles suggests that the process parameters used
in the present study are appropriate for effective drying of
the PLGA microparticles, even though different solvent
compositions were used. Furthermore, applying an outlet
temperature below the Tg of PLGA effectively prevented
agglomeration of the PLGA microparticles. All four
microparticle-based formulations exhibited a similar spherical shape, and no fusion of the microparticles was observed.
The particle size of the spray-dried microparticles
appeared to be dependent on the solvent composition.
The microparticles tended to become smaller with an increase in the proportion of MeOH in the solvent systems.
This can be attributed to the fact that the viscosity of the
PLGA solution is decreased (See Table II) when MeOH (a
poor solvent) is added to ACE (a good solvent). The decrease in the viscosity of the PLGA solution resulted in a
decreased size of the atomized droplets and therefore also a
smaller size of the dry particles (40), indicating that the
solvent power can influence the size of the polymeric microparticles produced by spray-drying by altering the viscosity
of the feed solution. Furthermore, the drying rate of the
solvent systems was decreased by increasing the ratio of
MeOH to ACE (Fig. 1a), which caused a prolonged solidification time for the PLGA microspheres and shrinkage,
resulting in a smaller particle size and the formation of a
compact inner structure. This finding is supported by FIBSEM studies of the microparticles (see Fig. 2).
The majority of the PLGA microparticles has a condensed texture. This can be attributed to the relatively high
solid concentrations and the mild drying conditions applied
in this study. Nevertheless, some porous particles were
found in the samples prepared with 100% ACE and ACE:
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MeOH 0 90:10, while this was not the case for the samples
prepared with ACE:MeOH 0 75:25 and ACE:MeOH 0
69:31 (see Fig. 2). This can be explained by the distinct
evaporation rates of the different solvents compositions.
The faster evaporation rate of pure ACE or ACE:MeOH 0
90:10 results in less time for the droplets to shrink due to the
early formation of the shell, as compared to the droplets in
ACE:MeOH 0 75:25 and ACE:MeOH 0 69:31 systems.
Other studies on the effect of solvent composition on the
miscibility and physical stability of solid dispersions (31,36)
have showed that application of a mixture of a good solvent
and an anti-solvent with more narrow volatility difference
results in solid dispersions with better miscibility and physical stability. In the present study, the different solvent
compositions used in this study did not result in detectable
differences in the solid state properties of celecoxib in the
PLGA matrix, even though the evaporation rate of the
solvent systems was shown to be different in the TGA study.
This may be due to the instant evaporation of the solvents in
the spray-drying process and to the high ratio between
polymer and celecoxib. Celecoxib was appeared to be molecularly dispersed in the PLGA matrix after the spraydrying process, which was supported by both DSC and
XRPD studies (Fig. 4). However, applying different solvent
compositions resulted in different surface chemistry of the
microparticles. As shown in the surface analysis using XPS,
a high surface enrichment of celecoxib was observed upon
increasing the proportion of MeOH in the solvent system
(Table III). This can be explained by the different migration
rate of celecoxib and PLGA during the particle formation
process. For example, in the co-solvent systems of ACE:
MeOH 0 75:25 and ACE:MeOH 0 69:31, anti-solvent
precipitation of PLGA might occur prior to the precipitation of celecoxib due to the better solubility of celecoxib
than PLGA in both MeOH and ACE. The celecoxib molecules might thus migrate to the particle surface during
diffusion of the residual solvents (i.e. ACE and MeOH) from
the inner core towards the outer shell of the particles,
eventually resulting in the surface enrichment of celecoxib.
The drug release behavior from PLGA matrices can be
diffusion-driven or diffusion-driven followed by erosiondriven release due to hydrolysis of the PLGA ester bond
linkages (33). For the uncapped PLGA used in this study, a
visible erosion of the PLGA matrix has been reported to
take place after at least 15 days, depending also on the size
and texture of the particles (33). In the present study, the
release rates of celecoxib-loaded PLGA microparticles were
investigated in aqueous solutions containing SDS for 20 h.
Thus, the drug release behavior was most likely diffusiondriven and influenced mainly by the PLGA network and the
radial distribution of the drug in the microparticles.
As shown in the release study, the release rates of celecoxib from the microparticles were found to be different,
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even though the formulation compositions in the microparticles were identical. This could be attributed to the different
physicochemical properties of the particles resulting from
the spray-drying process when using different solvent compositions. As expected, a burst release was found for the
microparticles produced with the solvent composition of
ACE:MeOH 0 69:31 (Fig. 5), which has the highest surface
enrichment of celecoxib and smallest particle size. Moreover, considering the celecoxib surface enrichment of the
microparticles prepared using ACE:MeOH 0 69:31 was just
about 22%, while the burst release in the initial 15 min was
more than 30%, which was higher than the drug surface
enrichment; while, the burst release during the initial 15 min
for the other three samples was around 7–8%, which were
less than the drug surface enrichment (10–18%). This suggests that the release of celecoxib from the PLGA microparticles is not only influenced by the physical properties of
the microparticles (such as the surface enrichment, size,
density, etc.), but also the structure state of the PLGA
matrix, which is determined by the conformational structure
of PLGA in the microparticles and the network of the
polymer molecules. It is because the conformational structures of PLGA in the solvent systems can vary depending on
the proportion of good solvent and poor solvent in the
systems, which were reflected by the different rheological
parameters (such as viscosity in Table II). The instant precipitation of PLGA from the different solvent systems in the
spray-drying process may result in different conformational
structures of PLGA in the microparticles and different networks in the microparticles, which could affect the celecoxib
release profiles.

CONCLUSION
This study elucidated the influence of solvent power and
volatility on the particle formation process and the physicochemical properties of PLGA microparticles produced via
the spray-drying process. Even for the identical formulations, the physical properties of the particles, such as the
particle size and texture can be adjusted by varying the
solvent composition. Owing to the differences in the molecular weight and solubility of the solutes in the given solvent
mixtures, the drug and polymer molecules exhibited different diffusion rates during the process of particle formation,
resulting in a non-homogenous drug distribution in the
resulting particles. This was demonstrated by the surface
enrichment of the drug when varying the solvent compositions. The drug release profiles of the microparticles were
dependent on the solvent composition. It is because different
solvent compositions might result in not only varied physical
properties of the particles but also different network and
conformational structure of the polymers in the particles.

Solvent Properties Affect Particle Formation and Characteristics

The present study highlights the complexity of the process of
particle formation via spray-drying and the potential for
rational particle engineering via understanding of the interplay between formulation and solvent components during
spray-drying.
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