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Introduction

The spray drying technique has been used as a microen-
capsulation method, being able to create microparticles 
(MP) composed of drug and polymer that were previ-
ously dissolved, dispersed or emulsified in the appropri-
ate aqueous or organic medium1. Pharmaceutical MP 
preparation using the spray drying process includes not 
only the removal of solvent and reduction of particle 
size, but also the generation of the particles that have a 

well-defined morphology and physicochemical proper-
ties2. The encapsulation of a drug within a polymer allows 
for greater control of the pharmacokinetic behavior of the 
active molecule, maintaining a more appropriate level of 
the drug at the site of delivery3, especially where micron 
size is an advantageous feature (e.g., topical and ocular 
administration4,5).

It is well known that the feed composition and 
spray drying process determine the ultimate product 
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characteristics6,7. Specifically, the solvent used for the 
feed preparation influences several very important fac-
tors that greatly contribute to the final MP properties 
and performance. It affects the following: (i) polymer 
solubility as well as the conformation of its chains8; (ii) 
deposition kinetics under constant spray drying condi-
tions that are related to the solvent evaporation rate 
(determined by the boiling point temperature and heat 
of vaporization9,10) and the initial saturation of constitu-
ents. The solvent has a tremendous impact on the MP 
morphology10–13 and density, which are directly allied 
with drug release14. Polymer chains have different con-
formations depending on the ability of the solvent to 
solubilize the polymer13,14. The physical entanglements 
between polymer chains change in different solvents. 
In a good solvent, the polymer exhibits a random coil-
expanded conformation, whereas in poor solvent and in 
dilute solution, the polymer chain collapses, producing 
a globular conformation. Moreover, in poor solvents, 
polymer-rich and polymer-depleted phases may occur15, 
influencing the possibility that the polymer will interact 
with the other constituents16. The solvent evaporation 
rate and deposition kinetics dictate the matrix coher-
ence and the amount of strain stored in the system. 
Denser matrices restrict polymer chain mobility due to 
reduced free volume, simultaneously limiting medium 
penetration into the MP matrix14.

Spray drying frequently ends up in a final product of 
amorphous nature, which is prone to undergo structural 
relaxation during storage, characterized by enthalpy 
and volume reduction. Drug release from the MP could 
change upon storage due to the time and temperature 
dependant variation of the free volume17. The magnitude 
of the driving force that leads to structural relaxation is 
linked to the rate of particle formation and is affected by 
process parameters18. Literature reports for poly(lactic-
co-glycolic)acid MP indicate that the manufacturing 
process, residual solvent level and the nature of the inter-
action between the drug and polymer affect the rate of 
structural relaxation18. Therefore, the conditions directly 
influencing particle formation (e.g., solvent, initial drug 
saturation) could be a source of variability in the burst 
release and may affect the stability of the drug release 
during storage17,18.

Esposito et al11. earlier evaluated the solvent influence 
on the morphological and dimensional properties of 
Eudragit® RS-based MP prepared by spray drying while 
Sipos et al19. examined its impact on thermal properties; 
however, no data on drug release were provided. Stability 
of such microsystems, in terms of evaluating changes 
caused by relaxation processes and other solid-state 
alterations, has not been previously examined. Therefore, 
we aimed to broaden the current understanding of sol-
vent influence on the MP physicochemical properties, 
stability and performance.

This study is a continuation of our previous work on 
the spray dried Eudragit® RS-based MP with mupirocin 
calcium20. Mupirocin calcium, a topical antibiotic, exerts 

antimicrobial activity by reversibly inhibiting isoleucyl-
transfer RNA, thereby inhibiting bacterial protein and 
RNA synthesis21. It has excellent activity against suscep-
tible strains of Staphylococcus aureus and Streptococcus 
pyogenes in the treatment of secondarily-infected trau-
matic skin lesions as well as against methicillin-resistant 
S. aureus (MRSA) as an intranasal agent. Given that 
mupirocin was administered three-times daily, with 
the increased likelihood that this regular dosing regime 
would be omitted resulting in a reduced curing rate, pro-
longed release MP were considered in order to improve 
the therapy. Such MP could provide a prolonged release 
of the drug on the skin, thus administering the drug in a 
localized manner at the application site, while simulta-
neously reducing application frequency22.

The spray dried powders prepared from two different 
drug:polymer proportions (1:5 and 2:1 (w/w)) were eval-
uated in terms of drug loading (DL), yield, encapsulation 
efficacy, particle size, morphology and drug release. In 
addition, mathematical modeling was applied to separate 
burst and sustained phases of the drug release profiles. 
Solid-state properties were assessed using a number of 
appropriate and complementary analytical techniques 
such as powder X-ray diffraction (XRPD), thermogravi-
metric analyses (TGA), modulated differential scanning 
calorimetry (MDSC) and Fourier transformed infrared 
spectroscopy (FTIR). In addition, a time-kill assay was 
performed using S. aureus (ATCC 29213) and clinically 
isolated methicillin-resistant S. aureus (MRSA) strains at 
two concentrations in order to evaluate the antimicrobial 
activity of microsystems.

Materials and methods

Materials
Mupirocin calcium was kindly donated by Pliva Croatia 
Ltd., Zagreb, Croatia. Eudragit® RS 100 and Eudragit® 
RS 12.5 (12.5% (w/w) of polymer in a 40:60 (w/w) 
acetone:isopropanol mixture) were obtained from Evonik, 
Essen, Germany. Methanol and tetrahydrofuran (liquid 
chromatography grade), ammonium acetate (puriss p.a.) 
and potassium bromide (grade for infrared spectroscopy) 
were obtained from Merck KgaA, Darmstadt, Germany. 
Sodium acetate trihydrate (puriss p.a.) was provided by 
Kemika, Zagreb, Croatia. Polysorbate 80 was procured 
from Uniquema, Merseyside, UK. Ultra pure water was 
used in all the experiments.

Methods

Preparation of MP
MP were prepared by spray drying the solutions contain-
ing two different proportions of mupirocin calcium and 
Eudragit® RS polymer, namely 2:1 and 1:5 (w/w). These 
proportions were preselected based on preliminary work 
that was previously published20. Samples M and ME were 
prepared by dissolving Eudragit® RS 100 in methanol and 
methanol:ethanol (50:50, w/w) respectively, using an 
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ultrasonic bath until complete dissolution of the poly-
mer was achieved. The polymer solution was then left for 
24 h before the drug was added. Mupirocin calcium was 
easily dissolved in the polymer solution by gentle stirring 
and spray dried immediately. Samples AI were prepared 
using commercially available Eudragit® RS 12.5 solution 
in which acetone:isopropanol (40:60, w/w) was used as 
the solvent. The total amount of solid material in all feed 
solutions was 3.0% (w/w).

Spray drying was performed using a Büchi B-290 mini 
spray dryer (Büchi Labortechnik AG, Flawil, Switzerland) 
with the Inert Loop B-295, which enabled safe opera-
tion with organic solvents in a closed loop. Compressed 
nitrogen was used to disperse the liquid into fine drop-
lets, which were consequently dried in the cylinder and 
deposed in the cyclone. Drying conditions are given as 
follows for all prepared samples: the temperature was 
110°C, the aspirator setting was 85%, the pump flow rate 
was 40% and the compressed nitrogen flow rate was 670 
Nl/h. A small high-performance cyclone was used to 
increase the yield.

Determination of the DL and encapsulation efficiency
The mupirocin calcium content in the MP was deter-
mined by the HPLC assay method described in the United 
States Pharmacopeia (USP), 31st edition, Suppl. 2, 2009. 
An appropriate amount of MP was dissolved in methanol 
by sonication in an ultrasonic bath (Julabo USR3, Julabo 
Labortechnik Gmbh, Seelbach, Germany) for 30 min to 
obtain 0.1 mg/mL of mupirocin calcium. Samples were 
filtered through glass fiber prefilters (Acrodisc® GF 25 mm 
syringe filters with GF/0.45 GHP membrane, Pall, Bad 
Kreuznach, Germany) before drug determination. An 
HPLC system, which consisted of an Agilent 1100 Series 
instrument (Agilent Technologies, Waldbronn, Germany) 
equipped with a diode array detector set at 230 nm, was 
used to perform the assay. The mobile phase, a degassed 
and filtered mixture of 0.1 M ammonium acetate and 
tetrahydrofuran in the ratio of 68:32, was used at a flow 
rate of 1 mL/min. The column (Zorbax Eclipse XDB C8 
column 250 × 4.6 mm, particle size 5 µm, Agilent, Palo 
Alto, CA) suited with a guard column (Symmetry C8, par-
ticle size 5 µm, 3.9 × 20 mm, Waters, Dublin, Ireland) was 
operated at 35°C. The sample injection volume was 20 µL. 
The elution was isocratic and the run time was 10 min. All 
experiments were performed in triplicate.

DL was determined as a percent ratio (w/w %) of the 
drug present in the MP. Encapsulation efficiency (EE) 
was determined as a percent ratio (w/w %) of the actual 
drug content in MP and the amount of drug added (theo-
retical content). The yield was calculated by dividing the 
weight of MP by the total weight of the added ingredients 
(polymer and drug).

Drug release study
The dissolution test was performed using a USP 31 
Apparatus 2 paddle apparatus (PharmaTest type PTW S, 
PharmaTest Apparatebau GmbH, Hainburg, Germany). 

A predetermined amount of MP containing 50 mg of the 
drug was placed into 500 mL of degassed pH 5.5 USP 
acetate buffer, and the temperature was maintained at 
37 ± 0.5°C. The paddle speed was 20 rpm. Aliquots (5 mL) 
were withdrawn at predetermined time points and ana-
lyzed, according to the HPLC assay method described 
above. The withdrawn aliquots were replaced with fresh 
dissolution medium thermostated at 37°C. The sink con-
dition of the drug was maintained in a given pH medium. 
All analyses were performed in triplicate.

Particle size analysis
Measurements of particle size distributions (PSDs) of 
MP were obtained using a low-angle laser light scatter-
ing instrument, Mastersizer 2000 (Malvern Instruments 
Ltd., Malvern, Worcestershire, UK). Particles were dis-
persed using a Hydro 2000µP dispersion unit. MP were 
dispersed in tap water using several drops of 1% (w/w) 
polysorbate 80 solution as a dispersant. Obscuration 
was set between 8 and 15%, and the samples were pre-
treated with internal ultrasound for 1 min at the 100% 
level. During measurement, the pump/stirrer was set at 
2000 rpm, and ultrasound was applied continuously at 
10%. The sizes that were quoted are average values of six 
measurements.

Thermal analyses
MDSC analyses were carried out on a TA Instrument 
Q1000 Modulated DSC (TA Instruments, New Castle, 
DE) using aluminum hermetic pans with pierced lids (to 
allow for removal of residual solvent) with about 5 ± 2 mg 
of sample, under a dynamic nitrogen atmosphere 
(50 mL/min). The samples were heated at 5°C/min from 
20 to 200°C, using modulation temperature amplitude of 
±0.8°C and period of 60 s. The glass transition tempera-
ture (T

g
) was determined using the TA Universal Analyses 

2000 software by extrapolating the linear portion of the 
DSC curve above and below the glass transition point 
and determining the midpoint temperature in the 
reverse heat flow curve. The analyses were performed in 
triplicate.

Thermogravimetric (TG) curves were obtained using 
a TGA-7 TG analyzer (Perkin-Elmer Co., Norwalk, CT), 
using platinum pans with about 5 mg of sample, under 
a dynamic nitrogen atmosphere (35 mL/min) and at a 
heating rate of 10°C/min from 30 to 250°C. These analyses 
enabled the determination of the total amount of volatile 
substance (residual solvent). The analyses were done in 
triplicate.

Infrared analyses
Infrared spectra were recorded on a Nicolet 6700 FTIR 
instrument (Thermo Fisher Scientific Inc., Waltham, 
MA) equipped with a fast recovery deuterated triglycine 
sulfate (DTGS) detector, working under Omnic software 
version 4.1. A spectral range of 400–4000 cm−1, resolu-
tion of 4 cm−1 and an accumulation of 32 scans were 
used in order to obtain good-quality spectra. A KBr disc 
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method was used with approximately 0.5% (w/w) sample 
loading.

Scanning electron microscopy
The morphology of the MP was observed on a JEOL 
JSM-5800 scanning electron microscope (SEM) (JEOL, 
Tokyo, Japan). Samples were mounted on the double-
sided adhesive and coated with a thin layer of gold under 
vacuum. The SEM was operated at an acceleration volt-
age of 15 kV.

X-ray analyses
XRPD data were recorded on a Philips X’Pert PRO dif-
fractometer (PAN Analytical, Kassel, Waldau, Germany) 
equipped with an X’Celerator detector (2.022° 2θ) using 
CuKα radiation at 45 kV and 40 mV. The scan angle range 
(2θ) was 2–50°, the step size (2θ) was 0.017° and the time 
per step was 50 s. Samples were powdered in a mortar 
and applied directly onto a Phillips’ original circular 
sample holder (16 mm diameter) and closed with the 
bottom plate. Diffractograms were analyzed using X’Pert 
Data Collector software.

Stability studies
MP stability was assessed after storage for 10 months at 
controlled room temperature (25°C/60%RH) in glass con-
tainers. X-ray, MDSC and drug release analyses were con-
ducted to evaluate the physical stability of the powders.

Antimicrobial activity
The antimicrobial activity of MP was investigated with 
respect to the free drug. Samples were suspended in 
degassed acetate buffer (pH 5.5; USP) immediately 
prior to examination. Antimicrobial activity was tested 
on S. aureus (ATCC 29213) and three clinical isolates 
of methicillin-resistant S. aureus (MRSA). A two-fold 
microdilution assay using Mueller-Hinton broth (Sigma, 
Munich, Germany) was carried out following CLSI 
guidelines (National Committee for Clinical Laboratory 
Standards, 2001). A 1–2 × 108 colony-forming unit (cfu)/
mL inoculum was prepared and adjusted to a final 
concentration of 1–2 × 105 cfu/mL in broth containing 
samples in two-fold dilutions ranging from 0.0625 µg/mL 
to 64 µg/mL on a microtiter plate. A culture of S. aureus 

strains in the broth was used as a positive (growth) con-
trol, while broth without S. aureus was used as a negative 
control. The minimal inhibitory concentration (MIC) was 
the lowest concentration that inhibited visible bacterial 
growth after 24 h of incubation at 35 ± 2°C. Following MIC 
determination, a time-kill assay was performed using 
S. aureus (ATCC 29213) and a single S. aureus (MRSA) 
strain. A bacterial concentration between 6.1 and 6.5 log 
cfu/mL was used as the initial inoculum on a microtiter 
plate. Wells containing Mueller-Hinton broth with mupi-
rocin calcium samples in concentrations of 16 and 8 µg/
mL were incubated with S. aureus strains for 3, 6 and 24 h 
at 35 ± 2°C. A minimal bactericidal concentration of 16 
µg/mL was previously determined for S. aureus (ATCC 
2921320). After incubation, ten-fold dilutions were pre-
pared with Mueller-Hinton broth and 10-µL samples were 
subcultured on Mueller-Hinton agar plates. Bacterial 
colonies were counted after 18 h of incubation at 35 ± 2°C. 
Experiments were performed in triplicate.

Statistical analysis
Unless otherwise noted, the results are expressed as 
mean ± standard deviation (SD). A one-way analysis 
of variance was employed for the comparison of the 
experimental data. Post hoc multiple comparisons were 
done by Tukey’s test for significance at p-values less 
than 0.05 (p < 0.05). Mathematical modeling (monoex-
ponential and biexponential equations) was applied 
to characterize drug release kinetics (GraphPad Prism, 
GraphPad Software Inc., San Diego, CA; www.graphpad.
com). A biexponential model has been used to separate 
burst (k

1
 rate constant) and sustained release phases 

(k
2
 rate constant) of dissolution profiles to enable their 

comparison23,24.

Results and discussion

Solvent influence on the properties of the MP
Drug encapsulation, production yield, particle size and 
morphology
Characteristics of the spray dried MP, differing in DL and 
solvents used, are given in Table 1. Eudragit® RS solu-
bility in organic solvents was experimentally observed 
and found to increase in the following order: methanol 

Table 1.  Characteristics of the MP containing 1:5 and 2:1 (w/w) drug:polymer proportions spray dried from methanol, methanol:ethanol 
and acetone:isopropanol mixtures.

Samples

Drug:polymer 
proportion 

(w/w) Solvent/s
EE [% ± SD] 

(n = 3)
DL [% ± SD] 

(n = 3)
Yield (%) RS [% ± SD] 

(n = 3)

PSD [µm ± SD] (n = 6)

d(0.1) d(0.5) D(0.9)
M1 1:5 MeOH 102.3 ± 1.1 16.1 ± 0.2 55.8 0.9 ± 0.0 1.4 ± 0.0 2.8 ± 0.1 7.0 ± 0.2
ME1 1:5 MeOH:EtOH = 50:50(w/w) 99.1 ± 0.9 15.6 ± 0.1 56.0 1.0 ± 0.2 3.4 ± 0.1 7.6 ± 0.2 23.6 ± 0.0
AI1 1:5 Acetone:iPrOH = 40:60(w/w) 99.6 ± 0.6 15.2 ± 0.1 62.6 1.3 ± 0.1 2.6 ± 0.0 5.7 ± 0.0 13.6 ± 0.0
M2 2:1 MeOH 101.5 ± 0.6 63.8 ± 0.3 62.6 1.0 ± 0.1 1.2 ± 0.0 3.1 ± 0.0 10.1 ± 0.2
ME2 2:1 MeOH:EtOH = 50:50(w/w) 99.1 ± 0.8 62.4 ± 0.5 62.7 1.6 ± 0.0 2.0 ± 0.0 3.7 ± 0.0 6.9 ± 0.0
AI2 2:1 Acetone:iPrOH = 40:60(w/w) 99.0 ± 0.6 61.1 ± 0.4 65.8 2.2 ± 0.1 4.1 ± 0.0 9.5 ± 0.0 21.5 ± 0.3
MeOH, methanol; EtOH, ethanol; iPrOH, isopropanol; EE, encapsulation efficacy = percent ratio (w/w %) of the actual drug content in 
MP and the amount of drug added (theoretical content); DL, drug loading = percent ratio (w/w %) of the drug present in the MP; RD, 
residual solvents; SD, standard deviation; PSD, particle size distribution.
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< methanol:ethanol < acetone:isopropanol. The drug 
exhibited the opposite order of solubility in regards to the 
polymer. Irrespective of the solvent used, good encapsu-
lation was achieved for all the MP obtained (EE > 99%; 
Table 1). There is a high likelihood that the microdroplets 
formed during atomization will retain their initial com-
position once they become solid, if they are originally in 
solution form. These findings are aligned with observa-
tions of complete drug encapsulation that was attained 
by the spray drying process from the feed solution, which 
were described previously25–27. Production yield was 
generally high for all MP, ranging between 56 and 66% 
(Table 1).

MP were in the form of white, free-flowing powder 
(Figure 1). The solvent had a great influence on MP 
morphology9,12,28. Figure 1A–1C represents MP with a 
drug:polymer proportion of 1:5 (w/w). MP M1 (Figure 
1A) were highly shriveled, suggesting that when metha-
nol was used as the solvent, the early onset of the 
solidification process happened in the drying process, 
starting with the formation of a pliable layer that later 
underwent prominent deformation due to the increased 
interior solvent vapor pressure9,28. Methanol:ethanol and 
acetone:isopropanol mixtures enabled the generation of 
rather spherical MP, with smooth surfaces and no visible 
pores (ME1; Figure 1B and AI1; Figure 1C, respectively). 
Smooth surfaces are often present when a polymer solidi-
fies at a temperature that is high enough to maintain the 
polymer in the rubbery state (outlet temperatures were 
between 56 and 69°C), allowing necessary relaxation 
processes to occur26. Ethanol, having a higher boil-
ing point than methanol and being a better solvent for 
polymer, possibly affected the drying process by slowing 
down the evaporation rate and delaying solidification. 
The microdroplet had more time to shrink in size and 
gradually solidify, thus preserving its spherical shape. An 
acetone:isopropanol mixture further improved the poly-
mer solubility that again produced sphere-shaped MP 
without an early surface deposition (and consequential 

modification of morphology). It is believed that the 
polymer had a predominant influence on the particle 
morphology as the DL was at a 15–16% (w/w) level in the 
associated samples.

Figure 1D–1F represents MP having a drug:polymer 
proportion of 2:1 (w/w). M2 (Figure 1D) and ME2 
(Figure  1E) MP have a regular spherical shape 
and a smooth and poreless surface. Methanol and 
methanol:ethanol mixtures allowed the solidification 
process to happen slowly, resulting in a uniform outward 
appearance. On the contrary, the acetone:isopropanol 
mixture significantly reduced the drug solubility while 
acting as an excellent solvent for the polymer at the 
same time. Thus, it was expected that the drug would 
reach its saturation point before the polymer for AI2 
MP. These MP (Figure 1F) are not perfectly spherical. 
Microdroplet coalescence probably happened in close 
proximity to the atomizer, initiated by extremely rapid 
drug deposition, thus forming distorted and agglomer-
ated MP.

The PSD results are presented in Table 1. Generally, 
the small particle sizes (d(0.9) in the range of 7–22 µm) of 
all MP may be attributed to the relatively low viscosity of 
the spraying solution (low concentration of solutes) and 
high compressed nitrogen flow rate. If PSD results are 
interpreted mutually with SEM images, it is easily recog-
nized that particles are smaller than the measured vol-
ume distributions (see d(0.9) values, Table 1). The higher 
d(0.9) values could be attributed to the agglomerated MP 
rather than to the actual size of a single particle.

Solid-state characterization
X-ray analyses (Figure 2) have shown composition-
dependant halo patterns that are characteristic of highly 
disordered amorphous forms without diffraction peaks 
of crystalline mupirocin calcium. However, owing to the 
low sensitivity of the X-ray technique that was used, there 
is still a possibility that a very small fraction of crystalline 
drug is present within the polymer matrix.

Figure 1.  SEM images of the MP: (A) M1, (B) ME1 and (C) AI1 containing 1:5 (w/w) drug:polymer proportions and (D) M2, (E) ME2 and (F) 
AI2 containing 2:1 (w/w) drug:polymer proportions (size bar denotes 5 µm).
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Thermal properties are an extremely useful tool in 
revealing the solid-state form of a drug that is embedded 
into the polymer matrix, enabling a better understanding 
of overall MP performance. It also indicates the organi-
zation and flexibility of polymer chains that are directly 
linked to the rate of drug release29. The individual ther-
mal properties of the drug and polymer are previously 
reported in our work20. Thermograms of MP containing 
a 1:5 (w/w) drug:polymer proportion are depicted in 
Figure  3A. The total heat flow curves generated by MDSC 
have shown a lack of melting endotherm of mupirocin 
calcium, which is expected at 133°C (data not shown), 
assuming an amorphous nature for the obtained systems. 
These findings were additionally confirmed by the X-ray 
data (Figure 2). Further, the reverse heat flow curves were 
utilized to deconvolute the thermal events associated with 
specific heat that is characteristic for glass transition. A 
single, primary T

g
 value has been observed for all MP that 

indicated the formation of a homogeneous amorphous 
solid dispersion exhibiting single-phase character30. The 
well-known Gordon-Taylor (GT) equation is nowadays 
extensively exploited for the prediction of binary mixture 
behavior based on the free volume theory. It recognizes 
non-idealities of mixtures in terms of specific drug-
polymer interactions or immiscibility issues31. Detailed 
principles underlying this approach are described else-
where in the literature31,32 and will not be reported here. 
However, the calculated GT prediction of the glass tran-
sition temperature for a drug:polymer proportion of 1:5 
(w/w) was 59.5°C if density differences are neglected. 
MDSC curves have revealed that different solvents pro-
duced solid dispersions of diverse thermal properties 
that are reflected in altered glass transition temperatures. 
When methanol was used as a solvent, it yielded MP (M1) 
with the lowest glass transition temperature (58.4 ± 2.2°C), 
whereas MP prepared from methanol:ethanol (ME1) 
and acetone:isopropanol (AI1) mixtures produced solid 
dispersions with ascending T

g
 values of 63.4 ± 1.0°C and 

68.7 ± 1.1°C, respectively. Such phenomena have already 
been reported by Al-Obaidi et al16. and was attributed to 

diverse polymer chain conformations caused by different 
polymer affinities to the solvent. In this particular case, 
the highest T

g
 value was observed for the solvent system 

in which the polymer had the highest solubility. Higher 
T

g
 values, positively deviated from the GT prediction, 

indicate that more energy is required for these mixtures 
to pass through the glass transition; hence, relatively 
stronger intermolecular forces could be the cause of 
the positive deviation observed between measured and 
predicted T

g
 values33. It should be emphasized also that 

residual solvents increased from the lowest value for M1 
(0.9%, Table 1) to the highest value for AI1 (1.3%, Table 1), 
so plasticization of the solvent residues could not be 
related with the observed glass transition temperatures.

FTIR spectra (Figure 4A) of the solid dispersions 
containing a 1:5 (w/w) drug:polymer proportion were 
recorded in order to ascertain if any band shift divergence 
existed amongst the samples. The essentially identical 
spectra were obtained for the MP and their correspond-
ing physical mixtures, thereby excluding drug-polymer 
interactions as a root cause of different thermal proper-
ties. However, the origin of a T

g
 increase could be possibly 

linked to different drug and polymer molecular packing 
being associated with the decreased free volume as previ-
ously reported by Tajber et al34. for polyvinylpyrrolidone-
based solid dispersions.

Figure 3B represents thermograms of MP having a 2:1 
(w/w) drug:polymer proportion. The reverse heat flow 
curve of M2 and ME2 have shown a single thermal event at 
68.1 ± 1.7°C and 66.7 ± 0.6°C, respectively. It confirmed the 
presence of a drug-polymer solid dispersion with no evi-
dence of phase separation. The calculated GT prediction 
of the glass transition temperature for a drug:polymer pro-
portion of 2:1 (w/w) was 69.3°C. In this case, GT predicted 
values corresponded well with experimentally observed 
glass transition temperatures. However, the reverse heat 
flow curve for MP prepared from the acetone:isopropanol 
mixture (AI2) was characterized with two consecutive 
thermal events appearing at ~61°C and ~68°C, respectively 
(Figure 3C). Thereby, phase separation being manifested 

Figure 2.  X-ray diffractograms of the MP (from the bottom to the top): (A) M1; (B) ME1; (C) AI1; (D) M2; (E) ME2 and (F) AI2.
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in two separate glass transition temperatures was verified. 
Evidently, different solvent systems induced the formation 
of solid dispersions with different levels of drug mixing with 
the polymer, under identical compositional and spray dry-
ing conditions. Such behavior could be ascribed to poor 
drug solubility in the particular solvent mixture. Given that 
drug solubility was tremendously reduced, its high initial 
saturation could have forced early drug deposition whilst 
polymer saturation has not yet been achieved in the dry-
ing droplet. It is evident that one of the preconditions to 
achieve simultaneous deposition of drug and polymer is to 
have similar solubility of both constituents in the common 
solvents. Janssens et  al35. just recently demonstrated the 
importance of drying kinetics to drug-polymer miscibil-
ity, as different DLs were achieved when spray drying and 
film-casting methods were employed. Again, the highest 

residual solvent level (2.2%, Table 1) was found in the MP 
prepared from the acetone:isopropanol mixture.

FTIR spectra (Figure 4B) of the solid dispersion con-
taining a 2:1 (w/w) drug:polymer proportion displayed 
indistinguishable spectral characteristics for the MP and 
the corresponding physical mixtures, confirming a lack 
of any interaction.

Drug release behavior
Drug release profiles have shown a high burst release 
irrespective of the solvent used for the MP having a 
drug:polymer proportion of 1:5 (w/w) (Figure 5A). High 
burst release from the MP is extensively reported in the 
literature18,36 and presents the major challenge in the 
development of the controlled release MP. It is described 
as uncontrolled drug release, which occurs immediately 
after MP come into contact with dissolution medium18, 
and is frequently attributed to the surface-associated or 
heterogeneously-distributed drug within the particle. 
It may also be caused by high porosity or low density of 
MP36. Moreover, the small length scale associated with 
MP supports rapid release unless it is suppressed by a 
slow diffusion coefficient and low drug solubility2.

Drug release from MP was compared with crystal-
line and amorphous drug release patterns. Mono- and 
biexponential mathematical models were applied to 
characterize drug release patterns, and their fits were 
compared using an extra sum-of-squares F-test (Table 2). 
As the best fit was attained using a biexponential model, 
existence of a distinct burst and sustained phases of 
drug release were proven for all MP. The burst release of 
samples containing a 1:5 (w/w) drug:polymer proportion 
ranged between 62.8 ± 3.6% and 69.7 ± 2.0% (A parameter, 
Table 2) with rate constants ranging between 0.336 ± 0.024 
and 0.457 ± 0.073 min−1, showing no significant difference 
among them (p > 0.05).

One of the causes of the rapid initial burst release 
could be the change in the physical form of the drug, from 
the crystalline into the amorphous, which promoted its 
solubility. But, it is evident that MP achieved a slower 
drug release when compared with the amorphous drug 
(Figure 5A). Particle size difference had no major impact 
on drug release behavior of the MP having a drug:polymer 
proportion of 1:5 (w/w). Drug release profiles were not 
affected by the particle size even if MP M1 and ME1 are 
compared for which the most prominent size difference 
was observed. As previously reported by our group, 
fast drug release might have been supported by a rapid 
polymer deposition linked to high initial saturation. By 
varying feed solvents, we intended to increase polymer 
solubility and delay its solidification. This variation, how-
ever, resulted in modified physical properties but has not 
provided significant improvement in prolonging drug 
release. Even though the glass transition temperature was 
higher for the MP prepared from the acetone:isopropanol 
mixture, presuming denser matrices (as no stronger drug-
polymer interaction was proven), it has not provided 
a slower drug release. It is possible that the decrease of 

Figure 3.  Reverse heat flow curves of the MP: (A) M1, ME1 and AI1 
with a 1:5 (w/w) drug:polymer proportion; (B) M2, ME2 and AI2 
with a 2:1 (w/w) drug:polymer proportion; (C) zoomed reverse 
heat flow curve of the AI2 MP.
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drug solubility in a solvent that promoted polymer solu-
bility was an obstacle to achieving better release control. 
Lower drug solubility could have induced earlier depo-
sition, resulting in surface drug-enriched regions. It is 

eventually important to inhibit fast deposition of either 
component if a prolonged release pattern is desired.

The MP having a 2:1 (w/w) drug:polymer propor-
tion gave different dissolution patterns as shown in 

Table 2.  Mathematical modelling parameters of mupirocin calcium release from the MP containing 1:5 and 2:1 (w/w) drug:polymer 
proportions spray dried from methanol, methanol:ethanol and acetone:isopropanol mixtures (initially and after storage for 10 months at 
25°C/60%RH).

Sample

Monoexponential model Q = a(1 − e−kt) Biexponential model Q = A(1 − e−k1t) + B(1 − e−k2t)
R2 a (% ± SEM) k (min−1 ± SEM) R2 A (% ± SEM) k

1
 (min−1 ± SEM) B (% ± SEM) k

2
 (min−1 ± SEM)

M1 0.980 78.3 ± 1.0 0.270 ± 0.024 0.996  
(0.994)

62.8 ± 3.6 
(50.3 ± 5.2)

0.457 ± 0.073 
(0.550 ± 0.038)

19.5 ± 4.9 
(23.4 ± 6.6)

0.033 ± 0.008 
(0.038 ± 0.010)

ME1 0.982 83.8 ± 1.0 0.286 ± 0.025 0.998  
(0.996)

69.7 ± 2.0 
(57.6 ± 7.0)

0.455 ± 0.044 
(0.640 ± 0.051)

19.0 ± 3.0 
(25.8 ± 8.1)

0.027 ± 0.005 
(0.051 ± 0.012)

AI1 0.990 85.1 ± 0.8 0.220 ± 0.013 0.999  
(0.974)

67.3 ± 3.4 
(54.7 ± 11.2)

0.336 ± 0.024 
(0.422 ± 0.033)

20.7 ± 4.0 
(37.6 ± 14.7)

0.042 ± 0.007 
(0.033 ± 0.013)

M2 0.954 82.7 ± 2.4 0.047 ± 0.006 0.991  
(0.991)

31.8 ± 5.3 
(44.4 ± 6.5)

0.348 ± 0.113 
(0.423 ± 0.036)

55.8 ± 7.7 
(34.8 ± 8.3)

0.024 ± 0.003 
(0.036 ± 0.008)

ME2 0.941 75.6 ± 2.2 0.062 ± 0.009 0.993  
(0.997)

37.2 ± 3.9 
(39.5 ± 3.3)

0.336 ± 0.076 
(0.552 ± 0.033)

45.3 ± 6.1 
(44.6 ± 4.6)

0.022 ± 0.003 
(0.030 ± 0.003)

AI2 0.953 85.1 ± 1.8 0.119 ± 0.016 0.986  
(0.996)

45.5 ± 9.9 
(76.6 ± 1.8)

0.434 ± 0.193 
(0.505 ± 0.005)

44.9 ± 12.3 
(24.3 ± 18.1)

0.037 ± 0.009 
(0.030 ± 0.006)

Q, percentage of drug released at time t; k, k
1
 and k

2
, rate constants; a, plateau value; A and B, the parameters which reflect the portion of 

the released drug that contributed to the burst and sustained phases, respectively; R2, coefficient of determination; SEM, standard error; 
non-bracketed and bracketed values denote initial and 10-month stability data, respectively.

Figure 4.  FTIR spectra of the MP: (A) M1, ME1, AI1 and physical mixtures (PM) with a 1:5 (w/w) drug:polymer proportion and (B) M2, ME2, 
AI2 and physical mixtures (PM) with a 2:1 (w/w) drug:polymer proportion.
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Figure 5B. Mathematical modeling confirmed that 
a biexponential model was more suitable for drug 
release as compared to a monoexponential model 
(Table 2). MP prepared from the methanol (M2) and 
methanol:ethanol mixture (ME2) displayed almost 
identical release patterns, with the burst releases 
ranging between 31.8 ± 5.3% and 37.2 ± 3.9% (A param-
eter, Table 2), respectively. MP prepared from the 
acetone:isopropanol mixture (AI2) were characterized 
with a higher initial release (45.5 ± 9.9%, Table 2) and a 
burst constant rate of 0.434 ± 0.193 min−1. Again, PSDs of 
MP having 2:1 (w/w) drug:polymer proportion cannot 
explain differences observed in drug release profiles. 
Smaller M2 and ME2 MP obtained slower drug release 
in comparison to the bigger and more agglomerated 
AI2 MP. It is assumed that due to altered drug-polymer 
miscibility in AI2 MP, certain amount of the drug was 
separated from the polymer matrix and was thus read-
ily available for the dissolution process. This assump-
tion could be supported by the thermal properties of 
the corresponding MP, for which phase separation was 
determined (Figure 3C). In addition, drug solubility 
in the acetone:isopropanol mixture was low, and its 
deposition started earlier in the drying process, which 

stopped shrinkage of the microdroplets and precluded 
generation of a coherent matrix. Comparing the release 
profiles of M2 and ME2 MP with mupirocin calcium 
dissolution profiles, it is noticeable that MP provided 
remarkable control over drug release. Specifically, if 
the amorphous drug and above-mentioned MP (that 
contain amorphous drug within polymer matrix) are 
mutually considered, a substantially decreased drug 
release was accomplished.

Physical stability of the MP
Solid-state characterization
X-ray diffractograms of the MP upon storage for 10 
months at 25°C/60%RH are provided in Figure 6. Clearly, 
crystallization cannot be observed and solid dispersions 
generated in the spray drying process remained amor-
phous during storage regardless of the drug:polymer 
proportion or the solvent used. However, it is not only 
the crystallization of drug that could deteriorate MP 
performance, but also any change in molecular struc-
ture including the distribution of the drug within the 
polymer.

Reverse heat flow curves of the MP with lower DL 
(1:5 (w/w) drug:polymer proportion) are given in 

Figure 5.  In vitro drug release profiles of the MP (A) M1, ME1 and AI1 with a 1:5 (w/w) drug:polymer proportion and (B) M2, ME2 and AI2 
with a 2:1 (w/w) drug:polymer proportion in comparison to the drug (amorphous (A) and crystalline (C)). Data are the mean ± SD (n = 3). 
In some cases, the error bars are within the size of the data point.

Figure 6.  X-ray diffractograms of the MP after storage for 10 months at 25°C/60%RH (from the bottom to the top): (A) M1; (B) ME1; (C) AI1; 
(D) M2; (E) ME2 and (F) AI2.
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Figure 7A. All thermograms were characterized by a 
single glass transition event, but shifted slightly toward 
higher temperatures in comparison to the T

g
s obtained 

at the beginning of the stability study. The glass transi-
tion temperatures for the M1, ME1 and AI1 MP were 
61.0 ± 0.6°C, 66.4 ± 0.5°C and 72.2 ± 1.0°C, respectively. 
There was no evidence of a thermal event associated 
with the melting of the crystalline drug. Storage of the 
amorphous MP did not trigger crystallization processes 
but certain changes of the thermal properties were 
manifested. As a result of rapid solvent removal during 
the spray drying process, polymer chains are immobi-
lized while trying to reach equilibrium18,37. The increase 
of T

g
 detected during storage may be attributed to local 

molecular rearrangement of polymeric chains in any 
free space available, as the polymer progresses toward 
thermal equilibrium.

Reverse heat flow curves of the MP with a 2:1 (w/w) 
drug:polymer proportion (Figure 7B and 7C) revealed 
that M2 and ME2 MP remained unchanged with T

g
 values 

of 67.7 ± 2.2°C and 67.2 ± 1.3°C, respectively. Even though 
they are amorphous in nature, these systems retained 
their initial structure. Sometimes, the drug that was 
incorporated into the polymer matrix acts like an anti-
plasticizer, slowing down the physical aging of the matrix 
and hindering the relaxation processes of amorphous 
material17. Thermograms obtained for the AI2 MP (Figure 
7C) differed from the other MP as two distinct thermal 
events were observed. The phase separation seen at 
the beginning of the stability study was even more pro-
nounced after storage, showing the first thermal event at 
~66°C and the second at ~74°C.

Drug release behavior
Almost the same dissolution behavior was obtained for 
the MP containing a 1:5 (w/w) drug:polymer propor-
tion after storage for 10 months. Mathematical mod-
eling has proven that all dissolution profiles matched 
biexponential equations (Table 2). The burst releases 
for these MP ranged between 50.3 ± 5.2 and 57.6 ± 7.0% 
(A parameter, Table 2), while the burst rate constants 
varied between 0.422 ± 0.033 and 0.640 ± 0.051 min−1. 
Statistical analyses confirmed that burst releases as well 
as rate constants have not changed significantly during 
storage (p > 0.05). Regarding MP containing a 2:1 (w/w) 
drug:polymer proportion, the burst releases of 44.4 ± 6.5 
and 39.5 ± 3.3% and rate constants of 0.423 ± 0.036 and 
0.552 ± 0.033 min−1 that were calculated for the M2 and 
ME2 MP, respectively, did not differ significantly from 
the initially obtained values. However, AI2 MP were 
characterized by an exceptionally high initial release 
(76.6 ± 1.8%, Table 2) with a burst release rate constant 
of 0.505 ± 0.005 min−1. A significant change in the dis-
solution profile is apparent for AI2 MP, proving that the 
physical aging of samples seriously ruined initial MP 
characteristics.

Conclusively, samples have not undergone sub-
stantial crystallization during storage. This could be 

attributed to the low crystallization propensity of the 
mupirocin calcium as well as the ability of the polymer 
matrix to provide an energy barrier for such a process. 
The minor shifts of glass transition temperatures for 
a 1:5 (w/w) drug:polymer proportion substantiated 
the aging processes but have not influenced drug 
release patterns. Nonetheless, the MP with a 2:1 (w/w) 
drug:polymer proportion, prepared from methanol 
and a methanol:ethanol mixture, remained physically 
stable and maintained the original release profile. At 
the same time, a prominent phase separation was con-
firmed for the AI2 MP, which contributed to the consid-
erable burst release.

Figure 7.  Reverse heat flow curves of the MP after storage for 10 
months at 25°C/60%RH: (A) M1, ME1 and AI1 with a 1:5 (w/w) 
drug:polymer proportion; (B) M2, ME2 and AI2 with a 2:1 (w/w) 
drug:polymer proportion; (C) zoomed reverse heat flow curve of 
the AI2 MP.
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Figure 8.  Time-kill curves for S. aureus ATCC 29213 (A1–D1) and S. aureus MRSA strains (A2–D2) exposed to free drug and MP at 
concentrations of 16 µg/mL (A,B) and 8 µg/mL (C,D) for 3 and 6 h. The asterisk represents a significant difference (p < 0.05) between MP 
and the free drug.
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Antimicrobial activity of the MP
Time-kill assay curves for the MP are appraised, along 
with the drug, as presented in Figure 8. The MIC for S. 
aureus (ATCC 29213) was 0.125 µg/mL for all tested 
samples after 24 h of incubation, which was in agree-
ment with our previous results. MIC values for S. 
aureus (MRSA) strains were between 0.25 and 0.5 µg/
mL, which were found susceptible according to the 
published recommendation38. After 3 h of incubation, 
drug and M1 applied at concentrations of 16 and 8 µg/
mL demonstrated a similar drop in colony counts of 
both tested S. aureus strains (4.6–4.7 and 4.7–4.9 log 
cfu/mL, respectively). Samples ME1 and AI1 were sig-
nificantly different from the free drug, producing a drop 
to 4.8–4.9 and 4.8–5.0 log cfu/mL for ATCC 29213 and 
MRSA, respectively. However, upon 6 h of incubation, 
no significant difference was observed between the 
antimicrobial activity of MP and the free drug at both 
tested concentrations, which might be attributed to the 
complete drug release from the tested microsystems.

MP having a 2:1 (w/w) drug:polymer proportion (M2, 
ME2, AI2) were significantly less effective in comparison 
with the free drug (p < 0.05), both after 3 and 6 h of incu-
bation (Figure 8). These results of antimicrobial activity 
validate the drug release data, proving that the desired 
prolonged release was attained even with superior DL. 
All tested samples showed similar antimicrobial activ-
ity after 24 h (data not presented). Colony counts of S. 
aureus (ATCC 29213) that were exposed to 16 µg/mL for 
24 h dropped to approximately 3.9 log cfu/mL, which 
corresponds to a 99.7% reduction of initial inoculum, 
while a concentration of 8 µg/mL decreased the bac-
terial concentration to approximately 4.2 log cfu/mL 
(99.3% reduction). MRSA counts dropped to 4.3 log cfu/
mL (99.3% reduction) and 4.5 cfu/mL (99% reduction), 
respectively. These findings substantiate that the incor-
poration of drug into the polymer did not compromise 
its antibacterial activity. Despite the high bactericidal 
concentrations employed, the time-kill assay was sensi-
tive enough to detect differences between the drug and 
MP, providing strong evidence of the ability of the MP to 
prolong drug release. It is also important to note that any 
prospective usage of such microsystems in skin therapy 
requires adjustment of the initial dose of a once-a-day 
formulation.

Conclusions

Evaluation of spray dried Eudragit® RS-based mupiro-
cin calcium-loaded MP provided evidence that the feed 
solvent influenced the physical characteristics, stability 
and performance of MP. Drug-polymer miscibility and 
the corresponding thermal properties, morphology, 
drug release and antimicrobial activity were dependent 
on the DL and the solvent used. The superior control of 
drug release from MP was achieved with a higher DL (2:1 
(w/w) drug:polymer proportion) using solvents in the 
following order: methanol ≈ methanol:ethanol (50:50) > 

isopropanol:acetone (40:60). The influence of the solvent 
on the morphology was less pronounced for particular 
DL, but it altered drug-polymer miscibility, conceivably 
as a result of different solidification kinetics. Moreover, 
a time-kill assay performed on S. aureus (ATCC 29213) 
and methicillin-resistant S. aureus (MRSA) confirmed 
a prolonged release and preservation of antimicrobial 
activity of encapsulated drug. Irrespective of the solvents 
used, the lower DL (1:5 (w/w) drug:polymer proportion) 
yielded less control over the drug, as supported by the 
drug release and antimicrobial activity data. For this 
drug:proportion, the solvent affected the thermal prop-
erties, but without a noteworthy impact on performance. 
Generally, good stability upon storage was obtained, 
excluding MP with a phase separation that was present 
initially.
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