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Bydgoszcz 85-089, Poland   

A R T I C L E  I N F O   

Keywords: 
Multicompartment microparticles 
PEG/lipid emulsions 
Spray congealing 
Controlled release 
Supersaturation 
Oral delivery 
Multicores-shell structure 
Raman imaging 

A B S T R A C T   

The aim of this study is to investigate the potential of hybrid polymer-lipid microparticles with a biphasic 
structure (b-MPs) as drug delivery system. Hybrid b-MPs of Compritol®888 ATO as main lipid constituent of the 
shell and polyethylene glycol 400 as core material were produced by an innovative solvent-free approach based 
on spray congealing. To assess the suitability of hybrid b-MPs to encapsulate various types of APIs, three model 
drugs (fluconazole, tolbutamide and nimesulide) with extremely different water solubility were loaded into the 
polymeric core. The hybrid systems were characterized in terms of particle size, morphology and physical state. 
Various techniques (e.g. optical, Confocal Raman and Scanning Electron Microscopy) were used to investigate 
the influence of the drugs on different aspects of the b-MPs, including external and internal morphology, 
properties at the lipid/polymer interface and drug distribution. Hybrid b-MPs were suitable for the encapsulation 
of all drugs (encapsulation efficiency > 90 %) regardless the drug hydrophobic/hydrophilic properties. Finally, 
the drug release behaviors from hybrid b-MPs were studied and compared with traditional solid lipid MPs 
(consisting of only the lipid carrier). Due to the combination of lipid and polymeric materials, hybrid b-MPs 
showed a wide array of release profiles that depends on their composition, the type of loaded drug, the drug 
loading amount and location, providing a versatile platform and allowing the formulators to finely balance the 
release performance of drugs intended for oral administration. Overall, the study demonstrates that hybrid, 
solvent-free b-MPs produced by spray congealing are an extremely versatile delivery platform able to efficiently 
encapsulate and release very different types of drug compounds.   

1. Introduction 

Microparticles (MPs) have been introduced since the early 1990s as 
multi-unit dosage form for the oral delivery of active pharmaceutical 
ingredients (APIs) [1-3]. From their early development, MPs composed 
either by lipids or polymers have been developed in order to modulate 
the release of various APIs. Polymeric MPs have been produced using a 
wide range of different natural, semi-synthetic and synthetic polymers 
[4]. The possibility to achieve a controlled drug release by polymeric 
MPs relies on their bio-degradation, which in turns depends on polymer 
properties such as monomer composition, molecular weight and glass 
transition temperature [5]. By contrast, lipid excipients are natural- 
derived ingredients that can be digested by lipases to form smaller 
absorbable components (e.g. glycerol, fatty acids). Lipid ingredients are 
highly versatile in terms of structure (they can be either completely non 

polar, polar but insoluble or water-soluble) [6,7] and their properties 
are mainly influenced by the degree of unsaturation in fatty acids, the 
fatty acid chain length and type/number of ester functions. Solid for-
mulations produced using insoluble lipid excipients can prolong the 
release of drugs by controlling the ingress of water through the lipid 
matrix (diffusion-based mechanism) as well as by enzymatic digestion or 
lipolysis (erosion-based mechanism) [8]. 

With the evolution of microscale particle engineering, the possibility 
to combine lipids and polymers in single multiparticulate drug delivery 
systems has attracted particular attention in the last few years [9-12]. 
The diversified combination of materials of different nature to produce 
hybrid MPs can potentially equip the delivery platform with new 
properties and unprecedented control over the drug release perfor-
mances. Specifically, the development of hybrid MPs allows to selec-
tively merge the advantages of both excipients with the ultimate goal of 
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achieving precise control over drug release profiles. Most methods for 
the preparation of hybrid MPs involve the preparation of multiple 
emulsions followed by spray drying [11,13,14] or, more recently, 
microfluidic-based methods [15]. The production of such system, 
however, is based on complex protocols involving multiple steps [11], 
the use of solvents (e.g. acetone, dichloromethane, ethyl acetate) [10- 
13], poor process yields [16] and/or low encapsulation efficiencies 
(generally lower than 50%) of active molecules [11]. Consequently, it is 
desirable to design a novel polymer–lipid hybrid platform without these 
associated issues. 

In this contest, we have recently developed a solvent-free process 
based on spray congealing technology that enabled the fabrication of a 
new type of hybrid biphasic microparticles (b-MPs) [17]. Spray con-
gealing, also known as spray cooling or spray chilling, is based on the 
atomization and solidification of a molten material sprayed in a cooling 
chamber without use of solvents [18,19]. After a screening of various 
lipids, surfactants and hydrophilic carriers, selected water-in-oil non- 
aqueous emulsions were transformed by spray congealing into solid 
particles containing a fluorescent dye [17]. The particle size of b-MPs, 
ranging 100–500 µm, excluded their use for systemic drug delivery by 
parenteral, inhalation or transdermal routes. Nevertheless, their prop-
erties (non-aggregated, spherical and free-flowing) makes them suitable 
for oral delivery applications. Depending on the composition of the lipid 
(external) and polymeric (internal) phases, b-MPs with different archi-
tectures were successfully produced, including particles with homoge-
neous structure as well as “multicores-shell” particles. In contrast to the 
aforementioned methods used for hybrid b-MPs preparation, the pro-
posed manufacturing technique can boast a green approach, ease of 
production and potential scalability, with great potential application in 
the pharmaceutical industry. Nevertheless, the encapsulation and 
release behavior of APIs in such novel b-MPs have never been 
investigated. 

The loading of an API into a dosage form can affect the production 
process outcome as well as the structural and morphological properties 
of the produced delivery system. This is particularly relevant when 
dealing with complex delivery platforms, such as biphasic systems. 
Moreover, variables including API molecular properties, loading 
amount, location (e.g. either in the inner or outer phase of the particle) 
could affect both the structure of the b-MPs, the encapsulation efficiency 
and the performance of drug release [20]. 

Therefore, in this work we have investigated the potential of this 
innovative hybrid microparticulate system for the oral delivery of 
various APIs. Specifically, the investigated hybrid MPs are composed of 
Compritol 888 ATO as the main lipid carrier, whereas polyethylene 
glycol (PEG 400) is used as polymeric core material. Three orally 
delivered APIs covering a wide range of hydrophobicity were selected as 
model drug compounds: Fluconazole (FLU), Tolbutamide (TBM) and 
Nimesulide (NIM). As shown in Table 1, they differ from logP, crystal-
line equilibrium solubility, which values were measured experimentally 
in suitable aqueous media (pH selected as to have the drug molecule in 
non-ionised form) and BCS classification. This would allow to evaluate 
the ability of hybrid microparticles to efficiently encapsulate drugs with 
very different hydrophobic/hydrophilic properties and to compare their 
release profiles. Hybrid b-MPs loaded with the three compounds were 

produced and characterized regarding size, morphology and physical 
state. The influence of API type and amount on the external and internal 
structures was investigated by means of various microscopy-based 
techniques (HSM, SEM and Raman imaging) with a specific attention 
on possible alterations of the lipid-polymer interface and modifications 
in the distribution of the two phases. To investigate the suitability of 
hybrid b-MPs as oral drug delivery platform, encapsulation efficiency 
and in vitro release profiles achieved by hybrid b-MPs were evaluated 
and compared with those obtained with traditional one-phase lipid MPs. 

2. Material and methods 

2.1. Materials 

Compritol®888 ATO was kindly supplied from Gattefossè (Milan, 
Italy). Cetylstearyl alcohol, polyethylene glycol (PEG) 400, tolbutamide 
(TBM), nimesulide (NIM) were purchased from Sigma Aldrich (Stein-
heim, Germany). Fluconazole (FLU) was obtained from Acofarma 
(Madrid, Spain). Rhodamine, used as coloured dye for the PEG phase, 
was purchased from Sigma Aldrich. All other chemicals were of 
analytical grade. The properties of the APIs used are reported in Table 1. 

2.2. Preparation of MPs 

Spray congealing was employed to obtain solid MPs, as schematized 
in Fig. 1. The spray congealing apparatus comprises a feeding tank, an 
atomizer and a cooling chamber. An external-mix two-fluid atomizer, 
called Wide Pneumatic Nozzle (WPN), was used. Emulsions (5 g) were 
prepared as previously reported [17]. Briefly, the hydrophobic phase, 
consisting on a lipid (Compritol®888 ATO) and of a hydrophobic sur-
factant (cetylstearyl alcohol) at 3:1 ratio, was heated at 70 ◦C until 
melting. The hydrophilic phase (PEG 400 alone or with surfactant Cre-
mophor EL) was heated at the same temperature (70 ◦C), added to the 
lipid phase and gently mixed (250 rpm) via a magnetic bar keeping the 
temperatures at 70 ◦C using a hot stirring plate for at least 1 min. Then, 
the hot emulsions were introduced into the feeding tank of the spray 
congealing apparatus. All emulsions (Table 2) were atomized at 1.5 bar 
air pressure and nozzle temperature of 70 ◦C. The atomized molten 
droplets solidified in the cooling chamber at room temperature (25 ◦C), 
allowing the formation of solid particles. MPs were collected from the 
bottom of the cooling chamber and stored in polyethylene closed bottles 
at 25 ◦C. The percentage yield was calculated using the following 
Equation:  

Yield=(Amount of recovered MPs (g))/(Amount of emulsion (g)) × 100        

For the preparation of drug-loaded b-MPs, 2% w/w of each API extra- 
formulation was solubilized into the hydrophilic phase prior to emulsion 
formation. In addition, lipid microparticles (L-MPs) consisting only of 
the main lipid (Compritol®888ATO) were prepared. 

2.3. Interfacial tension measurements 

The interfacial tension (IRT) between the hydrophilic and lipophilic 
phases was measured by a tensiometer (Kruss tensiometer K8600, 
Hamburg, Germany) with the Du Noüy ring method, similarly to pre-
viously reported studies [17,23]. First, the accuracy of the platinum- 
iridium ring was validated by determining the surface tension of water 
(72 mN/m). For these measurements, 4 mL of lipid-PEG emulsions were 
transferred in a glass vessel which was thermostated at 70 ◦C by a water 
bath. The emulsion was then left without agitation until two separate 
phases formed: the upper lipid-rich phase and the bottom PEG-rich 
phase. The interfacial tension at the two phases interface was then 
measured. Measurements were repeated six times for each sample and 
the mean ± SD was calculated. 

Table 1 
Properties of APIs used in this study.  

APIs Solvent used for 
solubility and 
dissolution studies 

Solubility at 
37 ◦C (µg/ml)a 

Log 
P 

BCS 
class 

Fluconazole Water 6216.9 ± 412.0 0.5b I 
Tolbutamide NaCl/HCl buffer 

(0.2 M, pH 1.2) 
106.9 ± 15.9 2.13c II 

Nimesulide NaCl/HCl buffer 
(0.2 M, pH 1.2) 

8.9 ± 0.3 3.08c II  

a Experimental values; b from [21]; c from[22]. 
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2.4. Particle size analysis 

Size distribution of b-MPs was evaluated by sieve analysis using a 
vibrating shaker (Octagon Digital, Endecotts, London, UK) and a set of 
six sieves ranging from 50 to 500 μm (Scientific Instrument, Milan, 
Italy). 

2.5. Optical microscopy 

Hybrid b-MPs were observed under optical microscope using a Nikon 
Eclipse E400. Glass slides containing 10–20 mg of MPs were firstly 
observed at 25 ◦C. Then, they were heated by a hot stage apparatus 
(Mettler-Toledo S.p.A., Novate Milanese, Italy) to 70 ◦C to allow the 
melting of the solid MPs. Melting was required in order to visualize the 
two phases (polymeric and lipid) by optical microscopy, otherwise only 
the external surface could be appreciated. Thus, images were taken at 
70 ◦C using a Nikon Digital Net Camera DN100 connected to the mi-
croscope at a magnification of 10 ×. 

2.6. Scanning electron microscopy (SEM) 

The shape and surface morphology of hybrid b-MPs and one phase L- 
MPs were evaluated by scanning electron microscopy (SEM). Samples 
were fixed on the sample holder with double-sided adhesive tape and 
examined by means of a scanning electron microscope (Zeiss Scanning 
Electron Microscope Model EVO 50 EP) operating in low-vacuum mode 
(90 Pa) at 10.0 kV accelerating voltage. 

2.7. Differential scanning calorimetry (DSC) 

DSC analysis was performed with a Perkin-Elmer DSC 6 (Perkin 
Elmer, Beaconsfield, UK). Before measurements, the instrument was 
calibrated with indium and lead for the temperature, and with indium 
for the enthalpy. Samples (5–10 mg) of MPs were placed into aluminum 
pans and analyzed by DSC under a nitrogen flow of 20 mL/min. After 1 
min at 30 ◦C the samples were heated from 30 to 90 ◦C at a heating rate 

of 10 ◦C/min. 

2.8. Confocal Raman mapping (CRM) 

A WITec Alpha 300 Raman spectrometer was used to generate 
Raman spectra of the samples in the range of 0–3600 cm-1, with a 
spectral resolution of 3 cm-1. Raman spectrometer was connected with a 
confocal microscope, equipped with TrueSurface attachment and 
EMCCD detector for ultra fast and sensitive imaging. The samples were 
irradiated with a focused laser beam at a power of 15 mW. The laser was 
emitting at the wavelength of 532 nm. Measurements were performed 
using an air objective with a magnification of 20x and a numerical 
aperture (NA) = 0.4. The microparticles were mapped with a spacial 
resolution of 3 μm. The measuring step was set to 1 μm, the accumula-
tion time of a single spectrum was 0.5 s. The Raman maps were recorded 
for microparticles which diameter did not exceed 100 μm. 

Before Raman mapping, Raman spectra for all raw materials were 
recorded in order to identify key marker bands for identification of API 
(TBM) and excipients in five batches of MPs. The collected Raman 
mapping data was analyzed by means of the Project FIVE 5.3 software. 
The analysis based on the calculation of the integral value (area under 
the band) for the selected bands as well as chemometric analysis (k- 
means cluster analysis) were performed in order to describe a distribu-
tion of the two phases in the hybrid b-MPs well as the drug substance 
within the MPs. 

2.9. Quantification of APIs encapsulation efficiency 

Drug loading into b-MPs was determined by adding 5 mg of b-MPs in 
5 mL of distilled water, heated to 70 ◦C to melt the solid carrier and 
centrifuged. The amount of APIs in the supernatant was detected by 
measuring their absorbance with a Cary 60 UV–Vis spectrometer (Agi-
lent Technologies GmbH, Waldbronn, Germany) at 251, 227 and 298 nm 
for FLU, TBM and NIM, respectively. Drug loading (DL %) and Encap-
sulation efficiency (EE %) were calculated as:  

Drug loading (%) = (drug (mg))/((drug + carrier)(mg)) × 100                       

EE (%) = (drug (mg))/((theoretic drug (mg)) × 100                                     

2.10. Determination of APIs equilibrium solubility 

Solubility measurements at equilibrium of APIs, loaded MPs, and Phy 
mix were performed at 37 ◦C. An excess of crystalline API was added to 
10 mL of the respective medium (purified water for FLU, solution at pH 
1.2 for TBM and NIM). The samples were magnetically stirred for 48 h, 
equilibrated for 2 h, and the suspensions were then centrifuged at 

Fig. 1. Schematic Illustration of the fabrication process of the drug-loaded b-MPs.  

Table 2 
Composition of the three batches of the hybrid b-MPs (b-MPs1 and b-MPs2) and 
one phase L-MPs produced by spray congealing.  

Formulation Composition (% w/w) 

Compritol 
888 ATO 

Cetylstearyl 
alcohol 

PEG 
400 

Cremophor 
EL 

API 
* 

b-MPs1 60 20 20 – 2 
b-MPs2 60 20 15 5 2 
L-MPs 100 – – – 2  

* The API was added at 2% w/w extra-formulation. 
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10.000 rpm for 10 min. The supernatant was filtered through a 0.20 µm 
Nylon membrane filter. The filtrates were suitably diluted with the same 
solvents and analyzed by UV–Visible spectrophotometer at 251, 227 and 
298 nm for FLU, TBM and NIM, respectively. Each sample was analyzed 
at least in triplicate. 

2.11. In vitro study of drug release from MPs 

Being a BCS class I API, FLU release form MPs was studied using sink 
conditions, whereas non-sink conditions were used for the two BCS class 
II drugs (TBM and NIM). A suitable amount of MPs was added to 500 mL 
of dissolution medium (see Table 1) kept at 37 ◦C using the Apparatus 2 
(paddle apparatus) of the Eur. Ph. (DT 800 Erweka GmbH, Heusen-
stamm, Germany) rotating at 50 rpm. 200 mg of FLU-loaded MPs were 
used, resulting in a drug concentration of 8 µg/ml, while in case of NIM, 
400 mg of MPs were used, resulting in a drug concentration of 16 µg/ml. 
In case of TBM-loaded MPs, a smaller-scale dissolution system was used, 
consisting in 37 ◦C thermostated glass vial containing 40 mL of disso-
lution medium (see Table 1) and 300 or 540 mg of MPs were used in 
order to achieve the desired non-sink conditions (drug concentration of 
150 µg/ml or 270 µg/ml). At specific time points, 1 mL of the medium 
were withdrawn using an 8 µm filter to avoid the removal of the MPs and 
replaced with fresh medium. The amount of drug was determined 
spectrophotometrically at 251, 227 and 298 nm for FLU, TBM and NIM, 
respectively. The main size fraction of MPs, corresponding to 250–355 
µm, was used for all samples. The results were expressed as drug released 
percentage (%) or concentration (µg/ml) in function of time. At least 
three replicates were analyzed for each formulation. 

Following release studies of TBM-loaded MPs, samples of the disso-
lution medium were analyzed by dynamic light scattering (DLS) to check 
for the presence of colloidal species (i.e. micelles) against a blank of 
fresh dissolution medium. A Brookhaven 90-PLUS instrument (Broo-
khaven Instruments Corp., Holtsville, NY, USA) with an He-Ne laser 
beam at a wavelength of 532 nm (scattering angle of 90◦) was used for 
measurements. 

2.12. Statistical analysis 

Two-ways analysis of variance (ANOVA) followed by the Bonferroni 
posthoc test (GraphPadPrism, GraphPad software, Inc., San Diego, CA, 
USA) was used. 

3. Results and discussion 

3.1. Production and characterization of hybrid b-MPs loaded with 
different APIs 

Hybrid microparticles were produced following a method previously 
reported [17]. This process can be divided in two steps, as illustrated in 
Fig. 1. In the first step, a hot “W/O-like” emulsion consisting in PEG 400 
as dispersed phase and molten lipid mixture (Compritol and cetylstearyl 
alcohol) as continuous phase was prepared under continuous stirring 
and keeping the temperature at 70 ◦C. In the second step, the emulsion 
was sprayed by means of the spray congealing apparatus equipped with 
the WPN atomizer [24]. FLU, TBM and NIM were chosen as represen-
tative drug compounds and were loaded at 2% w/w into b-MPs by dis-
solving them into the PEG phase. Preliminary studies were performed 
prior to b-MPs production to ascertain the solubility of the selected 
drugs in PEG 400. All three compounds were freely soluble in PEG 
(solubility at 25 ◦C in the range 100–250 mg/ml), confirming the ability 
of PEG of dissolving a wide range of compounds [25]. 

The spray congealing process resulted in the formation of solid and 
free-flowing microspheres. The process is fast, simple, solvent-free and 
the process yields ranged 70–80% for batches of 5 g size. 

The particle size of spray congealed MPs indicated a Gaussian dis-
tribution, with the majority of particles in the range 100–500 µm. As 

example, the particle size distribution of the TBM-loaded formulations is 
shown in Fig. 2A, while the particle size analysis of MPs loaded with FLU 
and NIM is reported in Fig. S1A and Fig. S2A, respectively. The particle 
size was not influenced by the type of loaded drug, as the distributions 
were similar between the batches loaded with the three APIs as well as to 
the unloaded MPs (Fig. S3A). Slight differences were observed between 
hybrid b-MPs and one-phase L-MPs. The latter showed a broader dis-
tribution with presence of MPs either very small (<100 µm) or large 
(>500 µm) with lower amount of MPs with intermediate diameter. 
However, the mean particle size were about 350–400 µm for all batches 
(Table S1). As >40% of b-MPs had diameter between 200 and 355 µm, 
this size fraction was used for further studies. 

Shape and surface morphology of b-MPs were evaluated by SEM. As 
example, a SEM micrographs of b-MPs1 loaded with TBM, FLU and NIM 
are shown in Fig. 2B, Fig. S1B and Fig. S2B. All batches showed highly 
spherical particles without holes or cracks on the surface and no dif-
ferences were observed between loaded and unloaded b-MPs (Fig. S3B). 

Following production, b-MPs were studied by HSM in order to un-
derstand the effect of drug on the shape, size and distribution of the PEG 
cores into the lipid matrix. As the lipid matrix melts at about 65 ◦C, the 
lipid/PEG interfaces could be clearly detected by keeping the samples at 
70 ◦C (Fig. 3A). Unloaded b-MPs1 clearly show the inner polymeric 
phase consisted in large PEG droplets (with diameters up to 30 µm) 
while more uniform systems with undistinguished inner phase were 
observed in case of unloaded b-MPs2. These results are consistent with 
the earlier research on Rho-loaded b-MPs with the same composition. 
Comparing the structure of drug-loaded b-MPs with the unloaded sys-
tems (Fig. 3A), the type of drug did not seem to have a substantial in-
fluence on the internal structure of b-MPs1 as the morphology of the 
molten emulsions were quite homogeneous. Nevertheless, in case of 
drug-loaded b-MPs2, numerous and small PEG droplets of few µm di-
ameters appeared in the drug-loaded systems. Among the three APIs, 
biphasic systems containing FLU seemed to originate slightly smaller 
droplets than those with the other two drugs. Thus, HSM analysis 
showed that the presence of drug molecules can affect the interactions at 
the lipid/PEG interface (e.g. PEG and surfactants distribution). There-
fore, the effect of drugs on the emulsion properties was studied by 
measuring the interfacial tension, σ, between lipid and PEG phases. 

Lipid-PEG emulsions, if kept without agitation at 70 ◦C, undergo 
phase separation (Fig. 3B), making possible to measure the interfacial 
tension between the two phases. The results, reported in Fig. 3C, showed 
that the presence of drugs influenced the lipid/PEG interface. For the 
binary system composed only of Compritol as lipid and PEG, for 
example, the measured values of σ decrease when drugs were dissolved 
in PEG phase from 4.50 ± 0.50 N/m in the absence of drugs to 3.00 ±
0.29 N/m, 3.55 ± 0.23 N/m and 3.17 ± 0.26 N/m for FLU, TBM and 
NIM, respectively. The same tendency, but with lower values of σ, was 
observed for the emulsions containing a lipid phase composed of Com-
pritol and cetylstearyl alcohol (corresponding to the formulation of 
hybrid b-MPs1). The third emulsion type investigated, corresponding to 
the composition of b-MPs2 and characterized by the presence of 5% w/w 
of surfactant Cremophor EL, presented very low values of σ, below the 
sensitivity of the instrument. Therefore, for this formulation it was not 
possible to discriminate among the influence of the three APIs. Notably, 
FLU was the drug that most behave like a “surface active” agent, 
determining the highest decrease of σ in both emulsion types (p < 0.01 
and p < 0.05). This result is consistent with the structure of b-MPs 
observed in Fig. 3A, where FLU-containing particles presented the 
smallest and more homogeneous droplets size among the three model 
APIs. The effect of TBM was similar to FLU in the PEG/Compritol 
biphasic system, but less evident in the biphasic system containing 
cetylstearyl alcohol and finally the impact of TBM on the interfacial 
tension was negligible for both systems as the values of σ were not 
statistically different from the emulsion without APIs (p > 0.05). This 
can be explained by considering the log P value of FLU (log P is about 
0 meaning that this compound is equally partitioned between the 
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Fig. 2. (A) Particle size distribution of hybrid (b-MPs1 and b-MPs2) and L-MPs containing TBM (n = 3). (B) Shape and surface morphology of hybrid b-MPs1 
containing TBM investigated by SEM. 

Fig. 3. (A) Hot Stage Microscopy images of hybrid b-MPs1 and b-MPs2 containing FLU, TBM and NIM. Images of solid particles were depicted at room temperature 
(25 ◦C) while the distribution of the lipid/PEG phases was observed after melting (70 ◦C). (B) Evolution with time of hot lipid-PEG emulsions. A colored dye 
(rhodamine) was added to the hydrophilic phase to provide a better visualization of the two phases. (C) Interfacial tension measurements of various lipid-PEG 
emulsions without and with three model drugs dissolved at 2% w/w into the PEG phase. Data represent mean ± S.D. (n = 6), the level of significance was set at 
the probabilities of * p < 0.05, ** p < 0.01, *** p < 0.001 with respect to the corresponding sample without API. n/a indicates that the values were below the limit of 
detection of the instrument. 
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octanol and the aqueous phases) which indicate a good affinity for both 
polar hydrophilic as well as for non-polar hydrophobic solvents. More-
over, the formation of strong hydrogen bonds with its solvents has been 
reported as the most important mechanism determining FLU solubility 
[26]. Therefore, hydrogen bonding with both the PEG phase (with the 
ether oxygen atoms on the backbone chain) and the lipid phase (with the 
hydroxyl groups of the mono- and di-glycerides of Compritol and of cetyl 
stearyl alcohol) might also explain the observed surface properties. 

Overall, the three APIs have shown to influence the surface proper-
ties of the PEG/lipid emulsions at various extent, thus it can be hy-
pothesized that APIs localized, in whole or in part, in the interfacial 
region between the two phases, thus decreasing the interfacial tension. 

3.2. Drug loading and release behavior from hybrid b-MPs 

The potential of hybrid b-MPs for encapsulation and controlled 
release of the various model APIs was investigated. 

Table 3 reports the results regarding the efficiency of b-MPs in 
encapsulating the active molecules as compared to one-phase L-MPs. L- 
MPs showed variable drug loading (DL) values for the three compounds, 
and specifically the encapsulation efficiency (EE) was very good (higher 
than 93%) for TBM and NIM, but slightly lower (86.1%) for FLU, the less 
lipophilic molecule among the three. This is a very typical issue when a 
hydrophilic cargo has to be loaded into a lipid formulation due to the 
different nature of the two materials. It is noteworthy that by using spray 
congealing, a good encapsulation was achieved even with FLU. As re-
gard the hybrid systems, the EE % ranged 90.5–92.7% for b-MPs1 and 
even higher (93.4–99.6%) for b-MPs2. Specifically, the loading amount 
achieved by b-MPs1 was statistically different compared to L-MPs for 
FLU and TBM, but not for NIM. Differently, the difference in the loaded 
drug in b-MPs2 compared to L-MPs was observed for all APIs, even 
though with various levels of significance (see p-values Table 3). 

Overall, the encapsulation of drugs into b-MPs was more consistent 
among the different batches compared to L-MPs, and the DL values were 
all close to 2%. The statistical analysis of the encapsulation performance 
of each type of MPs regard the three different APIs confirmed that the 
hybrid formulations could equally load all APIs without significant 
differences (p > 0.05) whereas a significant difference was obtained for 
L-MPs (p < 0.001). This demonstrates the superior ability of b-MPs in 
encapsulating compounds having very different hydrophilic/lipophilic 
characteristics, as long as the loaded amount can be solubilized into the 
inner PEG phase. 

Drug release profiles obtained from the MPs loaded with the three 
drugs in suitable dissolution media are depicted in Fig. 4. 

Being classified as BCS class I and having a pH-independent 

solubility, the release of FLU was studied in water under sink conditions U 
(Fig. 4A). As expected, the dissolution of free drug was immediate 
(100% FLU dissolved within 1 min). A very fast drug release was 
observed also using b-MPs2, with 95% of drug released after 15 min and 
100% after 30 min. Hybrid b-MPs1, by contrast, behaved similarly to L- 
MPs and a sustained drug release with minimum burst release was 
observed. This gradual and prolonged release after exposure to disso-
lution medium can be attributed to a diffusion-based release mechanism 
of the drug through the lipid matrix. Differently, an immediate release 
profile was observed in case of b-MPs2, probably due to the presence of 
5% w/w surfactant (Cremophor EL) in the formulation. This component 
can act as wetting agent, promoting the diffusion of water medium 
within the lipid particles. 

As TBM and NIM are both BCS class II drugs with acidic character, 
dissolution tests were performed under non-sink conditions using buffer 
pH 1.2 in order to have the molecules in the un-ionized forms. The 
dissolutions of free drugs were slow and after 6 h only the TBM con-
centration in the dissolution media approached its solubility limit, 
indicated by the dotted line (Fig. 4B), while NIM dissolution was lower 
than its equilibrium solubility value (Fig. 4C). One-phase L-MPs further 
reduced the drug release, determining a slow and incomplete release of 
TBM and NIM, as most drugs were not released within 6 h. Conversely, 
the release profiles observed for hybrid b-MPs were quite different for 
the two drug compounds. In case of TBM, the release behavior from b- 
MPs1 and b-MPs2 was quite unexpected and characterized by two main 
phases: a fast release in the first hour that reaches the TBM solubility 
limit, followed by a second phase of extended drug release in which the 
drug concentration exceeded its solubility threshold (Fig. 4B). A 
different behavior was observed in case of NIM-loaded b-MPs, where a 
modest increase in the release speed was observed passing from L-MPs to 
b-MPs1 and further from b-MPs1 to b-MPs2, but the drug release 
remained below its solubility (Fig. 4C). 

Overall, the difference in release performance between hybrid b-MPs 
and one-phase L-MPs is not significant (except for the introduction of the 
surfactant in the formulation) for FLU, indicating that controlled drug 
release can be obtained both by encapsulating the drug into the lipid 
matrix either as powder and solubilizing the API into the PEG phase, 
indifferently. Differences between dissolution profiles from one-phase 
and hybrid b-MPs raised increasing the drug hydrophobicity. In case 
of TBM and NIM, in fact, the dissolution performances of b-MPs were 
quite different from those of L-MPs. The limited improvement in disso-
lution of b-MPs containing NIM compared to TBM might depend on its 
higher logP value as well as on the very low solubility value of this drug, 
which is one order of magnitude lower compared to that of TBM 
(Table 1). Being a highly hydrophobic drug, NIM has a strong tendency 
to precipitate as soon as the NIM-PEG solution is diluted with the 
aqueous buffer. Thus, it is likely that a situation of dynamic equilibrium 
is established at the interface of the MPs during dissolution involving 
two opposite processes: drug dissolution and drug precipitation. The 
presence of a surfactant (Cremophor EL) would favor the dissolution 
process in spite of the precipitation one, thus determining a better per-
formance (b-MPs-2 compared to b-MPs1). Additionally, the distribution 
and dimensions of the PEG pores in the lipid matrix can be an additional 
factor influencing the release profile. In fact, after initial wetting of the 
MPs surface, the water ingress into the lipid matrix leads to the pro-
gressive leaking of the drug/PEG phase, being water-miscible, into the 
dissolution medium. Thus, the presence of smaller numerous pores in b- 
MPs2 might facilitate the drug diffusion through more interconnected 
PEG channels compared to b-MPs1 with larger pores (Fig. 3A), as 
observed in case of FLU and NIM. 

The effect observed for hybrid b-MPs loaded with TBM in Fig. 4B, 
which is the dissolution of more API than it would be possible consid-
ering its crystalline equilibrium solubility (i.e. thermodynamic equilib-
rium between an excess of crystalline and dissolved API), might depend 
on different reasons. In this context it is important to discriminate be-
tween two different concepts: solubilization and supersaturation (also 

Table 3 
Drug loading (DL %) and encapsulation efficiency (EE %) values measured for 
drug-loaded hybrid (b-MPs1 and b-MPs2) and lipid (L-MPs) microparticles with 
particle size 200–355 µm (n = 3). Statistical analysis (Bonferroni post-hoc test) 
comparing the drug loaded in the different types of MPs.  

APIs DL ± SD (% w/w) 
(EE %) 

Bonferroni post-hoc test 

b-MPs1 b-MPs2 L-MPs Comparison p- 
value 

FLU 1.85 ±
0.02 
(92.7) 

1.92 ±
0.01 
(96.0) 

1.72 ±
0.05 
(86.1) 

b-MPs1 vs. b- 
MPs2 

0.002 

b-MPs1 vs. L-MPs 0.002 
b-MPs2 vs. L-MPs <0.001 

TBM 1.84 ±
0.10 
(91.8) 

1.87 ±
0.08 
(93.4) 

2.18 ±
0.16 
(108.8) 

b-MPs1 vs. b- 
MPs2 

0,374 

b-MPs1 vs. L-MPs <0.001 
b-MPs2 vs. L-MPs 0,037 

NIM 1.81 ±
0.03 
(90.5) 

1.99 ±
0.01 
(99.6) 

1.87 ±
0.06 
(93.7) 

b-MPs1 vs. b- 
MPs2 

<0.001 

b-MPs1 vs. L-MPs 0,076 
b-MPs2 vs. L-MPs 0,012  
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Fig. 4. Release profiles of fluconazole (A), tolbutamide (B) and nimesulide (C) from hybrid (b-MPs1 and b-MPs2) and lipid (L-MPs) microparticles with particle size 
200–355 µm as well as release of pure drug (n = 3). In case of tests performed in non-sink conditions, the dashed line represents the equilibrium solubility of 
crystalline drugs in the same dissolution medium. 
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referred to as true supersaturation in literature) [27]. 
Solubilization refers to the increased drug apparent solubility due to 

the help of additional excipients, i.e. surface-active agents. Colloidal 
species (i.e. micelles) can, for example, formed in aqueous medium upon 
combination of amphiphilic components released by b-MPs2 (e.g. Cre-
mophor EL). This first hypothesis was investigated by analyzing the 
dissolution medium by dynamic light scattering (DLS); however, no 
colloidal particles in the nanometer size range have been detected. 
Moreover, it has to be considered that b-MPs1, having no surfactant in 
the formulation, displayed the same behavior. Differently from solubi-
lization, true supersaturation is a thermodynamically unstable state 
where drug molecules are molecularly dissolved in an aqueous solution 
at a concentration that exceeds the crystalline solubility. In contrast to 
pure TBM and L-MPs, where the drug is loaded as crystalline powder, in 
the hybrid b-MPs TBM is solubilized in the PEG phase. This means that 
the dilution of TBM, already molecularly dispersed in the PEG phase, 
into the aqueous medium is likely to determine a real supersaturation, 
similarly to the “spring” effect observed with amorphous solid disper-
sions [28]. It was interesting to note that the “supersaturated state” was 
kept for the test duration (5 h). PEG released in aqueous medium, which 
can act as co-solvent or as crystallization inhibitors, might account for 
this prolonged supersaturation. Nevertheless, the estimated PEG con-
centration in the dissolution medium, calculated considering the 
amount of particles and the dissolution volume, was moderate (about 
1.3–1.8 mg/ml). Additional solubility studies performed in buffer so-
lutions containing PEG within this concentration range (Fig. 5A) showed 
no significant variation with respect to TBM solubility value, confirming 
that TBM supersaturation is not related to the presence of PEG in the 
dissolution medium. 

Another aspect to consider is the degree of supersaturation, that 
plays a key role on determining the duration of the supersaturated state: 
the highest the levels of supersaturation, the fastest the drug precipita-
tion and the return to a thermodynamically stable state. Thus, to better 
investigate this behavior, additional release studies were performed 
changing the achievable supersaturation of TBM by varying the sink 
index (SI) [29]. SI was introduced by Sun et al.[30] to quantify the 
extent of “non-sinkness” of a dissolution test for supersaturating for-
mulations and is defined as follows: 

SI =
Cs
Dose

V  

where Cs is the solubility of crystalline drug, V the volume of dissolution 

medium, and Dose the total amount of drug in the test sample. Low SI 
values indicate high deviation from perfect sink conditions (corre-
sponding to SI ≥ 3), defined as conditions where the “volume of disso-
lution medium that is at least 3–10 times the saturation volume” by the 
European Pharmacopoeia [31]. 

Fig. 5B shows the release profiles of b-MPs1 containing TBM per-
formed at two SI values: the previous release profile performed at in-
termediate (SI = 0.7) non-sink condition was compared with dissolution 
at higher (SI = 0.4) non-sink conditions. The SI used affected the shape 
of the dissolution profiles. Passing from moderate to more significant 
non-sink conditions, we can observe that the concentration of TBM in the 
dissolution medium is higher and after 4 h TBM started re-crystallizing 
from supersaturated solution, as indicated by the red arrow. This result 
indicated the formation of a thermodynamically unstable state and 
confirmed the hypothesis of real supersaturation of TBM achieved by b- 
MPs. As an indicator of dissolution performance, we can consider the 
area under the curve (AUC), which is directly and inversely proportional 
to the dissolution and precipitation rates, respectively [32]. Although 
100% release was not achieved using SI = 0.4, the dissolution profiles of 
b-MPs1 showed a good dissolution performance, i.e. high AUC (corre-
sponded to the light blue area) and achieved a TBM maximum con-
centration that was almost two-times the drug equilibrium solubility. 
Moreover, the supersaturation state was maintained for about 4–5 h, 
which is considered a relevant time for determining an increase of drug 
absorption in vivo. 

3.3. Variation of the loading amount and location of tolbutamide in 
hybrid b-MPs 

Based on the interesting dissolution behavior of TBM-loaded b-MPs, 
we further investigated the possibility of loading higher TBM amounts in 
the PEG phase of b-MPs as well as of loading TBM in the external lipid 
compartment. To this aim, the formulation of hybrid b-MPs1 (Compritol 
888 ATO and cetylstearyl alcohol as lipid phase, and 20 % w/w of PEG 
400 as hydrophilic phase, see Table 1) was modified. Specifically, TBM 
loading into the hydrophilic phase (PEG) was increased from 2% (b- 
MPs@2H) of the previous formulation to 4% (b-MPs@4H) and 10% (b- 
MPs@10H) w/w. In addition, one batch was produced by loading TBM 
only in the lipid phase at 2% w/w (b-MPs@2L). One-phase lipid 
formulation containing 2% w/w of TBM (L-MPs) was evaluated as 
comparison. The composition of these batches is summarized in Table 4. 

The particle size distribution and mean size of the obtained batches 

Fig. 5. A) TBM crystalline solubility in buffer pH 1.2 with increasing PEG amounts (n = 3). B) In vitro dissolution profiles of TBM from hybrid b-MPs under 
dissolution conditions with SI = 0.4 and SI = 0.7 in buffer pH 1.2 expressed as TBM concentration (µg/ml) in the dissolution medium at various times (n = 3). All 
samples had particle size 200–355 µm. The dashed blue line represents the equilibrium solubility of crystalline TBM in the same dissolution medium (C = 106.9 µg/ 
ml). The area under the curve (AUC) is an indicator of dissolution performance. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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(Fig. S4 and Table S2) was not affected by varying the drug loading 
amount and location. The main particle size fraction was always in the 
range 200–355 µm, thus this size fraction was used for further studies. 

The DL values of the MPs (Table 4) depended on the drug amount: 
the formulations with lower drug amount (2% w/w) allowed optimum 
drug encapsulation with EE values always higher than 91%, regardless 
of the TBM loading in the PEG phase or in the lipid phase of the b-MPs. 
The EE values decreased concurrently with the increasing of the TBM 
amount, probably due to the difficulty to completely dissolve the drug in 
PEG phase and to include this phase into the lipid matrix during the 
spray congealing process. Nevertheless, EE was still good with values 
above 73%. 

Another important aspect concerns the physical state of the different 
phases present in the b-MPs after cooling, which can be impacted by 
spray congealing process [18]. Fig. 6 showed the DSC curves of the drug- 
loaded hybrid b-MPs and L-MPs compared to raw lipid excipients and to 
the TBM. Compritol® 888 ATO showed its main melting endotherm at 
78 ◦C and a weak endothermic event occurring at 45–55 ◦C is related to 
the transformation of the pseudohexagonal subcell arrangement of hy-
drocarbon chains, namely sub-α, into true hexagonal (α) subcell. 
Cetylstearyl alcohol presented a double melting endotherm at about 
50 ◦C and 61 ◦C. 

All MPs showed a single melting peak at temperatures intermediate 

between those of the two lipid excipients composing the lipid phase, 
accordingly to what observed previously [17]. The specific melting 
temperatures were 67–68 ◦C and 71–72 ◦C for hybrid (b-MPs) and one- 
phase (L-MPs) systems, respectively. This indicated complete miscibility 
of Compritol and cetylstearyl alcohol in the lipid phase. Moreover, the 
presence of TBM did not affect the solid state of the MPs. As regard the 
thermal behavior of TBM, the stable polymorph Form IL was observed to 
transform into Form IH at about 40 ◦C with an associated enthalpy 
change (endothermic), followed by the melting of the Form IH at 131 ◦C. 
Endothermic signals related to the TBM melting were detected in the 
MPs samples slightly moved to a lower temperature (123–124 ◦C) only 
for b-MPs@4H and b-MPs@10H (red arrows). This indicates that the 
drug loaded in these MPs, or at least part of it, is present as crystalline 
form. The absence of the TBM peak in the other samples is probably 
related to the low amount of loaded drug and/or to fact the TBM is the 
molecularly dispersed (as solution in the PEG phase). 

Similar information were gained by FT-IR analysis (Fig. S5), where 
weak signals of the drug were detected in the pattern of the MPs. Spe-
cifically, the characteristic band of TBM at 661 cm− 1 was observed in all 
samples, but only in case of hybrid MPs having high drug amounts (b- 
MPs@4H and b-MPs@10H) it was possible to appreciate other charac-
teristic bands of TBM at 1157, 1335 and 1702 cm− 1. Notably, these 
bands were markedly shifted compared to the values of pure TBM, 
suggesting a strong interaction with the PEG phase of the b-MPs. For 
example, the S=O symmetric stretching frequencies at 1335 cm− 1 

moved to 1340 cm− 1 for b-MPs@10H, while the band at 1157 cm− 1 

related to the S=O asymmetric stretching moved to 1168 cm− 1 and 
1170 cm− 1 in case of b-MPs@4H and b-MPs@10H, respectively. More-
over, FT-IR analysis allowed the clear identification of the PEG phase in 
the hybrid b-MPs due to its characteristic bands at 950, 1335, and the 
broad band at 1080–1140 cm− 1. 

Overall, DSC and FT-IR analysis of TBM-loaded MPs indicate that the 
physical state of the MPs is maintained even by changing the amount 
and location of the loaded drug. 

In order to detect how the loading of TBM might influence the MPs 
external and internal morphology, samples were investigated by means 
of SEM and confocal Raman mapping (CRM). CRM is the technique of 
choice for the structural characterization of MPs at the solid state as a 
powerful analytical option to identify the location of individual com-
ponents within a multicomponent system. 

Hybrid b-MPs prepared with TBM at various loading amounts/lo-
cations showed a spherical-like shape, as illustrated in Fig. 7. The sur-
face of all TBM-loaded b-MPs was mainly smooth and uniform, similarly 
to unloaded hybrid b-MPs and to one-phase L-MPs. This indicates that 
the loading of TBM at various amounts/locations did not affect the 
particle external morphology. 

Raman spectra registered for the TBM-loaded formulations as well as 
all raw materials (API and excipients) with key marker bands are pre-
sented in Fig. S6 and Fig. S7. The Raman signals registered at wave-
numbers of 2886, 2852, 1452, 1302, 1138 and 1068 cm− 1 are marker 
bands for lipophilic phase. The PEG phase can be identified by the sig-
nals registered at wavenumbers of 2889, 1478, 1290, 1141, 841 cm− 1. 
TBM can be identified by the key marker bands registered at wave-
numbers of 3066, 1604, 1163, 1100, 815, 800 cm− 1. 

Fig. 8 reports the results of CRM analysis of the five investigated 
formulations. Optical images of MPs are shown in the first raw. Raman 
maps obtained based on the integration of characteristic Raman bands 
(presented in the second row) did not allow for investigation of the 
spatial distribution of the various components in the MPs. Therefore, 
chemometrics was used to analyze Raman mapping data. The applica-
tion of cluster analysis in the spectral range 770–980 cm− 1 allowed for a 
differentiation of hydrophilic and lipophilic phase, as this wavenumber 
range was the most differentiating for PEG and lipid excipients in the 
Raman spectra. Whereas, in order to detect and identify TBM, the 
wavenumber range of 3030–3090 cm− 1 was chosen because the drug 
present a clear and intensive band in this range. The colors of the 

Table 4 
Drug loading (DL %) and encapsulation efficiency (EE %) values measured for 
hybrid (b-MPs1) and lipid (L-MPs) microparticles (particle size 200–355 µm) 
with TBM loaded at different amounts and locations (n = 3).  

Formulation TBM amount (% w/w) TBM 
location 

DL % (±SD) EE % 

b-MPs@2H 2 PEG phase 1.84 ± 0.10  91.8 
b-MPs@4H 4 PEG phase 3.46 ± 0.11  86.4 
b-MPs@10H 10 PEG phase 7.38 ± 0.07  73.8 
b-MPs@2L 2 Lipid 1.97 ± 0.19  98.7 
L-MPs 2 Lipid 2.18 ± 0.16  108.8  

Fig. 6. DSC curves of MPs loaded with TBM at various amounts and locations, 
compared to the solid raw excipients (Compritol 888 ATO and cetylstearyl 
alcohol) and drug. 
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resulting maps, shown in the third raw of Fig. 8 represent lipid phase 
(blue), PEG phase (green) and TBM (red). Differently to L-MPs, where 
only lipid matrix was detected, the PEG phase of hybrid b-MPs was 
clearly identified. All batches of hybrid b-MPs presented multiple PEG 
cores with size up to 10 µm into a crystalline lipid matrix. 

Moreover, CRM analysis can help to understand how and in what 
form (crystalline or amorphous) the drug is distributed in the different 
phases of the MPs. The first consideration regards the drug loading 

amount, which is of critical importance as lower drug amount in the 
sample would lead to lower Raman signals. Indeed, only minor Raman 
signals of TBM were detected in the formulations with the lowest drug 
loading (2% w/w), whereas more defined TBM areas were observed in 
hybrid formulations with drug loaded at 4% and 10% w/w. Moreover, 
considering the formulations with equal drug loading (2% w/w), TBM 
was not detected in samples having the drug solubilized in the PEG 
phase (b-MPs@2H), whereas small TBM areas were detected in 

Fig. 7. SEM micrographs of hybrid particles loaded with TBM at various amount/locations (b-MPs@2H, b-MPs@4H, b-MPs@10H and b-MPs@2L) compared with 
unloaded b-MPs and one-phase lipid formulation containing 2% w/w of TBM (L-MPs). 

Fig. 8. Raman mapping images. The first row (at the top) shows visible pictures, the second row – Raman images obtained based on the integration of characteristic 
Raman bands at 2852 and 2886 cm-1; the third row – Raman images based on chemometrics (cluster analysis): lipid phase (blue area), PEG phase (green area) and 
TBM (red area). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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formulations containing TBM loaded in the lipid phase (L-MPs and b- 
MPs@2L). The presence of TBM dispersed at the molecular level, in fact, 
is unlikely to determine intense Raman signals. The drug areas detected 
by CRM in a multicomponent pharmaceutical formulation depend on 
high concentration (intensity) of drug crystalline or amorphous particles 
[33,34]. Therefore, the presence of these small areas strongly suggested 
that TBM was dispersed as crystalline particles within the lipid phase of 
the MPs. This was not surprising as TBM, which was loaded as crystalline 
powder in the molten lipid producing a fine suspension, is likely to 
remain crystalline after spray congealing process. 

Specifically, in L-MPs the distribution of TBM (red areas) within the 
lipid matrix (blue area) can be nicely observed. Thus, it can be 
concluded that in L-MPs TBM is (totally or mostly) crystalline and evenly 
distributed through the particle matrix. 

Conversely, hybrid particles with drug loaded in the lipid phase (b- 
MPs@2L) were characterized by red areas on the external border of the 
PEG phases rather than in the PEG cores, as well as some red areas 
within the blue lipid region. Thus, in this system TBM is (at least 
partially) crystalline and distributed in the lipid phase or at the PEG/ 
lipid interface. 

Finally, in hybrid systems with drug solubilized in the PEG phase, the 
drug is preferentially localized in the PEG cores and (totally or partially) 
molecularly dispersed in the PEG phase. Specifically, when loaded at 
2%, TBM is entirely molecularly dispersed in the PEG phase, as sug-
gested by the absence of drug red spots in Raman mapping images as 
well as by the release behaviour (rapid and complete TBM release with 
supersaturation, Fig. 4 and Fig. 5b). Differently, at 4% and 10%, TBM is 
partially crystalline, as confirmed by the DSC results (Fig. 6), and 
partially solubilized in the PEG cores, as indicated by the CRM of b- 
MPs@4H and b-MPs@10H, showing the preferential distribution of the 
drug in the internal PEG phase. 

Finally, Fig. 9 shows the drug release behavior of TBM from the MPs. 
When TBM was loaded into the lipid phase of the hybrid b-MPs (b- 
MPs@2L), the drug release was faster compared to pure lipid MPs with 
the same drug amount (L-MPs). This evidences the influence of the in-
ternal structure of the MPs in controlling the water diffusion through the 
particle matrix and therefore the drug release. Despite the different 
release behavior, no supersaturation was achieved when TBM was 
loaded as powder into the lipid phase (the TBM solubility limit is indi-
cated by the blue line). Differently, the formulations having the drug 
solubilized in the PEG phase showed various release profiles depending 

on the drug loading amount. While for low drug loading (2%), rapid and 
complete drug release was observed with generation of supersaturated 
solution, for high drug loading b-MPs (10%), the drug released profiles 
was superimposed to the dissolution curve of the raw API. An interme-
diate behaviour was observed for b-MPs having 4% drug loading. The 
major influence of drug loading on the release behaviour of super-
saturating formulations has been widely reported in the literature [35- 
38]. Specifically, a remarkable drop in drug release rate has been 
observed when a certain drug loading was reached. This abrupt change 
in release performance was found to be related with a switch from a 
polymer-controlled drug release kinetic (where drug and polymer dis-
solved simultaneously in the dissolution media), to a drug-controlled 
release kinetic whereby release of drug and polymer is incongruent 
[35,39]. Another plausible explanation to diminished dissolution per-
formance of b-MPs with 4% and 10% drug loadings is the drug enrich-
ment at the particle surface exposed to the dissolution medium. The 
generation of surface drug-enriched as a function of time has been 
observed for ASDs with high drug loadings [35,37,40] and might 
eventually lead to drug crystallization prior to dissolution, thus deter-
mining a decline in the dissolution rate. 

Overall, the results highlight that the drug loading amount and 
location into b-MPs strongly impact the release performance of the 
dosage form. 

4. Conclusion 

Hybrid lipid-polymer MPs produced by an innovative green process 
based on spray congealing were investigated for the first time for the 
delivery of APIs having different hydrophilic/hydrophobic properties. In 
particular, we have investigated two hybrid MPs based on Compri-
tol®888 ATO and cetylstearyl alcohol as external lipid phase and on PEG 
400 as internal polymeric phase. The results evidenced that drug mol-
ecules affected the interactions at the lipid/PEG interface of the b-MPs 
without altering the cores-shell structure. Comparing to traditional one- 
phase lipid MPs, hybrid b-MPs showed a higher efficiency to encapsulate 
compounds with very different hydrophilic/hydrophobic properties, as 
well as a more differentiated array of release profiles depending on the 
type of drug, its location (inner or external phase), loading amount and 
particle composition. Among them, it is worth mentioning an enhanced 
release of tolbutamide, a BCS class II drug with moderate hydropho-
bicity, characterized by a rapid and complete release with concentration 

Fig. 9. Release profiles of tolbutamide from of 
hybrid particles with TBM loaded at various 
amount/locations (b-MPs@2H, b-MPs@4H, b- 
MPs@10H and b-MPs@2L) compared with one- 
phase lipid formulation containing 2% w/w of 
TBM (L-MPs), as well as release of pure drug (n =
3). All MPs samples had particle size 200–355 µm. 
The test is performed in non-sink conditions (SI =
0.7) and the dashed line represents the equilibrium 
solubility of crystalline TBM in the same dissolution 
medium.   
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exceeding drug solubility. Therefore, spray congealed lipid-based hybrid 
MPs are versatile systems able either to sustain the drug release, rep-
resenting an alternative to other controlled-release multiparticulate 
dosage forms, or to enhance drug dissolution of poorly soluble drugs due 
to the formation of a supersaturated state, similarly to those obtained by 
self-emulsifying drug delivery systems or solid dispersions. Further steps 
will focus on the application of this formulation strategy for specific 
therapeutic needs, as for example oral combination therapies, where the 
simultaneous controlled release of two or more different drugs is 
required. 

Overall, due to the highly customizable composition, facile and low- 
cost production, high encapsulation efficiency and tunable drug release, 
this study represents a proof of concept for the use of hybrid b-MPs 
produced by the spray congealing technology as a modified delivery 
platform for oral drug administration. 
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