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a b s t r a c t

Spray-congealing, a technique based on the fast solidification of sprayed molten lipids, is considered a
novel strategy to encapsulate natural products. Among others, it is a safe, low cost, fast and reproducible
technique, with rising interest for several applications (e.g. food applications). One of the key parameters
for the application of this technique is the lipid solidification temperature, which can be modulated by
optimizing the lipid composition. In this work, three lipid components (beeswax, carnauba wax, and
medium-chain triglycerides (Miglyol 812)) were selected, and the mixture composition modelled using
a simplex-centroid experimental design. Three different lipid compositions were chosen to validate the
proposed model, then tested in the preparation of curcumin-loaded microparticles (1.5%, w/w). The pro-
duced microparticles were analysed in terms of colour, morphology, particle size, encapsulation effi-
ciency and load, physicochemical, crystalline, and thermal properties. Results evidenced that
microparticle’s properties, including encapsulation efficiency, vary according to the used lipid mixture,
supporting their tailoring role. This fact brings advantages in the design of microencapsulation systems
based on spray congealing processes, broadening their applicability. Moreover, lipid composition optimi-
sation was proved to be an important tool to precede the development of spray-congealing applications.
� 2021 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Spray congealing encapsulation technique is based on the for-
mation of solid microparticles through the atomisation of an active
principle dissolved or dispersed in a molten encapsulating material
(usually heated 10 �C above its melting temperature). The spraying
of the lipid droplets in a cooling chamber in contact with cold air
facilitates the solidification of the system leading to the formation
of the final solid microparticles [1]. The strategy avails the prepa-
ration of microparticles with controlled size by a simple, fast,
and single-step process [2].

Different methodologies can be used to prepare solid lipid
particles, including hot melt granulation [3], solvent evaporation-
based methods [4] and simple (oil-in-water) or double (water-
in-oil-in-water) emulsification processes [5]. These strategies,
often require the use of organic solvents or the combination of
water and oil phases to induce the formation of the particles.
Moreover, they demand multiple process stages including final
purification steps. By contrast, just by using a melting/congealing
cycle, spray congealing technology offers the possibility to prepare
lipid-based tailored particles by cost-effective scalable and contin-
uous manufacturing processes, which can support an easier indus-
trial implementation [6].

Recently, the use of solid lipids as encapsulating materials is
being promoted for several applications (e.g. food applications),
considering the advantages of these systems prepared by spray
congealing technology in comparison with other conventional
encapsulation techniques, namely the low cost, safeness, and
reproducibility. The fast solidification of the lipid mixtures in con-
tact with cooled air positioned this technique as an attractive via
for the preparation of microparticles at relative short process
times, and in the absence of solvents [7,8]. It is required the use
of lipids solid at ambient temperature, although their mixture with
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liquids (lipids or oils) can also be employed in order to tailor the
final properties of the microparticles [9]. Among others, natural
waxes such as beeswax or carnauba wax have gained attention
to be commercially considered ‘‘Generally Recognised as Safe -
GRAS”, ensuring no toxicity while yielding high stability against
undesired oxidation processes.

Beeswax, a complex product secreted by bees, whose melting
point ranges from 63.5 to 64.5 �C [10], becomes an attractive can-
didate for spray congealing processes, as previously reported [11].
Concerning carnauba wax, it shows the highest melting point
among vegetal waxes (78–85 �C), being suitable to be employed
as an additive for other wax systems (e.g. beeswax), namely to
increase the melting point of the final mixture, and thus broaden
their application framework [12]. By contrast, the incorporation
of liquid lipids, which include digestible oils, including medium-
chain triglycerides that generally hold high oxidation stability
[13], can decrease the melting point of the mixtures. Miglyol 812
is an attractive medium-chain triglyceride oil, with a structure
similar to the one of some solid lipids, facilitating their combina-
tion [14], and improving the solubility of the encapsulated active
compounds [15] into the system.

Solid microparticles can be employed in several applications,
with relevance for the encapsulation of sensitive compounds pro-
viding stabilisation and protection for uses, e.g., in the food indus-
try [16]. Curcumin consists in a natural hydrophobic phenolic
compound typically used as a natural food colourant [17], present-
ing other features including antimicrobial [18–22], anti-
inflammatory [23,24] and anticancer properties [25]. Its inherent
colorant characteristics render it an attractive choice for replacing
allergenic artificial counterparts [26]. Curcumin is generally associ-
ated with poor absorption, low bioavailability, spicy flavour and
poor stability against external factors including temperature [27],
light [28], air/oxygen [29], pH [30], solvents [31] or storage condi-
tions [32]. Among others, it should be noted the sensitivity of cur-
cumin to heating treatments [33], considered as a limiting factor
for, e.g., use in food applications needing cooking stages in ovens
(e.g. pastry or bakery products). In this context, providing protec-
tion through encapsulation into solid lipid-based matrices, which
are characterized by presenting temperature resistance, can be
envisaged as a promising tool to overcome these constraints.

In this work, beeswax, carnauba wax and miglyol 812 were cho-
sen as the components to prepare lipid mixtures to be used in
spray-congealing. Initially, and based on a design of experiments
approach, the working space for the mixture composition was
defined considering the solidification temperature as the response,
a key parameter to employ spray congealing technique. After-
wards, three compositions were employed for model validation
and used to prepare curcumin-loaded microparticles (1.5%, w/w).
The obtained curcumin-loaded microparticles were compared
against control samples (microparticles without curcumin). The
properties of the microparticles were analysed in terms of colour,
morphology, particle size, physicochemical, thermal and crys-
talline properties. To the best of our knowledge, optimization of
the lipid composition to attain a suitable solidification temperature
in spray congealing was not previously reported, neither the use of
this technique to encapsulate curcumin, technique that presents
several advantages over the traditionally employed hot melt dis-
persion technique. In fact, works involving solid lipid matrices,
including the ones produced by spray congealing [4] or alternative
methods [34,35], were mainly focused on the encapsulation of
pharmaceuticals or drugs for delivery applications [36], but not
on natural bioactives and/or colorants, namely curcumin. More-
over, the optimization of the system through the use of experimen-
tal design strategies, provides a predictive tool to validate new
lipid formulations, positioning the present work as an innovative
strategy in comparison to other works where formulations
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[37,38] or spray congealing process parameters [4] are tested by
conventional trial/error methods.

2. Experimental

2.1. Materials

Curcumin (85% purity) was acquired from Sigma-Aldrich and
stored protected from light until use. Beeswax (100% purity, Acros
Organics), carnauba wax (100% purity, Acros Organics) and
medium-chain triglycerides (Miglyol 812 a mixture of capric and
capric acid esters supplied by Oleochemicals) were used as the
encapsulant base materials to prepare the lipid mixtures.

2.2. Optimisation of the lipid mixture composition

The lipid mixture composition, further used in the testing of the
preparation curcumin loaded microparticles by spray congealing
technique, was optimized by a simplex-centroid design with axial
points considering ternary mixtures that include beeswax (BW),
carnauba wax (CW) and miglyol (M). Attending to the restrictions
involved in the mixture formulation (it must be solid at ambient
temperature), a minimum beeswax concentration of 40% and max-
imum miglyol concentration of 60% were defined, considering that
liquid mixtures were obtained at 20 �C out of this range in prelim-
inary tests. The mixtures maximum melting temperature was
established at 70 �C, which was established based on the spray
congealing equipment restrictions. The number of experiments/
replicas in the experimental design was planned to include the
repetition of the centre point (4 replicas) avoiding the need of
replicating all the samples. This is the number of replicas required
in the Simplex-centroid experimental design. This assumption
takes into consideration that homoscedasticity was valid within
the experimental range, meaning that variance was equal in all
experimental points [39].

The three evaluated variables, namely the concentration of each
lipid in the prepared mixtures was expressed in terms of pseudo
components mass fractions [40], and referred as beeswax (XBW),
carnauba wax (XCW) and miglyol (XM), considering the total mass
equal of the sample equal to 1 g. The response for the design was
defined as the solidification temperature (Ts) of the mixture, which
was determined by dynamic scanning calorimetry (DSC) according
to the protocol described by Guimarães-Inácio et al. [41] as
described next in Section 2.4.

The simplex-centroid experimental design was adjusted to a
cubic model according to Eq. (1) [42], where by represents the eval-
uated response, namely solidification temperature; bi the regres-
sion coefficient; Xi the pseudo components relative to beeswax
(X1), carnauba wax (X2), and miglyol (X3).

by¼ b1:X1þb2:X2þb3:X3þb12:X1:X2þb13:X1:X3þb23:X2:X3þb123:X1:X2:X3

ð1Þ
The model was evaluated by the coefficient of determination

(R2), adjusted coefficient of determination (R2
adj) and ANOVA with

lack of fit. Triangular contour plot was used to represent the results
for each dependent variable, based on the models adjusted using Sta-
tistica 13 software.

2.3. Validation of the model

The validation of the model was assessed by analysing three
mixtures included in the designed framework space. The validation
samples were selected according to two criteria, including the
solidification temperature and particles’ composition. The solidifi-
cation temperature range was adjusted to the limitations of the
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equipment, being determined according to the previously stated
protocol. The selection of the mixtures’ composition took into con-
sideration the combination of different lipids to achieve different
compositions. Model validation was done by comparing the solid-
ification temperatures of the mixtures with the confidence interval
predicted by the model.

2.4. Microparticles preparation by spray congealing technique

Microparticles were prepared by the spray congealing tech-
nique using a Mini Spray Dryer B-290 Buchi (Flawil, Switzerland)
according to the following atomisation conditions: atomiser nozzle
diameter of 0.7 mm (providing a particle diameter in the range
between 20 and 200 mm), an inlet temperature of 140 �C, an outlet
temperature of 10 �C, a cooling airflow rate of 37,500 L/h, and 100%
of aspiration. The same conditions were chosen for all the atomized
samples to avoid processing conditions variability among samples.
The three lipid mixture formulations used for the validation of the
experimental design model were used to produce the microparti-
cles. For each lipid composition, a control sample (microparticles
without curcumin), and the corresponding microparticles loaded
with 1.5% (w/w) of curcumin were prepared. Before atomization,
the lipids were heated at 100 �C under magnetic stirring for
10 min followed by curcumin adding, in the case of the loaded
microparticles. To guarantee the liquid state from the reservoir
until the atomisation point, the mixtures were maintained at
100 �C for an additional timeframe of 10 min. After the atomisation
process the obtained microparticles were stored at �4 �C protected
from light until characterisation.

2.5. Microparticles characterisation

The microparticles were characterised by Colourimetry, Scan-
ning Electron Microscopy (SEM), Laser Diffraction (size analysis),
Fourier Transform Infrared Spectroscopy (FTIR), Differential Scan-
ning Calorimetry (DSC), and X-Ray Diffraction (XRD). For compar-
ison purposes, physical mixtures mimicking the composition of
the loaded microparticles were prepared and analysed by FTIR,
DSC and XRD. Encapsulation efficiency (EE) and load capacity
(LC) of the microparticles was determined by ultraviolet spec-
troscopy (UV).

The colour of the microparticles was evaluated by determining
the CIELAB parameters (L*, a* and b*) using a colourimeter CR-400
model, Konica Minolta Sensing Inc., Japan equipment. Parameters
were directly determined by reflectance measurements in
triplicate.

The morphology of the microparticles was assessed by SEM
using a Phenon Pro microscope from Phenom World (Eindhoven,
The Netherlands) with a backscattered electron detector. Samples
were analysed with a magnification of 500x and 2500x (accelera-
tion voltage of 15 kV) and supported on carbon sheets. As well, a
Temperature Controlled Sample Holder (TCSH), which adjusted
temperature easily and quickly based on the Peltier principle,
was used to control the temperature of the sample and minimize
the effect of the electron beam and vacuum damage.

The particle size distributions of the microparticles was deter-
mined by Laser Diffraction using a Malvern Mastersizer 3000
equipped with a dispersion unit (Malvern, Hydro MV) (Worcs,
UK). Samples were analysed averaging five replicates at 25 �C using
distilled water as the dispersant medium.

Structural analysis including the established interactions
among the used components (carnauba wax, beeswax and cur-
cumin), in the microparticles and physical mixtures, were analysed
by FTIR using a MB300 (ABB, Zurich, Switzerland) apparatus in
attenuated reflectance mode. Samples were recorded by averaging
32 scans with a resolution of 16 cm�1 in the range between 4000
1712
and 550 cm�1. Spectra were treated with Horizon MB software ver-
sion 3.4 and normalised using the highest intensity peak for com-
parison purposes.

The thermal behaviour of constituents (carnauba wax, bees-
wax and curcumin), physical mixtures and microparticles was
determined by DSC using a Netzsch, DSC 204 F1 Phoenix equip-
ment (Selb, Germany). Around 5–10 mg of the sample was
weighted into closed aluminum crucibles and submitted to a
dynamic scan from 0 to 250 �C at 10 �C/min under nitrogen atmo-
sphere (20 mL/min). The solidification temperature of the mix-
tures (response of the experimental design) was determined
according to the protocol reported by Guimarães-Inácio et al.
[41]. For this purpose, samples were prepared by weighting the
corresponding components to a test tube, thereafter mixed, and
placed in an oil thermostatic bath (NAHITA model 602/6) at
90 �C for 10 min under vigorous agitation. The tubes were rapidly
cooled to �20 �C to promote the solidification of the mixture, and
then maintained at this condition for 1 h before analysis. The
resultant mixtures (approximately 10 mg) were subjected to an
initial heating scan from �80 to 100 �C at 10 �C/min. After main-
taining the temperature at 100 �C for 10 min, the samples were
cooled to 0 �C at 20 �C/min and kept at 0 �C for 10 min. A second
heating scan was carried out from 0 to 150 �C at 10 �C/min, fol-
lowed by keeping at 150 �C for 5 min and cooling to 0 �C at
20 �C/min. The solidification temperature was determined from
the second cooling thermograms.

The crystallinity of the constituents (beeswax, carnauba wax
and curcumin), and of microparticles, were determined by XRD
in a Bruker D8 Advance equipment. The analysis was carried out
using Cu-Ka radiation at 40 KV and 35 mA from 3� to 40� (2h) at
5.9�/min.

The encapsulation efficiency (EE) and load capacity (LC) of
curcumin in the microparticles was determined by UV using a
JASCO V-730 spectrophotometer. Samples were prepared accord-
ing to the method described by Couto et al. [43] with some
modifications. Briefly, around 50 mg of microparticles were
weighted and melt at 70 �C to release the curcumin. Then,
20 mL of ethanol were added at 70 �C and the temperature
maintained for 10 min to dissolve the curcumin. After cooling,
the lipids precipitated and the sample was filtered using a syr-
inge filter, (CHROMAFIL PTFE (45/25); 25 mm of diameter and
0.45 mm pore size). The samples were analysed at 25 �C and a
wavelength of 421 nm using ethanol as solvent medium. The
concentration of the curcumin was calculated based on a cali-
bration curve prepared from curcumin standard solutions in
the range 0.001–0.01 mg/mL (A = 206,79C + 0,0859;
R2 = 0.9938 where A is the absorbance at 421 nm and C the
curcumin concentration (mg/mL)). The control microparticles
were also subjected to the same treatment to assure the non-
interference of the lipid materials in the UV measurements.
The encapsulation efficiency and load capacity were calculated
according to the Eqs. (2) and (3), respectively.
Encapsulationefficiency EE;%ð Þ ¼ Mexp curcumin

Mtheoreticalcurcumin
� 100 ð2Þ
Loadcapacity LC;%ð Þ ¼ Mexpcurcumin

Mmicroparticles
� 100 ð3Þ

Where Mexp curcumin was the mass of curcumin determined by
UV, Mtheoretical curcumin the theoretical mass of curcumin in the
weighted sample according to the used formulation, and
Mmicroparticles the mass of the weighted microparticles.”
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3. Results and discussion

3.1. Experimental design

Table 1 presents the runs defined in the experimental design,
and expressed according to the three defined variables, namely
the composition in terms of weight fraction and weight of the
pseudo components, as well as the response results, i.e. the solid-
ification temperature obtained for the defined ternary mixtures..

The predicted equation model is presented in Eq. (4), and the
ANOVA analysis for the experimental model presented in Table 2.
The obtained results showed a p (ANOVA) value of 0.000024 (R2

of 0.95271 and R2
adj of 0.92906) and p-value of 0.0716, indicating

that the model did not present lack of fit. It was observed that the
interactions between beeswax and carnauba wax variables did not
result significant (p > 0.05), being removed from the model. How-
ever, the ternary interaction between the beeswax, carnauba wax
and miglyol variables, also considered no significant (p > 0.05),
was maintained in the model since its removal would diminish the
predictive capability of the model, as well as, leading to the reduc-
tion from special cubic to a quadratic model.

TS ¼48:5320XBWþ55:6592XCWþ49:0465XM�8:8846XBWXM�17:8307XCWXM

ð4Þ
The response surface obtained from the model equation is rep-

resented in Fig. 1. It can be noted that the miglyol weight fraction
significantly influenced the behaviour of the mixtures. The interac-
tion of miglyol with the corresponding beeswax and carnauba wax,
i.e. XBW-XM and XCW-XM interactions, led to lower solidification
temperatures. Considering that miglyol holds the lowest melting
temperature among the three used components, namely a value
of �6.5 �C [44], the highest its content in the mixture, the lower
was the response (solidification temperature).
3.2. Experimental model validation

The experimental validation of the model was carried out by
analysing three independent mixtures (V1, V2 and V3), selected
based on the defined model. The mixture composition, the experi-
mental Ts values, and the predicted confidence intervals are
included in Table 3. As well, the validation points were depicted
in the response surface showed in Fig. 1.
Table 1
Experimental matrix of the variables in terms of weight fraction of beeswax (XBW), carnau
and WM) and the solidification temperature (Ts) response.

Experimental run Var

Weight fraction of pseudo components (g/
gtotal)

XBW XCW XM

1 1.000 0.000 0.000
2 0.000 1.000 0.000
3 0.000 0.000 1.000
4 0.500 0.500 0.000
5 0.500 0.000 0.500
6 0.000 0.500 0.500
7 0.667 0.167 0.167
8 0.167 0.667 0.167
9 0.167 0.167 0.667
10 0.333 0.333 0.333
11 0.333 0.333 0.333
12 0.333 0.333 0.333
13 0.333 0.333 0.333

a WBW = 0.6�XBW + 0.4.
b WCW = 0.6�XCW.
c WM = 0.6�XM.
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V1 and V2, mixtures having the same composition of points 1
and 3 (Table 1), respectively, resulted in slight different values
for the experimentally determined TS. Nevertheless, comparing
the experimental values with the predicted intervals, it should be
highlighted that V1 and V2 samples fulfilled the predicted theoret-
ical confidence interval obtained from the used model, and are thus
valid points. Concerning V3 sample, although the Ts value
remained outside of the corresponding interval, the difference
was minimum (lower than 1 �C) which may be acceptable in most
practical applications. In conclusion, the results showed the suit-
ability of the model as a prediction tool to estimate the solidifica-
tion temperature of mixtures composed by beeswax, carnauba wax
and miglyol. It is worth noting that the possibility to obtain parti-
cles of diverse composition but with similar melting temperatures
is an advantage from a technological point of view, meaning that
composition can be varied without appreciable change in melting
behaviour and thus in processing conditions. This offers the possi-
bility of changing the composition according to the application
needs without modifying the process.

3.3. Microparticles characterisation

The lipid mixtures selected for the validation of the experimen-
tal design model, as described in Section 3.2., namely V1, V2 and
V3 were further employed in the preparation of microparticles
by spray congealing technology. For each composition, a series of
control microparticles (without curcumin) and curcumin-loaded
microparticles were prepared. Moreover, physical mixtures were
also prepared for comparison purposes. The type of sample, codifi-
cation and composition of the samples are summarised in Table 4.

The visual appearance of the produced curcumin-loaded
microparticles and curcumin itself is shown in Fig. 2, where it
can be observed the yellow hue for all microparticle systems, typ-
ical colour conferred by the curcumin compound.

Considering the differences of the microparticle’s colour per-
ception, their colour parameters were evaluated by colourimetric
analysis and the results, as well as the colour equivalence, shown
in Table 5. Colourimetric parameters were referred to as CIE-Lab
coordinates, associated with a different characteristic of the sam-
ples. The L* value is related to the lightness of the sample (in the
range from black to white), a* value is associated to the redness-
greenness chromatography index and b* attributed to the
yellowness-blueness axis colour index [45].
ba wax (XCW), and miglyol (XM)), their corresponding weight equivalence (WBW, WCW

iables Response

Weight of pseudo components (g) TS (�C)

WBW
a WCW

b WM
c

1.000 0.000 0.000 48.4
0.400 0.600 0.000 55.1
0.400 0.000 0.600 49.4
0.700 0.300 0.000 52.5
0.700 0.000 0.300 46.5
0.400 0.300 0.300 47.4
0.800 0.100 0.100 47.5
0.500 0.400 0.100 51.6
0.500 0.100 0.100 46.2
0.600 0.200 0.200 48.1
0.600 0.200 0.200 48.7
0.600 0.200 0.200 48.8
0.600 0.200 0.200 48.6



Table 2
Results of the simplex centroid design 3-factor mixture for the solidification temperature.

Sum of squares Degrees of freedom Mean square F p-value

Model 72.8725 4 18.21831 40.28904 0.000024
Total Error 3.61752 8 0.45219 – –
Lack of Fit 3.32752 5 0.66550 6.88453 –
Pure Error 0.29000 3 0.09667 – 0.071586
Total Adjusted 76.49077 12 6.37423 – –

Fig. 1. Response surface of the solidification temperature as a function of beeswax and carnauba wax and miglyol (XBW, XCW and XM pseudo components, respectively), and
V1, V2 and V3 validation points.

Table 3
Lipid mixtures composition (weight fraction and weight) and Ts experimental values and predicted intervals (95% of confidence).

Sample Weight fraction of
pseudocomponents (g/gtotal)

Weight of pseudocomponents (g) ExperimentalTS (�C) Predicted interval (95%)TS (�C)

XBW XCW XM WBW
a WCW

b WM
c

V1 1.000 0.000 0.000 1.000 0.000 0.000 46.5 46.5 � 48.5 � 50.6
V2 0.000 0.000 1.000 0.400 0.000 0.600 50.5 46.9 � 49.0 � 51.2
V3 0.030 0.250 0.720 0.418 0.150 0.432 44.5 45.4 � 47.3 � 49.1

a WBW = 0.6�XBW + 0.4.
b WCW = 0.6�XCW.
c WM = 0.6�XM.
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It was observed that microparticles led to colour parameters not
substantially different, yielding values around 68–72, 5–10 and
53–65 for L*, a* and b* coordinates, respectively; and observed dif-
ferences were related to the lipid mixtures. MP1 sample, namely
microparticles composed just by beeswax resulted in the lowest
a* and b* values, that is, they presented the lowest redness and yel-
lowness values. The incorporation of miglyol (MP2) led to a slight
reduction in the lightness of the microparticles, comparatively
with MP1 sample. In contrast, a more perceptible variation in a*
and b* values was observed, towards more red and yellow coordi-
nates, as can be perceived in the appearance of microparticles
shown in Fig. 2. The analogous redness and yellowness effect
was observed in MP3 microparticles, being the effect slightly lower
1714
probably due to the lower miglyol content (comparing with MP2).
Moreover, the incorporation of carnauba wax in the MP3 sample,
increased the lightness of the microparticles, in comparison with
beeswax-based samples, as it was also reported in other works
[46].

The morphology of the curcumin loaded microparticles (1.5% w/
w) was analysed by SEM, and the images are shown in Fig. 3. The
microparticles presented the typical spherical morphology of the
solid lipid microparticles [47,48] evidencing the suitability of the
spray congealing approach for their production. Moreover, the
existence of microparticle’s clusters was also observed in the for-
mulations, as reported in previous works dealing with spray con-
gealing process [49,50]. This phenomenon was attributed due to



Table 5
L*, a* and b* colour values of the curcumin-loaded microparticles.

Table 4
Type of sample, codification and composition of the samples.

Type of sample Codification Mass fraction of
encapsulants XBW/XCW/XM

Curcumin
(% w/w)

Control microparticles CMP1 1/0/0 –
CMP2 0.4/0/0.6 –
CMP3 0.418/0.15/0.432 –

Loaded microparticles MP1 1/0/0 1.5
MP2 0.4/0/0.6 1.5
MP3 0.418/0.15/0.432 1.5

Physical mixtures PM1 1/0/0 1.5
PM2 0.4/0/0.6 1.5
PM3 0.418/0.15/0.432 1.5
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the fact that microparticles might not be wholly solidified during
the time-frame of the productive process. Generally, it is known
that the melting temperature of the constituents ranges from 62
to 64, from 82 to 86 and from �6.5 to �2 �C for the beeswax, car-
nauba wax and miglyol, respectively. These values supported the
effect, that resulted more significant in the case of MP2 micropar-
ticles (Fig. 3b), the formulation composed by beeswax and miglyol,
namely the lipids holding the lowest melting temperatures. In the
case of MP3 sample (Fig. 3c), the incorporation of carnauba wax to
the mixture composition (lipid mixture with the highest melting
temperature) lead to the reduction of the clustering effect,
comparing with MP2. A similar behaviour was reported by Alber-
tini and co-workers [51].

The particle size distribution of the curcumin loaded micropar-
ticles (1.5% w/w), as well as the respective control microparticles,
Fig. 2. Images of curcumin loaded a) MP1, b) MP2
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namely their counterparts with no curcumin, are shown in Fig. 4.
The particle sizes referred to the maximum at 10, 50 and 90% of
the microparticles in volume are shown in Table 6.

In general, the microparticles presented a volume size distribu-
tion ranging from 0.1940 to 139 lm, availing their micro-scale.
Other reported works, namely the one carried out by Consoli and
co-workers [49], in which the encapsulation of gallic acid by sev-
eral material compositions was evaluated, pointed out that the for-
mulation holding the highest amount of fully hydrogenated
soybean oil favoured the decrease of the average volume sizes, fact
supported by its solid state at room temperature. Similarly, the
physical state of the mixture components could be related with
the particle size and observed distribution variations. It was
observed that the MP1 sample showed, in general, similar particle
size distribution comparing to CMP1 counterpart, highlighting the
solid-state of the mixture components at room temperature.
Appositively, the presence of miglyol (liquid at room temperature)
in MP2 and MP3 samples, broadened the particle size distribution,
which was also shifted to higher values, in respect to the control
and c) MP3 microparticles and d) curcumin.



Fig. 3. SEM images of the curcumin loaded a) MP1, b) MP2 and c) MP3 at 500x (on the left) and 2500x (on the right).
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microparticles (CMP2 and CMP3). This fact could be related with
the higher flexibility (mobility freedom) of miglyol. The effect
was less significant in the MP3 sample, considering the lower
1716
miglyol content in the mixture as well as the presence of carnauba
wax, the component presenting the highest melting temperature
range, and thereby, favouring the control of microparticle’s struc-



Fig. 4. Particle size distribution in volume of the control and respective curcumin
loaded microparticles: a) CMP1 and MP1, b) CMP2 and MP2 and c) CMP3 and MP3.

Table 6
Particle size of the samples for the 10% (D10), 50% (D50) and 90% (D90) of the measured
microparticles in volume.

Sample D10 (lm) D50 (lm) D90 (lm)

CMP1 0.48 ± 0.01 47.80 ± 0.20 95.60 ± 0.90
MP1 8.48 ± 3.40 45.00 ± 3.00 95.00 ± 3.00
CMP2 0.19 ± 0.01 21.30 ± 0.20 79.00 ± 2.00
MP2 0.41 ± 0.01 60.20 ± 0.50 139.00 ± 4.00
CMP3 9.16 ± 0.09 41.60 ± 0.30 103.00 ± 2.00
MP3 11.60 ± 0.09 49.40 ± 0.50 117.00 ± 3.00
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ture when curcumin is incorporated. Nevertheless, it has been
reported in the literature that other parameters, including the vis-
cosity of the melted mixture had influence in the spray congealing
atomisation process (an effect also conditioned by component’s
intrinsic properties), namely in the particle size of the obtained
particles [39,40]. For example, Albertini et al. [39], revealed the
tendency to reach higher average particle size values when the vis-
cosity of the mixture was increased. By contrast, Matos-Jr et al.
[52] reported that at high atomisation working pressures, namely
4 bar, high viscosity fluids favour the nebulization process, leading
to smaller particle sizes.

Mixture components (beeswax, carnauba wax, miglyol and cur-
cumin), control and curcumin-loadedmicroparticles, and the phys-
ical mixtures were analysed by FTIR, and the chemical structural
features are evidenced in the spectra shown in Fig. 5.

In general, the constituents showed the typical bands attributed
to their corresponding functional groups. Curcumin spectrum pre-
sented a band at 3510 cm�1 attributed to the stretching vibration
of hydroxyl (–OH) free groups and intense bands at 1640, 1647
and 1650 cm�1 related to the vibration of carbonyl groups. The
bands in the region between 1380 and 1470 cm�1 were associated
to the C = C stretching vibrations of the aromatic ring, and the elon-
gation of C-O groups, while the bands from 1155 to 1020 cm�1

were assigned to the stretching vibration of the ether (C-O) groups,
and the ones located at 900–700 cm�1 related to the C-H of the
alkene groups [53].

Beeswax spectrum presented the typical bands around
2957 cm�1 associated with asymmetric stretching vibration of
CH3 and asymmetric and symmetric stretching vibration of CH2

around 2922 and 2852 cm�1, respectively. Also, CH2 scissor defor-
mation and rocking vibration of CH2 groups were appreciated
around 1456 and 720 cm�1 [54]. The carbonyl C = O stretching
vibrations were observed around 1739 and 1172 cm�1 overlapped
with the C-H bending vibrations in the band about 1172 cm�1,
characteristic of the monosaturated fatty acid esters of the bees-
wax [54,55]. Similar bands to that showed by beeswax were
observed in the carnauba wax spectrum [46,56]. Miglyol spectrum
showed bands around 2956, 2926 and 2855 cm�1 related to the C-
H asymmetrical and symmetrical stretching vibrations of CH3 and
CH2 groups, whereas C-H bending vibration of CH2 groups was
assigned at 1465 and 1378 cm�1 and 720 cm�1 their in-plane rock-
ing vibration. A strong band about 1743 cm�1 reflected the ester
C = O groups of the triglycerides while the bands located at 1230,
1170 and 1064 cm�1 were associated to the C-O stretching vibra-
tions, but specifically at 1108 cm�1, where the stretching vibration
associated to the C-O of ester groups was observed [57].

FTIR spectra of curcumin loaded microparticles (MP1, MP2 and
MP3) showed the aforementioned C-H symmetric and asymmetric
stretching vibration bands corresponding to the CH3 and CH2

groups of the lipids in the range between 3000 and 2800 cm�1,
the stretching vibration band of C = O groups at 1750 cm�1, C-O
of the ester groups around 1180 cm�1 and the in-plane rocking
vibration of CH2 groups located at 720 cm�1 [10,58]. In MP2 and
MP3 samples, the addition of miglyol led to less intense bands at
3000–2800 cm�1, related to the stretching vibrations of CH3 and
CH2 groups [10,58] and angular deformation bands of CH2 groups
around 1479–1380 cm�1 [57]. While the incorporation of miglyol
resulted in an enhancement of C = O stretching vibration band
intensity at 1750 cm�1 in MP2, this effect was less perceptible in
MP3 sample, influenced by the lower miglyol content and the addi-
tion of carnauba wax to the mixture.

Comparing curcumin-loaded microparticles with the corre-
sponding controls, similar spectra were observed, whereas the
analogous physical mixtures (containing curcumin), showed the
characteristic band of curcumin around 3510 cm�1 (attributed to
–OH free groups). This fact implied that the curcumin could result



Fig. 5. FTIR spectra of a) MP1, b) MP2 and c) MP3 series (control and loaded microparticles, physical mixture and the corresponding components). A magnification of the
spectral range 4000 and 3000 cm�1 is also presented for d) MP1, e) MP2 and f) MP3 series.
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embedded within the lipid matrices in the microparticles, which is
considered an evidence of the efficient encapsulation approach
[59–61].

The thermal behaviour of the constituents, namely carnauba
wax, beeswax and curcumin, control microparticles and the corre-
sponding curcumin-loaded microparticles were analysed by DSC,
and the thermograms are shown in Fig. 6. The thermal properties,
namely melting temperature (Tm) and melting enthalpy (DHm)
obtained from the thermograms, are summarised in Table 7. For
comparison, the behaviour of the physical mixtures was also anal-
ysed. Considering the liquid state of miglyol at room temperature,
its thermogram was not included in the analysis.

The melting temperature of the constituents was corroborated
with typical values reported in the literature, namely curcumin
1718
at 175.4 �C [19,62], beeswax at 68.4 �C [63] and carnauba wax at
86.8 �C [64]. It was observed that MP1 series which include
CMP1, MP1 and PM1 showed the highest Tm values (comparing
with the other series), being close to that of beeswax, the only lipid
present in the mixture composition. It should be worth noting that
the incorporation of curcumin to MP1 microparticles led to a con-
siderable increase of the melting enthalpy (from 149.5 to 167.6 J/g)
suggesting that the curcumin could act as a nucleating agent
favouring the arrangement capacity of the beeswax. Also, the
absence of an endothermic peak around the melting temperature
of the base curcumin evidenced the amorphous structure adopted
by curcumin in the process.

The addition of miglyol (MP2 and MP3 series) reduced the Tm of
the control and curcumin-loaded microparticles (being the effect



Table 7
Melting temperature (Tm) and melting enthalpy (DHm) of the constituents, control and curcumin loaded microparticles and physical mixtures.

Sample Type of sample Tm (�C) DHm (J/g) Tm2 (�C) DHm2 (J/g)

Beeswax (BW) Constituent 68.4 158.8 – –
Carnauba wax (CW) 86.8 173.1 – –
Curcumin (C) 175.4 125.8 – –

CMP1 Control microparticles 65.9 149.5 – –
CMP2 57.6 71.3 – –
CMP3 59.3 105.7 – –

MP1 Curcumin loaded microparticles 66.4 167.6 – –
MP2 58.7 63.4 – –
MP3 60.4 93.7 – –

PM1 Physical mixture 65.6 124.6 170.8 13.8
PM2 62.0 55.0 171.2 11.8
PM3 62.2 75.6 171.7 13.0

Fig. 6. DSC thermograms of a) MP1, b) MP2 and c) MP3 series (control and loaded microparticles, physical mixture and the corresponding constituents of the series).
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slightly more noticeable in control samples) [13]. Comparing both
MP2 and MP3 series with that of MP1, a reduction in the enthalpy
values was observed, also associated with the ordering capacity
hindrance provided by the miglyol to the system. Even so, the
effect in MP3 series was reduced considering the lower miglyol
content in the formulation, as well as the addition of carnauba
wax, characterised by holding a high Tm value (solid component
at room temperature). Moreover, in the loaded microparticles
(MP2 and MP3), even though curcumin showed to be analogous
to the amorphous structure adopted in MP1 sample, in this case
it did not promote an enthalpy increase for the loaded microparti-
cles (comparing to the corresponding controls), but a slight
increase was observed in Tm values. This fact suggested the pre-
dominant effect of miglyol over the curcumin influence in these
systems.

In general, the physical mixtures showed slightly higher Tm
values when compared with the corresponding microparticles
(or similar in MP1 series), while DHm values were reduced. By
contrast, an endothermic peak about 170–172 �C was observed,
attributed to the presence of curcumin crystalline domains. The
absence of the aforementioned endothermic peak in the loaded
microparticles evidenced the amorphous conformation of cur-
cumin resulting in a homogeneous solid mixture with the lipids
mixtures. The work reported by Ramalingam et al. [65] based
on the encapsulation of curcumin in solid lipid nanoparticles
composed by glycerol monostearate and palmitic acid obtained
similar effects, resulting in an indicative parameter of the degree
of miscibility between curcumin and the encapsulant material, as
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well as the entrapment of the curcumin within the solid lipid
core. A similar effect was described by Behbahani et al. [66],
where analogous results obtained by the encapsulation of cur-
cumin in solid lipid particles (composed by stearic acid and tri-
palmitin) indicated the complete solubilisation of the curcumin
within the lipid matrix.

The crystallinity of the solid constituents (beeswax, carnauba
wax and curcumin), control and curcumin loaded microparticles
were analysed by X-ray diffraction patterns, and the diffractograms
are shown in Fig. 7.

Beeswax (BW) presented two typical intense crystalline peaks
at 2h = 21.34� and 23.65� also reported in the literature [67–69],
while carnauba wax diffractogram showed two peaks located at
2h = 21.6� and 23.8�, associated to the crystalline regions of the
lipid [70]. Similarly, control and curcumin-loaded microparticles
presented two peaks around 2h = 21–21.5� and 2h = 24� corre-
sponding to the crystalline peaks observed for the constituents,
evidencing the crystalline structure arranged by the lipids in the
microparticles structure.

Concerning samples CMP2 and CMP3, the peaks showed lower
intensity comparing with CMP1, influenced by the addition of
miglyol. The homologue peak position in the microparticles (that
is, 2h values), comparing with those of the constituents, indicated
that the addition of miglyol did not affect the polymorphic
arrangement of the lipids in the microparticles structure. By con-
trast, miglyol incorporation hindered the ordering ability of the
beeswax evidenced by the peak intensity decrease [41,44], as
observed in DSC results (e.g. lower DHm values were observed).



Fig. 7. X-Ray diffraction of a) MP1, b) MP2 and c) MP3 series (control and loaded
microparticles and the corresponding solid constituents of the series).

Table 8
Encapsulation efficiency and load capacity of the curcumin-loaded microparticles.

Sample EE (%) LC (%)

MP1 44.72 0.67
MP2 77.51 1.16
MP3 85.20 1.28

G.D Sorita, A Santamaria-Echart, A.M Gozzo et al. Advanced Powder Technology 32 (2021) 1710–1722
The curcumin X-ray diffraction patterns showed several peaks
indicative of the crystalline structure associated to its pure form
[71]. By contrast, the absence of peaks related to curcumin crys-
talline domains in X-ray diffraction patterns in the loaded
microparticles indicated that curcumin was dissolved in the lipid
matrix [59,60], a fact also supported by DSC and FTIR results.
Namely, the only samples evidencing a melting transition and
absorption vibrations attributed to curcumin, respectively in DSC
and FTIR, were the physical mixtures. In fact, when the micropar-
ticles were formed the presence of this compound was not
observed, corroborating its amorphisation. These evidences were
1720
in accordance with reported data that pointed out that the prepa-
ration of particles, or alternative curcumin-based polymeric sys-
tems, can induce the phase change of the incorporated
compound due to its entrapment in the matrix [72,73]. In fact,
the dispersion of curcumin into the polymer matrix usually inhi-
bits its ordering ability, turning its crystalline structure into an
amorphous state [74]. Moreover, other works emphasize the
advantages of this phase transition, including the enhanced poten-
tial for sustained release of compounds [75].

The encapsulation efficiency and the load capacity were deter-
mined by UV spectroscopy and the results are summarized in
Table 8. It was observed that EE varied according to the particle’s
composition, ranging from 45 to 85%. This observation is in accor-
dance with other reported results that indicated several aspects
influencing EE, including the used formulation, i.e., the composi-
tion influenced the affinity between the encapsulating material
and the encapsulated agent, in this case between the lipid mixture
and curcumin [76,77]. In particular, it is known that systems hold-
ing higher crystallization ability can difficult the incorporation of
the active compounds into the particles [77]. Taking into consider-
ation the observed thermal behaviour of the lipid mixtures, namely
by analysing the control particles (CMP1, CMP2, and CMP3), it was
observed that CMP1 showed the highest crystallization ability in
comparison to CMP2 and CMP3, fact corroborated by the higher
DHm. This fact can justify the lower encapsulation efficiency of
the MP1 system, which showed also a higher DHm comparatively
with the corresponding control (CMP1) meaning that MP1 not only
showed an enhanced ordering ability, but this effect was strength-
ened by the curcumin incorporation. For the other systems (MP2
and MP3) the opposite effect was observed, namely a decrease of
DHm was registered in comparison with the respective controls
(CMP2 and CMP3). These observations are also corroborated by
the XRD results, where more intense crystallization peaks associ-
ated to the encapsulated materials were observed for both CMP1
and MP1 series.
4. Conclusions

In this work, a systematic study addressing the use of lipid
mixtures to modulate the solidification temperature in spray
congealing applications was carried out. Initially, the optimisa-
tion of the lipid mixture composition (beeswax, carnauba wax
and miglyol) was analysed by a simplex-centroid experimental
design adjusted to a special cubic model, according to their
solidification temperature (essential parameter for the suitable
preparation of microparticles by the spray congealing process).
After the definition of the effective working window, three dif-
ferent formulations were prepared for the validation of the
designed model as well as for the preparation of the microparti-
cles, here tested with curcumin. The optimised spray congealing
strategy led to 3 microparticles series (controls and curcumin
loaded samples) holding spherical shape in the micrometric
scale, as revealed by SEM and particle analyses results, respec-
tively. In general, the effective incorporation of curcumin in
the microparticles was corroborated by FTIR, DSC and XRD
results revealed that the curcumin structure was modified from
crystalline to amorphous enabling its dissolution into the lipid
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mixtures. Nevertheless, the encapsulation efficiency was depen-
dent from the matrix composition and properties, in particular
matrices with higher ability to crystalize were less effective to
retain and encapsulate the curcumin.
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