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Morphological characterization of pequi extract microencapsulated
through spray drying
Aline Inacio Alves, Marcela Zonta Rodrigues, Marcos Roberto Moacir Ribeiro Pinto,
Ellen Silva Lago Vanzela, Paulo César Stringheta, Ítalo Tuler Perrone, and Afonso Mota Ramos
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ABSTRACT
This objective of this work was to produce spray-drying microencapsulated
carotenoid extracts from pequi pulp using maltodextrin and gum arabic
and to evaluate the influence of drying temperature on the physicochem-
ical properties of microencapsulated extracts. Emulsions were spray-dried
into powders at 150°C, 170°C, and 190°C. Morphological and physicochem-
ical properties of the obtained product were investigated. The temperature
of 190°C was that which best conserved the carotenoids and had the best
observed solubility. The microspheres produced by spray drying presented
an average size of 20 µm. Neither morphological nor color differences were
observed for particles dried at different temperatures.
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Introduction

Pequi (Caryocar brasiliense Camb.) is a species native to the Brazilian Cerrado. It produces a fruit
with a remarkable flavor that is highly valued in local cuisine.[1,2] Pequi has a high carotenoid
content and the potential to be a source of natural dyes.[3] Carotenoid compounds have human
health benefits because of their antioxidant activity, which shows promise for treating degenerative
(e.g., cancer) and cardiovascular diseases, among others.[4]

Because of their low stability to environmental conditions (e.g., exposure to high temperatures,
light intensities, and oxygen levels), carotenoids – which are responsible for the typical color of pequi
fruits – are generally susceptible to degradation reactions during processing and storage operations.
Carotenoid extracts require special care to prevent degradation,[5] which has prompted research on
carotenoid preservation strategies. Various packaging techniques have been proposed to increase
fruit post-harvest stability and quality.[6,7] Furthermore, encapsulation may allow for carotenoid
dispersion in water, thus enabling their application in a wider range of products.[8]

Spray drying stands out as one of the most widely used microencapsulation techniques because of
apparatus availability, the ability to apply multiple encapsulating agents, good volatile compound
retention, and final product stability.[9] Spray drying is a process of transformation of a fluid in a dry
product in a single operation with little effect on quality, being presented as a common method for
encapsulation in the food industry. Spray drying has many advantages, including low operating
costs, good yields, rapid capsule solubility, small capsule size, and suitable capsule stability, in
addition to protecting light- and oxygen-sensitive compounds from free radical degradation.[10,11]

This study aimed to produce spray-dried-microencapsulated carotenoid extracts from pequi pulp, as
well as to assess the influence of drying temperature on the physicochemical properties of the dried
extracts.
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Materials and methods

Carotenoid extract preparation

Pequi pulp was dried in tray dryer with hot air (moisture content ca. 5%) at 60°C and for use in
carotenoid extraction. A 1:5 (weight ratio) dried pulp:acetone suspension was left to rest for 24 h
under refrigeration before being filtered. The residue was washed with acetone until colorless. The
carotenoid extract was filtered and concentrated in a rotary evaporator at 35°C.

Carotenoid extract microencapsulation

The extraction of carotenoids in encapsulated powder was obtained with the help of a spray dryer.
The emulsion was formulated with an encapsulating matrix composed of maltodextrin (DE 10) and
gum Arabic (encapsulating and emulsifying function) at the concentration of 20% and 10%, being
that the hydration of the encapsulating agents occurred at ambient temperature for 24 h. The extract
containing carotenoids was then incorporated into the matrix in the proportion 3:1 (m/m) with the
help of ultrasound (Unique, Brazil). The drying procedure was done on a pilot scale, single-stage
spray dryer (model MSD 1.0) equipped with a 1 mm diameter spray nozzle (Labmaq, Brazil) using
air and product flow rates of 35 and 1.10 L/h as well as inlet temperatures of 150°C, 170°C,
and 190°C.

Physicochemical characteristics of microencapsulated carotenoid extracts

Moisture content, water activity (Aw), pH, total soluble solids (TSS), titratable acidity (TA), total
carotenoids and color (L*, a*, and b*; C*, H*, and IE) of the microencapsulated powders were
analyzed immediately after spray drying. Moisture content was determined through the gravimetric
method proposed by the Adolfo Lutz Institute.[12] Aw was determined on a thermo-hygrometer
(Aqualab, Decagon. Model 3TE, Pullman, WA, USA) at 25°C. TSS and pH were determined with a
tabletop refractometer (model ABBÉ) and a potentiometer (Tecnopon). TA was determined by
titration, according to AOAC.[13]

Carotenoid content was determined by spectrophotometry, following Rodriguez-Amaya.[14] Each
5 g of previously ground pequi pulp was added to 50 mL of refrigerated acetone, filtered, and
transferred to a separatory funnel, to which 40 mL of petroleum ether was added. The residue was
washed four more times or until the acetone was completely removed. The petroleum ether extract
was transferred to a 100 mL volumetric flask, with the volume completed with petroleum ether.
Samples were read on a digital spectrophotometer (SP-200, BIOSPECTRO) at 450 nm. Total
carotenoid content was calculated by the following equation:

TC μg=gð Þ ¼ A� V � 104

A1%
1cm � P

(1)

where A is the solution absorbance at 450 nm, V is the final solution volume (mL), TC is the total
carotenoid content, P is the sample weight (g), andA1%

1cm is the β-carotene extinction or molar absorption
coefficient in petroleum ether (2592). Color was evaluated on a CR-10 Color Reader (Minolta) by means
of direct reflectance readings of the coordinates L*, a*, and b* (CIELAB L* scale). In addition to the basic
coordinates, the following coordinates were measured:

Hue (H), corresponding to the tonality:

H ¼ arctan b�=a�ð Þ;where a� > 0 and b� > 0 (2)

Chroma index (C*), expressing saturation or color intensity:

C� ¼ ½ a�ð Þ2 þ b�ð Þ2�1=2 (3)
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Solubility (Sol) was determined according to Eastman and Moore,[15] with modifications: 1 g of the
microencapsulated extract was added to 100 mL of distilled water. The mixture was mechanically
stirred (AGI 103, Nova Ética, 1550g/5 min), transferred to tubes, and centrifuged (30,000g/5 min).
A 25 mL supernatant aliquot was poured into previously weighed Petri dishes and dried at 70 ± 2°C
and reduced pressure (≤100 mmHg = 13.3 kPa) for 5 h or until reaching a constant weight. Solubility
was calculated by Eq. (4)

S ¼ Wf

Wa
� 400 (4)

where S is the solubility (%), Wf is the evaporation residue mass (g), and Wa is the sample mass (g).
Hygroscopicity (Hyg) was determined according to Cai and Corke,[16] with modifications: approxi-
mately 1 g of each sample was packed in an air-tight container along with an NaCl-saturated
solution (relative humidity 75.29%) at 25°C for a week. Samples were weighed and their Hyg values
were expressed as grams of absorbed water per 100 g of sample dry mass (g/100 g).

Particle morphology

Particle morphology was studied using scanning electron microscopy (SEM) according to Souza
et al.[17] Magnification ranged from 500 to 2000×.

Statistical analysis

Analysis of variance (ANOVA) was applied to the data. If significant differences were observed
among mean values, these were further compared by the Tukey’s test at 5% probability. All statistical
treatments were done using the Statistical Analysis Systems (SAS) software, version 9.2, licensed by
the Federal University of Viçosa.

Results and discussion

Characterization of the microencapsulated product

Table 1 presents the mean values and mean comparison tests for the color attributes. No significant
differences were observed among any of the studied color attributes in the different treatments
(p > 0.05). The conclusion is that the tested temperatures did not affect the color of the micro-
encapsulated carotenoid extracts. Pinto[18] when drying a microencapsulated pequi extract at differ-
ent temperatures, observed reduced L*, which may be attributed to sugar caramelization at high
temperatures. Positive values were observed for a* and b* (Table 1), indicating that the obtained
microencapsulated extracts presented reddish and yellowish shades. The positive b* value is mainly
due to the presence of yellowish carotenoids (e.g., violaxanthin), which are the major pigments in
microencapsulated pequi extracts.

Table 1. Color coordinates (L*, a*, b*, °H, and C*) of pequi carotenoid extracts microencapsulated at different drying temperatures.

Treatments

150°C SD 170°C SD 190°C SD

L 68.49ª 1.27 68.83a 0.67 67.51ª 0.72
a* 16.91ª 2.04 19.53a 1.22 17.65a 0.80
b* 42.11ª 1.44 42.84a 1.18 44.22ª 4.20
°H 68.15ª 2.40 65.47a 1.90 68.18ª 1.00
C 45.42ª 1.63 47.10a 0.64 47.78ª 4.00

Mean values and standard deviations (SD). Significance (p < 0.05): mean values followed by at least one equal letter within a
column do not differ by Tukey’s test.
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Table 2 shows the mean values of carotenoid and moisture contents, Aw, pH, TA, solubility, and
hygroscopicity of the microencapsulated extracts. The extracts showed significantly different water
activities, except those resulting from the drying temperatures of 150°C and 170°C, which did not
differ statistically and presented mean Aw values of 0.13 and 0.12. These temperatures led to a different
Aw outcome than that obtained at 190°C (0.2). Santana et al.[19] found similar Aw values (0.06–0.3) for
encapsulated pequi pulp. The values found in this study are below the limit established by Fennema[20]

as the stability threshold for dried powders (0.30). Silva et al.[21] stated that, despite being below the
stability limit, the oxidation rate increases for Aw values below and above the 0.20–0.30 range. Because
pequi pulp was comprised of approximately 30% lipids, this Aw range can impair the oxidative stability
of the lipids present in the products.

Concerning moisture content, no difference (p > 0.05) was found for the microencapsulated
carotenoid extracts dried at the tested temperatures. While not statistically significant, 190°C was the
temperature that led to the highest water activity, corroborating the observations of Pinto.[18]

According to that author, a higher temperature of drying may contribute to higher approximation
of the molecules of maltodextrin and other constituents, favoring strong interactions with reduction
of sites available for binding with water.

The solubility values obtained ranged from 93.14% to 96.52%. Samples dried at 170°C and 190°C did
not present statistically different solubility values, but those dried at 150°C did. The highest solubility
was observed at 190°C (96.52%). The improved solubility was because of the solubility of the encapsu-
lating agents. Cano-Chauca et al.,[22] in their work on spray-dried mango juice, also observed solubility
values around 95% for dehydrated products containing maltodextrin and gum arabic. The solubility of
the atomized product depends on, among other factors, the air drying temperature: the higher the
temperature, the bigger the particle and consequently, the more soluble the powder. As demonstrated in
the morphological analysis (Fig. 1), the dry particles at 190°C are larger and have more spaces for water
to penetrate more easily, which improves solubility. Even though solubility differences were found
between the drying temperatures, all treatments presented high solubility.

Table 2 shows there was no significant differences in acidity. According to Oliveira et al.,[3] pequi
is a low-acid fruit. We observed higher acidity than these authors, however. Our results are related to
the extract/maltodextrin/gum arabic mixture, and the higher acidity is due to the components of the
carotenoid extract (e.g., fatty acids) and the wall materials. Regarding pH, no significant difference
was observed among the different treatments. This can also be associated with the presence of fatty
acids and the wall materials.

Atomized particles are usually very hygroscopic and can easily absorb moisture. The hygrosco-
picity values of the microencapsulated extracts obtained here ranged from 10.43 to 11.19 g of
adsorbed water/100 g of solids. This low hygroscopicity prevents particle agglomeration. There
was a significant difference in hygroscopicity between the sample dried at 170°C and those dried
in the other conditions. Tonon et al.[23] observed that powders containing maltodextrin (10 DE) in
their formulations showed less absorbed moisture regardless of drying temperature, which has to do

Table 2. Carotenoid and moisture contents, water activity (Aw), pH, titratable acidity (TA), solubility (Sol), and hygroscopicity (Hyg)
of pequi carotenoid extracts microencapsulated at different drying temperatures.

Parameter

Treatments

150°C SD 170°C SD 190°C SD

Carotenoid content (µg/g) 23.41ab 2.37 20.61b 2.37 25.59a 0.66
Aw 0.13b 0.01 0.12b 0.01 0.20a 0.03
Moisture content (%) 4.63a 0.17 3.78a 0.36 3.48a 1.01
pH 4.78a 0.01 4.82a 0.05 4.79a 0.01
TA (g/100 g) 2.76a 0.20 2.61a 0.09 2.81a 0.01
Sol (%) 93.14b 0.88 95.63a 0.63 96.52a 0.88
Hyg (g/100 g) 10.43b 1.63 11.19a 0.64 10.43b 4.00

Mean values and standard deviations (SD). Significance (p < 0.05): mean values followed by at least one equal letter within a
column do not differ by Tukey’s test.
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with the number of branches containing hydrophilic groups. Thus, dehydrated products made using
this material are typically less hygroscopic.

Similarly, Santana et al.,[19] when studying the microencapsulation of pequi pulp, found hygro-
scopicity values ranging from 7.96 to 10.67 g of adsorbed water/100 g of solids. Ruiz-Cabrera
et al.,[24] on the other hand, observed less hygroscopicity in spray-dried passion fruit juices added
by maltodextrin and lactose to act as carriers. The hygroscopicity values presented by the developed
products can be attributed to the concentration of maltodextrin, since maltodextrin is a low-
hygroscopicity material.

The emulsion prepared for spray drying had a concentration of 35.62 μg/g. Loss of the final
carotenoid was observed at concentrations of 34.28%, 42.14%, and 28.16%, for the temperatures of
150°C, 170°C, and 190°C. This reduction may have occurred because of carotenoid exposure to
oxygen, light, and temperature during the encapsulation process. During the encapsulation process,
carotenoids may have been lost when they were not properly encapsulated and remained on the
surface, exposed to the external effects that caused their degradation.

Figure 1. SEM images of pequi carotenoid extracts added by maltodextrin and gum arabic and spray-dried microencapsulated at
(a) 150°C (2000×), (b) 150°C (1000×), (c) 170°C (2000×), (d) 170°C (1000×), (e) 190°C (2000×), or (f) 190°C (1000×).
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The content of carotenoids was higher in the extract of pequi carotenoid obtained at the
temperature of 190°C, in relation to those obtained at temperatures of 150°C and 170°C, which
did not differ between them. The same effect was observed by Wang et al.,[6] who tested various
temperatures for microencapsulating lutein and found the optimum temperature to be 190°C.
According to the authors, increased temperatures are capable of volatilizing the materials located
on the surface of the encapsulated particles (e.g., water and some volatiles), resulting in increased
carotenoid contents.

A higher drying temperature increased drying rates and reduced the duration of the constant-rate
stage of the drying process, thus increasing carotenoid retention. The increased drying temperature
also increased the rate of film formation on the powder particle surfaces. Their crust is firm and acts
as a protective layer, limiting core material migration toward the surface.

Particle morphology

Figure 1 presents SEM images of pequi carotenoid extracts microencapsulated by spray drying at
150°C, 170°C, or 190°C. The spray-dried microspheres revealed similarities in morphology,
namely irregular, chiefly circular shape, toothed surface, as well as irregular, crevice-, crack-,
and break-free hollows. The toothed surfaces of spray-dried samples can be attributed to their
shrinkage during the drying process.[25] The absence of crevices, cracks, and breaks in the
microspheres plays a fundamental role in ensuring greater protection and retention of the
microencapsulated extract.

Another important characteristic of the microspheres is shown in Fig. 1: the formation of
agglomerates, that is, the occurrence of small particles located on the surface of larger particles.
This feature provides the microencapsulated compound with boosted stability because the outer
particles protect the inner ones and consequently their pigments.[26]

Microcapsule morphology depends on several drying parameters, including formulation compo-
sition, inlet temperature, solvents used, and drying rate.[27] The spray-dried microspheres had an
average diameter of 20 µm (Fig. 1), which lies within the 0.2–5000 µm range typical of
microparticles.[28] The diameter of the microparticles depends on spray-drying protocols, intrinsic
materials properties, concentration, viscosity, and raw material.[16]

Dib Taxi et al.[29] studied camu camu and reported the morphology of maltodextrin microspheres
to be more heterogeneous and presenting more surface imperfections, despite the smooth surface of
the spheres typical of maltodextrin capsules. Barbosa et al.[30] stated that the imperfections on the
microparticles can contribute to the shorter shelf-life of microencapsulated carotenoids when
exposed to light in the model system.

In a study by Janiszewska and Witrowa-Rajchert,[25] who evaluated flavor encapsulation using
maltodextrin and gum arabic through spray drying, microcapsules similar in size and shape to those
produced here were observed. The same morphology was also observed for the bixin microcapsules
that comprise gum arabic.[30] As observed in this study and corroborated by Ré,[10] surface
imperfections (e.g., roughness, cracks, or collapses) occur when there is a slow film-forming process
during the drying of atomized droplets. Increasing the drying temperatures is expected to increase
the rate of film-forming on the drop surface.

Conclusion

The methodology used in this study allowed for the microencapsulation of pequi carotenoid extract.
Encapsulation was shown to improve key characteristics of the pequi extracts (especially carotenoid
solubility), leading to reduced hydrophobicity. Furthermore, it was possible to obtain a more water-
soluble dye from an oil-soluble fraction. We conclude that drying temperature did not affect the
color and morphology of pequi extract, but did affect the carotenoid content. Among the tested
drying temperatures, 190°C was selected for greater carotenoid conservation, with further studies
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recommended to improve the quality of microencapsulated pequi carotenoid extracts for dye
applications.
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