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Abstract: β-Glucans are biomacromolecules well known, among other biological activities, for their
immunomodulatory potential. Similarly, extracts of Baccharis dracunculifolia also possess biological
properties and are used in folk medicine for the treatment of inflammation, ulcers, and hepatic
diseases. Microparticles containing (1→6)-β-d-glucan (lasiodiplodan) and B. dracunculifolia extract
were produced and characterized. A 23 factorial design was employed to define the conditions of
production of microparticles by atomization. Lasiodiplodan associated with maltodextrin and gum
arabic was studied as a matrix material. Microparticles of 0.4 µm mean size and high phenolics
content (3157.9 µg GAE/g) were obtained under the optimized conditions. The microparticle size
ranged from 0.23 to 1.21 µm, and the mathematical model that best represented the release kinetics
of the extract was the Korsmeyer-Peppas model. Diffusional exponent (n) values of 0.64 at pH 7.7
and 1.15 at pH 2.61 were found, indicating particles with a non-Fickian or anomalous transport
system, and Super Case II transport, respectively. Thermal analysis indicated that the microparticles
demonstrated high thermal stability. The X-ray diffraction analyses revealed an amorphous structure,
and HPLC-DAD analysis showed microparticles rich in phenolic compounds: caffeic acid, p-coumaric
acid, and catechin. The microparticles obtained comprise a new biomaterial with biological potential
for applications in different fields.

Keywords: bioactivity; encapsulation; experimental design; natural products

1. Introduction

Medicinal plants are part of the history of human evolution. More than 50% of all drugs used
in modern medicinal treatments are composed of natural products and derivatives thereof [1]. The
physicochemical stability is a determining factor in the quality of plant extracts and the transformation
of these into dry-powdered form is the most desirable strategy, considering that this form improves
its stability and facilitates the manipulation of the material [2]. Techniques for the incorporation of
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plant extracts within polymer matrices have indicated a good alternative for the improvement of the
functionality of medicinal plant extracts [3]. The spray-drying process that involves the dispersion
of material inside a coated material is a technique that has been widely used in recent years for the
incorporation of extracts into polymer matrices [4].

Baccharis dracunculifolia, popularly known in Brazil as alecrim-do-campo (field rosemary) or
vassourinha do campo, is a medicinal plant used to treat human disease conditions and from which
green propolis is produced by honeybees [5–7]. Several biological properties related to B. dracunculifolia,
including antidiabetic [8], anti-inflammatory [7], bactericidal [9], and antioxidant [10] activities, have
been reported in the scientific literature.

The combination of natural products can make it possible to obtain biomaterials with new potential
biological functions. In this sense, the association of plant extracts with microbial β-glucans may offer
a promising strategy for obtaining new drugs. β-Glucans are carbohydrate biopolymers constituted
of repeat d-glucose monomers linked by specific β-glycosidic bonds [11]. These macromolecules
have attracted attention from the pharmaceutical industry for their biological functions that can
include immunomodulatory, antimutagenic, anticarcinogenic, hypoglycemic, and hypocholesterolemic
properties [12]. More recently, d-glucans have been studied as a support, adjuvant or in combination
with other materials in drug delivery systems [13]. It is important to note that modified-release drug
delivery systems can improve drug efficacy and contribute to the increased bioavailability, solubility,
pharmacological activity, stability, and protection against chemical degradation [3,14].

Spray-drying is a technique that has been widely used in the development of modified release
systems [15,16]. It is a rapid process that does not involve severe heat treatment; therefore, it is a
suitable method to preserve biological products, including temperature sensitive products, without
their degradation; it also allows for storage at room temperature [17,18]. It is an instantaneous process
where spherical and uniform samples can be obtained, and the process can be easily scaled up. Thermal
degradation, nutrient loss, and denaturation are minimal, allowing maximum retention of the active
principles. Spray-drying is a technique more economical than lyophilization (four to seven times less
costly); it also allows coating, complex coacervation, and drying of two different feed solutions during
the process [19].

Considering that medicinal plant extracts have been little studied in modified-release systems and
that the combination of these with β-glucans could promote obtaining biomaterials with new biological
functions, the present study was aimed towards the production of microparticles containing extracts
of B. dracunculifolia and the fungal exopolysaccharide β-glucan (lasiodiplodan) from Lasiodiplodia
theobromae matrix metalloproteinase inhibitors (MMPI).

The study included the development and characterization of the microparticles obtained by
atomization application using the spray-drying process, and the evaluation of the antioxidant potential
and of the kinetics of the release of B. dracunculifolia extract from the encapsulated microparticles.

2. Results and Discussion

2.1. Encapsulation Yield

The effects of the studied variables in the experimental design on the encapsulation yield were
plotted in Pareto charts as shown in Figure 1. At a confidence level of 95% (p < 0.15) none of
the factors examined had a significant effect on the yield of microparticles produced (Figure 1A).
However, considering an 85% confidence level (p < 0.15), the concentration of (1→6)-β-d-glucan
had a significant negative effect on yield (Figure 1B). Within this confidence interval, the increase in
β-glucan concentration in the encapsulation mixture did not contribute to the yield of the microparticle
production. This phenomenon might be explained by increased viscosity of the encapsulation system
as a function of the increased concentration of lasiodiplodan. In the microencapsulation process
by spray-drying, the viscosity of the system should be low enough to prevent air inclusion in the
particles [20,21].
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extract (BDE) on the encapsulation yield of the microparticles at the 95% (A) and 85% (B) confidence levels.

2.2. Total Phenolic Content in the Microparticles

As was observed in the encapsulation yield at a 95% confidence level (p < 0.05), no factor had a
significant effect on the total phenolic content (Figure 2A) of the microparticles. However, on decreasing
the statistical confidence interval to 85% (p < 0.15), the variable concentration of B. dracunculifolia
extract (BDE) showed a statistically significant positive effect (Figure 2B).

In the experimental runs where higher concentrations of BDE (5%) were used, microparticles with
higher concentrations of total phenolics were produced (Table 1). In fact, plant extracts contain high
concentrations of phenolic compounds, which are secondary plant metabolites [22]. Similar contents
of total phenolics were found in run 2 (3154.90 µg GAE/g) and run 6 (3157.90 µg GAE/g) (Table 1). The
encapsulation conditions employed in these factorial design experiments were similar, differing only
in relation to the β-glucan (lasiodiplodan) content employed. In run 2, 2% of β-glucan was used, while
in run 6, a concentration of 5% was used.

Considering the objective of obtaining a biomaterial rich in bioactive compounds, the conditions
used in experimental run 6 were assumed to be the best condition for the production of microparticles
incorporating the extract of B. dracunculifolia and (1→6)-β-d-glucan. It is noteworthy that higher
concentrations of β-glucan (1.5%) were employed in this condition, which is interesting considering
the biological and functional properties of glucans. In addition, lower cost microparticles could be
produced without the incorporation of gum arabic.
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Table 1. Experimental arrangement based on a statistical 23 full factorial design.

Runs

Independent Variables Dependent Variables

BG * (%) GA # (%) BDE & (%)
Total Phenolics Size Polydispersity

Index
Zeta

Potential

(µg GAE/g) (µm) (PdI) l (mV)

1 0.5 (−1) 0.0 (−1) 2.0 (−1) 762.40 ± 0.0 0.29 ± 0.2 0.57 ± 0.02 19.47 ± 2.5
2 0.5 (−1) 0.0 (−1) 5.0 (1) 3154.90 ± 4.5 0.24 ± 0.1 0.55 ± 0.04 19.83 ± 0.4
3 0.5 (−1) 10 (1) 2.0 (−1) 2556.40 ± 26.9 0.37 ± 0.2 0.79 ± 0.2 18.87 ± 0.9
4 0.5 (−1) 10 (1) 5.0 (1) 3040.00 ± 20.9 0.27 ± 0.2 0.57 ± 0.1 17.27 ± 0.9
5 1.5 (1) 0.0 (−1) 2.0 (−1) 2410.10 ± 11.9 0.38 ± 0.2 0.70 ± 0.07 15.70 ± 1.0
6 1.5 (1) 0.0 (−1) 5.0 (1) 3157.90 ± 22.4 0.40 ± 0.2 0.72 ± 0.07 18.53 ± 2.3
7 1.5 (1) 10 (1) 2.0 (−1) 1277.30 ± 29.0 0.64 ± 0.4 0.79 ± 0.3 18.80 ± 4.0
8 1.5 (1) 10 (1) 5.0 (1) 3098.20 ± 10.4 0.37 ± 0.2 0.75 ± 0.02 25.03 ± 3.2
9 1.0 (0) 5.0 (0) 3.5 (0) 1992.20 ± 6.0 1.2 ± 0.7 1.00 ± 0.0 16.90 ± 2.1
10 1.0 (0) 5.0 (0) 3.5 (0) 1146.00 ± 10.4 0.57 ± 0.3 0.89 ± 0.1 16.57 ± 2.8
11 1.0 (0) 5.0 (0) 3.5 (0) 1499.70 ± 9.0 0.72 ± 0.4 0.97 ± 0.06 15.37 ± 1.9
12 1.0 (0) 5.0 (0) 3.5 (0) 2983.30 ± 3.0 0.88 ± 0.5 0.89 ± 0.2 17.17 ± 0.4

Concentrations of * BG: β-glucan (lasiodiplodan), # GA: gum arabic, and & BDE: B. dracunculifolia extract.

2.3. Antioxidant Activity

The antioxidant activity found in the microparticles sample obtained from run 6 is shown in
Table 2. The microparticles showed scavenging potential of both the DPPH (33.6 µmol Trolox/g) and the
ABTS cation radicals (24 µmol Trolox/g), and appreciable antioxidant potential for ferric ion reduction
(FRAP: 212.2 µmol FeSO4·7H2O/g).
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Table 2. The antioxidant activity of the microparticles produced by experimental run 6 as expressed
using different methods of measurement.

Method Antioxidant Activity

DPPH * 33.6 µmol Trolox/g ± 0.7
ABTS # 24 µmol Trolox/g ± 0.2
FRAP & 212.2 µmol FeSO4·7H2O/g ± 19.0

* DPPH and # ABTS scavenging activities expressed as µmol Trolox equivalents/g; & FRAP reducing power expressed
as µmol FeSO4·7H2O/g.

2.4. Particle Size and Zeta Potential

Table 1 shows the average size, polydispersity index and zeta potential of the microparticles
formed through the experimental statistical design. None of the independent variables studied showed
significant effects on microparticle size (Figure 3). The microparticles ranged in size from 0.24 µm (run
2 sample) to 1.21 µm (run 9 sample); the run 6 sample was obtained using the optimal spray-drying
conditions (assumed to be the best) and showed a particle mean size of 0.4 µm.
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Larger dimensions (mean diameter range, 7.0–11.5 µm) were reported by Carvalho et al. [23] in
microparticles containing jussara (Euterpe edulis) extract, when using gum arabic and maltodextrin
as matrix materials. Similarly, Krishnaiah et al. [24] obtained microparticles of Morinda citrifolia
Linn extract encapsulated in maltodextrin and carrageenan with mean diameters (range, 2–5 µm)
greater than that found in our study. Li et al. [17] studied five matrix materials (maltodextrin, gum
arabic, polyvinyl alcohol, whey protein, and modified starch) using spray-drying technology for lipid
encapsulation. Particles with mean sizes that ranged from 1 µm to 350 nm were obtained [17].

The polydispersity index (PdI) represents the varied particle size distribution, and can range
from zero (0) in uniform particles to 1.0 in polydisperse particles [25]. In our study, we found a rather
large distribution of particle sizes (0.5–1.0). This is possibly related to the high viscosity of the mixture
subjected to spray-drying, which also influenced the production yield of the microparticles. In fact, the
composition of the matrix material may interfere in the production yield of the microparticles as well
as the polydispersity index. In addition, the nature of the matrix material, the concentration of the
spray-dried solution, and the location of collection on the spray-drying equipment can influence the
size of the microparticles [17].

Zeta potential (ZP) is a physicochemical parameter that reflects the electrical potential of particles
and provides information about their physical stability. ZP is influenced by the dispersion medium
and composition of the particle, and when above ± 30 mV, the surface charges avoid microparticle
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aggregation and indicate a stable suspension [26]. From the results shown in Table 1 and Figure 4A,B,
no factor had a significant effect of first (main effect) or second (interaction of two factors) order on this
response at the 95% confidence level (p < 0.05). On the other hand, when analyzing the interaction
effects between the concentrations of β-glucan and gum arabic at the 90% confidence level (p < 0.10), a
positive effect on the ZP was observed (Figure 4B). In this context, higher concentrations of β-glucan
and gum arabic could contribute to obtaining microparticles with higher ZP.
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The microparticles produced presented a ZP that ranged from −15.7 (central point) to −25 mV
(run 8; Table 1). In experimental run 6, where the highest concentrations of both β-glucan and BDE
were employed, a ZP value of −18.53 mV was observed. Gomes et al. [27] reported on maltodextrin
and gum arabic particles coated with egg yolk and a bilayer composed of α-phosphatidylcholine and
stearylamine, and found a ZP of 56 mV. However, when only gum arabic and maltodextrin were
employed as encapsulating agents, a negative ZP resulted (−16 mV). According to these authors,
the negative charge on the surface of those microparticles was attributed to the carboxyl groups of
glucuronic acid present in gum arabic, which at neutral pH are deprotonated in ionized form [27].

2.5. Thermal and X-ray Diffraction Analyses

Figure 5 shows the profiles of thermogravimetry and derived thermogravimetry of the microparticles.
The first thermal event occurred between 28 ◦C and 124 ◦C with 2.3% mass loss, which is related

to free water loss [28,29]. Such water loss is evidenced through an endothermic peak at 59 ◦C in the
differential thermogravimetric curve (DTA). The second and main event occurred between 164.4 ◦C
and 357 ◦C, with an expressive mass loss (77.6%) and indicated by an exothermic peak at 316 ◦C (DTA),
which can be associated with fusion and degradation of the matrix polymeric material [30]. The third
event occurred between 370 ◦C and 429 ◦C with 17% mass loss, confirmed by an exothermic peak at
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411 ◦C at differential thermogravimetric curve, and being attributable to the final decomposition of the
microparticles [31]. Ballesteros et al. [32] studied the encapsulation of antioxidant phenolic compounds
from spent coffee grounds by freeze-drying and spray-drying using maltodextrin, and a mixture of
these components as coating materials, and observed similar peaks; an endothermic peak between
25 ◦C and 180 ◦C related to water evaporation. A second mass loss event was observed between
190 ◦C and 370 ◦C (exothermic peak at around 300 ◦C), and could be related to depolymerization of
the materials. The results of the thermal analysis demonstrated that the microparticles have high
thermal stability, considering the usual temperature standards employed in the production processes
of pharmaceutical and food industries.
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X-ray diffraction analyses showed that the microparticles have an amorphous structure (Figure 6)
indicated by a broad peak observed at approximately 19◦ (2θ). Similarly, Ballesteros et al. [32] found a
low degree of crystallinity in samples of phenolic compounds extracted from spent coffee grounds
and encapsulated in maltodextrin and gum arabic. Such samples showed a diffractographic pattern
characterized by a very broad peak at approximately 18◦ (2θ), as also found in the present study. In fact,
microparticles with amorphous structure were to be expected, considering the polymeric composition
of the matrix materials (lasiodiplodan and gum arabic associated with maltodextrin). It is important
to note that amorphous drug systems are widely used to improve the bioavailability and oral and
aqueous solubility of a drug [33].

Molecules 2019, 24, x FOR PEER REVIEW 7 of 18 

 

The first thermal event occurred between 28 °C and 124 °C with 2.3% mass loss, which is related 
to free water loss [28,29]. Such water loss is evidenced through an endothermic peak at 59 °C in the 
differential thermogravimetric curve (DTA). The second and main event occurred between 164.4 °C 
and 357 °C, with an expressive mass loss (77.6%) and indicated by an exothermic peak at 316 °C 
(DTA), which can be associated with fusion and degradation of the matrix polymeric material [30]. 
The third event occurred between 370 °C and 429 °C with 17% mass loss, confirmed by an 
exothermic peak at 411 °C at differential thermogravimetric curve, and being attributable to the final 
decomposition of the microparticles [31]. Ballesteros et al. [32] studied the encapsulation of 
antioxidant phenolic compounds from spent coffee grounds by freeze-drying and spray-drying 
using maltodextrin, and a mixture of these components as coating materials, and observed similar 
peaks; an endothermic peak between 25 °C and 180 °C related to water evaporation. A second mass 
loss event was observed between 190 °C and 370 °C (exothermic peak at around 300 °C), and could 
be related to depolymerization of the materials. The results of the thermal analysis demonstrated 
that the microparticles have high thermal stability, considering the usual temperature standards 
employed in the production processes of pharmaceutical and food industries. 

X-ray diffraction analyses showed that the microparticles have an amorphous structure (Figure 
6) indicated by a broad peak observed at approximately 19° (2θ). Similarly, Ballesteros et al. [32] 
found a low degree of crystallinity in samples of phenolic compounds extracted from spent coffee 
grounds and encapsulated in maltodextrin and gum arabic. Such samples showed a diffractographic 
pattern characterized by a very broad peak at approximately 18° (2θ), as also found in the present 
study. In fact, microparticles with amorphous structure were to be expected, considering the 
polymeric composition of the matrix materials (lasiodiplodan and gum arabic associated with 
maltodextrin). It is important to note that amorphous drug systems are widely used to improve the 
bioavailability and oral and aqueous solubility of a drug [33]. 

 
Figure 6. X-ray diffraction patterns of the microparticles. 

2.6. FT-IR Spectroscopy 

Fourier-transform infrared (FT-IR) spectroscopy analysis was used to assess differences and 
similarities between the microparticles and the component materials constituting their matrices and 
the lyophilized extract (BDE) (Figure 7). 

Figure 6. X-ray diffraction patterns of the microparticles.



Molecules 2019, 24, 2099 8 of 19

2.6. FT-IR Spectroscopy

Fourier-transform infrared (FT-IR) spectroscopy analysis was used to assess differences and
similarities between the microparticles and the component materials constituting their matrices and
the lyophilized extract (BDE) (Figure 7).Molecules 2019, 24, x FOR PEER REVIEW 8 of 18 
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The FT-IR spectra of maltodextrin, gum arabic and lasiodiplodan (Figure 7) showed bands
characteristic of polysaccharides. Strong intensity bands in the region between 3000–3600 cm−1

corresponded to –OH stretching vibration [34,35]. Bands in the 2940 cm−1 region (Figure 7A–F) were
attributed to the C–H stretching vibration [36,37]. The band around 1400–1370 cm−1 in gum arabic
(Figure 7A) was assigned to the –OH bending and C=O symmetrical stretching of the carboxyl groups
present in glucuronic acids, a constituent of the structure of gum arabic. Furthermore, a broad band
was observed in the region between 900 cm−1 and 1140 cm−1 that is characteristic of gum arabic and is
due to the C–O stretching of arabinogalactans [38]. It is important to note that gum arabic is a complex
macromolecule, which in addition to the polysaccharide constitution also contains small amounts of
protein. However, specific signals characteristic of protein groups corresponding to the amino group
were not observed in the FT-IR spectra of the gum arabic sample, and this could be due to overlapping
signals with the hydroxyl group (–OH) from the polysaccharide [34]. Band at 1320 cm−1 corresponding
to –OH bending of the C–OH group [39] was verified in the (1→6)-β-d-glucan sample (Figure 7B).
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The bands next to 1650 cm−1 (Figure 7A–E) refer to the glucose ring [31,40], and the bands observed
around 1370–1450 cm−1 refer to the symmetrical deformation of C–OH and CH2 groups [31]. The band
observed at 1076 cm−1 (Figure 7B) is due to the symmetrical stretching vibrations of C–O–C bonds,
characteristic of sugars, and the band at 1243 cm−1 is characteristic of asymmetric vibrations [31]. The
band observed at 895 cm−1 was characteristic of a β-glucan [41].

Maltodextrin (Figure 7C) is a mixture of oligosaccharides composed of a chain of 5 to 10 glucose
units per molecule and is derived by starch hydrolysis [42]. Maltodextrin presents bands at 1021 cm−1,
1083 cm−1, and 1158 cm−1, which are related to the C–O stretching and C–OH bending vibrations [43].
The bands observed between 800 cm−1 and 1200 cm−1 (see Figure 7C) are attributable to the C–O bond
stretching, a characteristic of the anhydroglucose ring [42].

The infrared spectrum of B. dracunculifolia extract (Figure 7d) was obtained with the purpose of
comparison with the spectrum of the microparticles considering their complex composition, which
includes flavonoids and phenolic acids [10]. Several absorption bands, including a wide band at
3384 cm−1 assigned to –OH stretching vibration from alcohols or phenolic compounds, bands at 1603
and 1450 cm−1 corresponding to C=C axial deformation in aromatic compounds, and the band around
1690 cm−1 related to conjugated carbonyl or hydrogen bonding [44], were also observed.

According to Silva et al. [44], such bands are generally related to flavonoid compounds. Alcohols
and phenols exhibit vibrational stretching with strong bands between 1260 cm−1 and 1000 cm−1 [45].
In the 900–700 cm−1 region, the bands observed are related to CH angular deformations in aromatic
groups [45].

2.7. Kinetics of the Release of B. dracunculifolia Extract from the Microparticles

The sample produced in run 6 (Table 1), which presented the highest concentrations of total
phenolics, was characterized for the release of B. dracunculifolia extract, and the release profile into the
medium was examined as a function of time and pH (Figure 8). A fast release of BDE was observed to
occur at the beginning of the assay profile and was followed by a sustained release; a biphasic release
characteristic [46], and appeared to be influenced by pH of the medium (Figure 8A,B). Over the first
10 h, the release of the extract was more pronounced, but thereafter a reduction in the release rate
followed by a sustained release occurred.
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Several mechanisms can control the release of drugs, such as diffusion, erosion, or osmosis, and
several mathematical models have been proposed and can be used to explain the release profile [47].
These models were developed to try to elucidate the swelling and release kinetic processes of the
polymer particles, among the models were first order [48], and those proposed by Korsmeyer et al. [49]
and by Siepman and Peppas [50], which have been reported in several studies [51,52]. The release
kinetic studies provide information for the interpretation of the relationship between the structure of
the studied materials and the transport mechanism involved, and it is fundamental to relate transport
at the molecular level with the macroscopic information [53].

According to Rigter and Peppas [54], the shape and size distribution of the microparticles
significantly influence the release kinetics so that the values for the kinetic constant cannot be limited.
The kinetic data were adjusted to mathematical models of first order, Korsmeyer and Peppas, and
Higuchi as shown in Table 3.

Table 3. Models of the release kinetics of B. dracunculifolia extract.

Phenolics Release Models
pH of the Medium

2.61 7.70

First order
R2 = 0.96

K = 0.4959 (h−1)
y = −0.4959x − 2.7853

R2 = 0.96
K = 0.4231 (h−1)

y = −0.4231x − 2.8863

Korsmeyer-Peppas

R2 = 0.99
K = 0.27
n = 1.15

y = 1.1517x − 1.3199

R2 = 0.99
K = 0.29
n = 0.64

y = 0.6457x − 1.2211

Higuchi
R2 = 0.99

K = 0.4743
y = 0.4743x − 0.169

R2 = 0.96
K = 0.15

y = 0.1498x + 0.1161

R2: correlation coefficient; K: constant kinetics of B. dracunculifolia bioactive release; n: diffusional exponent; x: linear
coefficient of the model.

The models that better represented the release profile of the BDE from the microparticles were those
of Korsmeyer and Peppas, and Higuchi, as shown in Table 3, through the (R2) correlation coefficients.
By the Korsmeyer and Peppas model, which demonstrated the best fit of the data, diffusional exponent
(n) values of 0.64 (pH 7.70) and 1.15 (pH 2.61) were found. The diffusional exponent (n) values vary
according to the system geometry of the particles, with values of n = 0.43 for a sphere, n = 0.45 for a
cylinder, and n = 0.5 for a thin film with Fickian diffusion [55,56]. Diffusional exponent (n) values of
0.89 indicate a Case II transport, and values greater than 0.89 characterize Super Case II transport [57],
which is controlled by diffusion, polymer chain relaxation, and erosion [58]. In this model, the “K”
constant is considered the release velocity and reflects the geometrical structural characteristics of the
system [59]. As observed in Table 3, conditions of acid pH contributed to a release mechanism of the
type Super Case II (n = 1.15), which is related to polymer relaxation and erosion. Conversely, under
conditions close to neutrality (pH 7.70), a release mechanism of the type non-Fickian or anomalous
(n = 0.64) was observed.

2.8. Scanning Electron Microscopy—SEM

SEM micrographs revealed particles (Figure 9) with irregular and rough surfaces similar to raisins,
and did not present uniform dimensions (diameter). Such features are associated with the possible
incorporation of air inside the particles that occur during the atomization process [60]. Commonly,
particles obtained by spray-drying present in the form of hollow spheres. The formation of vacuoles is
a consequence of the expanding air bubbles trapped within the droplet, and is accompanied by the
shrinkage of the coated material on the particle, which occurs as a function of drying the particle [61].
The thermal expansion of air or steam inside the drying particles is associated with the drying rate and
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the viscoelastic properties of the matrix [62]. Uniform spherical particles are most commonly obtained
when more viscoelastic material is employed as the coating matrix [61]. The elasticity of the matrix
during the drying process promotes greater homogeneity and uniformity of the particle wall.
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2.9. Chromatographic Profile of the Encapsulated Phenolic Compounds

The microparticles were analyzed by HPLC-DAD after extraction and subjected to two different
analysis protocols. Protocol 1 was developed for the detection and analysis of phenolic acids, while
protocol 2 detected flavonoids (Figure 10 and Table 4). A major component observed was identified
as caffeic acid (17.16 mg/L) followed by p-coumaric acid (16.86 mg/L). These compounds were also
identified in the work of Rezende et al. [63] and Sousa et al. [64] in B. dracunculifolia extract. Catechin
(6.06 mg/L) is commonly found in species of the genus Baccharis; e.g., B. uncinella, B. dentata, and
B. anomala [65]. The presence of these bioactive compounds identified by HPLC analysis indicate the
resistance of the microparticles to the temperature conditions employed in the atomization process
during spray-drying.
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Table 4. Chromatographic parameters of the phenolic compounds analyzed by HPLC-DAD.

Standard RT (min) Lmax (nm) Regression Equation R2 Value
Concentration

(mg/L)

Protocol 1
Catechin 8.96 276 Y = 0.1794x − 0.156 0.9945 6.06
Protocol 2
Caffeic acid 11.57 320 Y = 1.0138x − 1.229 0.9836 17.16
p-Coumaric acid 19.01 309 Y = 1.7784x − 3.2239 0.9812 16.86

Data are presented as mean ± SEM; n = 3; RT: retention time; R2: coefficient of determination (R-squared).

3. Materials and Methods

3.1. Botanical Material and Reagents

B. dracunculifolia grown on the campus of Universidade Estadual do Centro-Oeste Paraná,
at Guarapuava, Paraná Brazil; coordinates: 1.120 m altitude, 50◦39′42.39′′ West Longitude and
25◦32′7.24′′ South Latitude), was collected in November 2017. The voucher specimen was deposited in
the Herbarium of Universidade Estadual de Ponta Grossa, Ponta Grossa, Paraná Brazil, and registered
under the number 18173.

Folin-Ciocalteu reagent, 1,1-diphenyl-2-picrylhydrazyl (DPPH), methanol, potassium persulfate,
gallic acid, 6–hydroxyl-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and gum arabic were obtained from Sigma-Aldrich
(St Louis, MO, USA). Maltodextrin (Mor-rex 1910-10 DE, food grade) was kindly provided by Plury
Química (Diadema, SP, Brazil). Lasiodiplodan, ((1→6)-β-d-glucan of MW 1.4 × 106 Da) was produced
by submerged fermentation on liquid medium containing glucose (20 g/L) as carbon source in (shake
flasks), and isolated from the fermentation broth by precipitation with ethanol as described by
Cunha et al. [66]. All reagents used in this study were of analytical grade.

3.2. Production of B. dracunculifolia Extract

An extract of B. dracunculifolia was produced according to the conditions optimized in a previous
study. The bioactive compounds present in dehydrated leaves of the plant were ground and extracted
with methanol, (1:4 ratio of mass of plant material to volume of 95% methanol) in an orbital incubator
(TE-4200, Tecnal, Piracicaba, São Paulo, Brazil) for 20 min at 70 ◦C. Solvent from the plant extract was
removed under vacuum by rotary evaporation (TE-210, Tecnal, Piracicaba, São Paulo, Brazil) at 45 ◦C.
The material extract was frozen at −50 ◦C, and then lyophilized.

3.3. Production of Encapsulated Microparticles by Factorial Design Matrix

Microparticles were produced according to Salgado et al. [67] with adaptations. Gum arabic and
lasiodiplodan were separately dissolved in water at 60 ◦C by stirring (350 rpm) for 20 min and 24 h,
respectively. Maltodextrin was dissolved in water at room temperature and stirred for 20 min. Then
the solutions (100 mL) of gum arabic and lasiodiplodan solutions were mixed with the maltodextrin
solution (200 mL) at high speed in a Ultraturrax homogenizer (Ika, Staufen, Germany) at 20,000 rpm
for 20 min [67]. The lyophilized extract of B. dracunculifolia was next dispersed in the above solution at
12,000 rpm agitation, and the solution was spray-dried using a Buchi Mini Spray Dryer B-290 (Flawil,
Switzerland) employing a feed flow of 83 L/h at a compressed air pressure of 0.55 bar. The drying
conditions were set at 130 ◦C inlet and 87 ◦C outlet [68]. The microparticles were collected and placed
in amber glass bottles for further characterization analyses.

The concentrations of gum arabic, β-glucan (lasiodiplodan), and the lyophilized extract (BDE)
varied according to the 23 full factorial design as described in Table 1. Maltodextrin concentration was
maintained at 10% (w/v) in all experimental runs.
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3.4. Determination of Total Phenolic Content and Antioxidant Activity

The microparticle samples were extracted according to protocol described by Saikia et al. [69]
with some modifications. Samples of 500 mg of microparticles were accurately weighed and dispersed
in 5 mL of a mixture containing absolute ethanol, glacial acetic acid, and distilled water (50:8:42). The
tubes were vortexed for 1 min, and the samples filtered through 0.45 µm Millipore membrane (Merck
KGaA, Darmstadt, Germany). The filtrates were used in the analysis of the total phenolics content and
antioxidant activity.

3.4.1. Total Phenolics Content in the Microparticles

The total phenolics content was determined by Folin-Ciocalteu method as described by Singleton
and Rossi [70]. Volumes of 2.5 mL of Folin-Ciocalteu reagent solution (10%, v/v), 0.5 mL of microparticle
filtrate, and 2 mL of sodium carbonate solution (4% w/v) were mixed in a test tubes, and kept at room
temperature in the dark for 2 h. Absorbance was read at 750 nm in a UV/VIS Digilab—Hitachi U-2800
Spectrophotometer (Lambda Advanced Technology, Wembley, UK). In the blank tube, the filtrate from
microparticles was replaced by 0.5 mL of distilled water. Gallic acid was employed as a standard,
using a calibration curve within the concentration range of 0–100 mg (R2 = 0.9996), and the results
were expressed as gallic acid equivalents (µg GAE/g microparticles).

3.4.2. DPPH Free Radical Scavenging Activity

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging activity of microparticles was evaluated
according to Brand-Williams et al. [71]. Aliquots of 0.5 mL of filtrate from the microparticles, 0.3 mL
DPPH and 3 mL methanol were homogenized in test tubes, and then kept in the dark at room
temperature for 60 min. Methanol was used as the blank. Control sample contained a mixture of
0.3 mL of DPPH radical solution and 3.5 methanol. Trolox was used as the reference antioxidant
standard, and the results were expressed in µmol/L Trolox equivalent/g of microparticles calculated
from a calibration curve (15–150 µmol Trolox/L, R2 = 0.996).

3.4.3. ABTS Free Radical Scavenging Activity

The ABTS cation free radical scavenging capacity was determined according to Huang et al. [72].
ABTS cation radical was generated by mixing 5 mL of ABTS solution (7 mmol/L) and 88 µL of potassium
persulfate solution (2.45 mmol/L) in test tubes, which were then left in the dark at room temperature
for 16 h. An aliquot of 3 mL of this solution was diluted with methanol until absorbance 0.700 at
734 nm, and then 3 mL this solution was mixed with 30 µL of filtrate from the microparticles followed
by homogenization, and the homogenate kept in the dark for 6 min. Methanol was used as a blank.
Trolox antioxidant standard (100–2000 µmol/L, R2 = 0.998) calibration curve was used to determine the
results, expressed as Trolox equivalent µmol/L per g of microcapsules.

3.4.4. Ferric Reducing Antioxidant Power (FRAP) Assay

The ferric reducing antioxidant power (FRAP) was determined according to Wootton-Beard and
Ryan [73]. An aliquot filtrate (90 µL) was mixed with 2700 µL of FRAP solution and 270 µL of distilled
water. This solution was homogenized in a test tube and kept in the dark for 30 min at 37 ◦C. FRAP
reagent was used as the blank. The results were determined from a calibration curve of ferrous sulfate
(5–50 µmol/L, R2 = 0.992). Absorbance was measured at 595 nm, and the Fe+3 to Fe+2 reducing power
was expressed as µmol FeSO4·7H2O per g of microparticles.

3.5. Kinetics of the Release of B. dracunculifolia Extract from the Microparticles

The release kinetics of the plant extract from the microparticles was evaluated by measuring
the extract content released into the medium (buffer solutions) over the contact time. A sample of
350 mg of microparticles were dispersed in 10 mL of buffer solution pH 2.6 or pH 7.5 (pH 2.6: sodium
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acetate buffer; pH 7.6: sodium phosphate buffer—PBS). The microparticles dispersed in the buffer
solutions were immersed in 150 mL of the respective buffer, and were submitted to dialysis in cellulose
membranes (12,000 Da, 1.3 in diam., Sigma-Aldrich).

At predetermined intervals (5 min, 15 min, 30 min, 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 24 h, 36 h,
and 48 h), aliquots of 3 mL were removed from the solution for analysis, and the same volume of
dissolution medium was restored to solution to maintain the sink condition to avoid the decrease of the
intrinsic dissolution rate caused by the saturation proximity [74]. The mass of the lyophilized extract
released was analyzed on a UV/VIS Digilab—Hitachi U-2800 Spectrophotometer (Lambda Advanced
Technology) with reading at 315 nm, and correlation with a B. dracunculifolia solution calibration curve
(0.0975 to 90 mg/L, R2 = 0.99). To characterize the release mechanism, the kinetic parameters were
determined using the models: first order [48], Korsmeyer-Peppas [49] and Higuchi [50].

3.6. HPLC-DAD Analysis

The profile of phenolic compounds released from the microcapsules was analyzed on a Varian
920 LC HPLC system (Varian Inc., Walnut Creek, CA, USA) coupled to photodiode array detector
(DAD), and using a reverse-phase C-18 RP (250 × 4.6 mm × 5 µm) column (Microsorb MV-100, Agilent
Technologies, Wilmington, DE, USA). The injection volume was 10 µL at a concentration 7.54 mg/mL
and the column was kept at 30 ◦C.

In order to identify a higher number of bioactive compounds, two protocols of analysis were used:
Protocol 1: A gradient mode system was used to elute the samples from the HPLC column at a

flow rate of 1 mL/min. Solvent A: acidified water with acetic acid (2%, v/v). Solvent B: acetonitrile:
water: acetic acid at 58:40:2 (v/v). The solvent gradient mixtures were: mobile phase A 95% and B 5%
(2 min); A 80% and B 20% (13 min); A 75% and B 5% (10 min); A 5% and B 85% (7 min); A 5% and B
95% (4 min); A 95% and B 5% (9 min).

Protocol 2: The mobile phase consisted of a mixture of solvents A (water) and B (acidified methanol
with o-phosphoric acid) using a flow rate of 1 mL/min. The solvent gradient mixtures used were:
mobile phase A 70% and B 30% (15 min); A 36% and B 64% (26 min); A 25% and B 75% (28 min); A 5%
and B 95% (32 min); and to B 70% and A 30%.

The peak areas were determined by reading the absorbance at 280 nm for the catechin, 300 nm for
coumaric acid, and 320 nm for caffeic acid.

3.7. Infrared Spectroscopy Analysis (FT-IR)

The microcapsules were ground and mixed with spectroscopic grade potassium bromide. The
mixture was pressed (7 Kgf for 7 min) to result in a compact and clear disc, and was analyzed in the
FT-IR Spectrophotometer Frontier (Perkin Elmer, Shelton, CT, USA) in the region of 4000–400 cm−1,
with a resolution of 4 cm−1 and 32 accumulated scans.

3.8. X-ray Diffraction Analysis

X-ray diffractogram patterns were recorded on a MiniFlex600 diffractometer (Rigaku, Tokyo,
Japan) using copper radiation font (CuKα = 1.5418 Å), 30 mA current, 40 kV voltage, scanning range
of 10◦ to 60◦ (2θ), 0.02◦ step at 2θ, and a scanning speed of 0.5◦/minute speed.

3.9. Scanning Electron Microscopy (SEM)

Micrographs were obtained in a scanning electron microscope (Hitachi TM3000, Irving, TX, USA).
The microcapsules were fixed in a holder with carbon tapes, and images were taken at magnifications
of 1000× and 1500×.



Molecules 2019, 24, 2099 15 of 19

3.10. Thermal Analysis

The microcapsules were submitted to thermogravimetry, differential thermal analysis, and
thermogravimetric analysis between 25 ◦C and 800 ◦C, in a synthetic air atmosphere, with a flow rate
of 50 mL/min and a heating rate of 10 ◦C/minute in a SDT Q600 thermal analyzer equipment (TA
Instruments, New Castle, DE, USA).

3.11. Microparticles Size Measurement and Zeta Potential

The particle size distribution and ZP were evaluated in a Zetasizer Nano, ZS90 instrument
(Malvern, UK). Samples were diluted in 0.1 mol/L KCl at a concentration of approximately 0.025% (v/v).

4. Conclusions

Microparticles containing (1→6)-β-d-glucan (lasiodiplodan) and B. dracunculifolia extract were
produced by a spray-drying method. The microparticles presented high phenolic contents and
antioxidant potential, when formulated with maltodextrin (10%, w/v) as a matrix material along
with lasiodiplodan (1.5% (w/v) and a lyophilized extract of B. dracunculifolia leaves (5.0%, w/v). The
high antioxidant activity of the microparticles indicate that spray-drying process, even conducted at
relatively high temperatures, bore no negative influence either on the total phenolic content or on
the antioxidant activity. The microparticles ranged in size from 0.24–1.21 µm; a range considered
adequate for the methodology used. The polydispersity index of the microparticles was high, which
may be related to the high viscosity of the solution of lasiodiplodan. In this study, the model that best
represented the release profile kinetics was the Korsmeyer and Peppas model. The diffusional exponent
(n) values in neutral pH dissolution medium of 0.64 displayed a non-Fickian or anomalous transport
system, while that of 1.15 indicated a Super Case II transport phenomenon. High-performance
liquid chromatography using acidified water and acetonitrile: water: acetic acid as eluents in a
gradient system allowed the separation and identification of three phenolic compounds—catechin
(6.06 mg/L), caffeic acid (17.16 mg/L), and p-coumaric acid (16.86 mg/L)—in the microparticles. The
microparticles obtained constitute a new biomaterial that in addition to containing microbial β-glucan,
a known immunomodulatory biomacromolecule, was rich in phenolics compounds and presented
high antioxidant potential.
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