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Abstract

Araucaria angustifolia produces seeds known as Pinhão, which are valued for their nutritional
composition and potential use in functional foods. This study investigated the production
and characterization of spray-dried Pinhão extracts using inulin (E1) and polydextrose
(E2) as carrier agents. The formulations were assessed for physicochemical composition,
physical properties, rehydration behavior, morphology, phenolic profile, and mineral
content. Spray drying resulted in yields of 67.7% (E1) and 60.6% (E2). E1 exhibited higher
carbohydrate (37.02 g/100 g) and fiber contents (34.11 g/100 g), as well as lower moisture
(1.35 g/100 g) and water activity (0.16), yielding powders with greater stability and lighter
color. E2 demonstrated a superior rehydration performance, with higher wettability and
dispersibility, attributed to the amorphous and hydrophilic nature of polydextrose. The
matrix formed by inulin and polydextrose during spray drying was equally effective
in preserving the low contents of phenolic compounds, demonstrating the suitability of
the technique for stabilizing these heat-sensitive bioactive compounds. Only very low
levels of phenolic compounds were detected in both samples, which is consistent with the
naturally low phenolic content of the Pinhão almond. Mineral analysis showed greater
calcium and magnesium retention in E1, whereas E2 contained higher levels of potassium,
phosphorus, iron, and zinc. Overall, inulin enhanced powder stability and compactness,
while polydextrose improved rehydration behavior and mineral preservation, supporting
the potential application of Pinhão extract powders in functional and health-oriented
food products.
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1. Introduction
The term Pinhão refers to the seeds of the Araucaria angustifolia tree, consisting of two

parts: a shell (or tegument) and the almond. The almond is composed of the endosperm and
the embryo. The almond is the edible, nutritious part of the Pinhão and can also be called
the Pinhão almond or the seed/pulp. The almond is divided into endosperm and embryo.
The endosperm is the seed’s storage tissue and is the largest edible part of the Pinhão. It is
rich in nutrients, such as carbohydrates, fiber, protein, and minerals. The embryo is located
inside the endosperm, and, like the endosperm, is also rich in nutrients (proteins and
minerals). The shell, in turn, is a residue and is not edible. (Figure 1). However, this tree is
currently listed as endangered, with less than 2% of its original distribution remaining.

Figure 1. Pinhão and Pinhão cut in half, showing their parts: shell, endosperm, and embryo.

Despite the species’ vulnerability, the Pinhão is a high-nutritional-value seed, rich in
carbohydrates, fiber, minerals, and bioactive compounds. Its relevance and reputation
make it a promising ingredient for the development of new functional and healthy energy
products, which, in turn, encourages the sustainable valorization of the species and its
native resources [1–3]. The bioactive compounds and minerals present in pine nuts have
demonstrated positive effects on metabolic health. However, for these compounds to
be efficiently incorporated into food, it is essential to develop and apply technological
strategies that guarantee their stability and bioavailability during processing, application,
and storage [4].

The food industry has focused on retaining bioactive compounds and reducing losses
through concentration techniques. Among these, spray drying has widely developed due
to its ability to ensure good stability, produce synthetic particles, and offer low operating
costs. This technology involves atomizing a liquid in a drying chamber where it comes
into contact with hot air, resulting in rapid powder formation. The method is considered
efficient for protecting heat-sensitive compounds, since the short contact time with high
temperatures minimizes thermal manipulation [5–8]. If the air inlet temperature to the
atomizer is high, rapid water evaporation keeps the droplet temperature relatively low.
In heated air streams, droplet temperatures remain close to the wet-bulb temperature,
even when the surrounding air temperature is high. This condition helps protect heat-
sensitive compounds and promotes their stability during processing [6]. One of the most
critical aspects for process efficiency and the final product properties is the choice of
carrier material.

The use of fibers as carrier agents in spray drying offers the advantage of protecting
bioactive compounds and forming particles with enhanced physicochemical properties.
Among the compounds used, inulin and polydextrose stand out for their dual purpose:
providing technological protection and serving as important functional ingredients. Both
are defined as soluble fibers, resistant to digestion in the small intestine and subsequently
fermented in the colon. It is this prebiotic functionality that contributes to the balance of
the intestinal microbiota. In addition to these physiological benefits, its use helps improve
the nutritional profile of products without compromising sensory characteristics [9–12].

Despite the recognized nutritional potential of Pinhão and the effectiveness of spray
drying in stabilizing extracts, optimizing the stability and quality of the powder for in-
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dustrial applications remains a challenge. There is a lack of knowledge regarding the
comparative influence of carrier agents with prebiotic functionality, such as inulin and
polydextrose, on the preservation of the bioactive compounds of Pinhão and on the physic-
ochemical properties of the resulting powder.

In this context, the present study aims to explore the potential of the Pinhão almond
extract as a source of bioactive compounds, evaluate its properties via spray drying, and
comparatively analyze the use of inulin and polydextrose as carrier agents in the drying
process, with a focus on obtaining extracts with improved quality characteristics. This re-
search contributes to the development of functional, innovative foods with high nutritional
value, meeting the growing demand for healthy products.

2. Materials and Methods
2.1. Materials

The raw Pinhão seed in natura were provided by the Brazilian Agricultural Research
Corporation—Embrapa Florestas, located in Colombo, State of Paraná, Brazil (25◦17′30′′ S,
49◦13′27′′ W; 1027 m altitude). The seeds of Araucaria angustifolia were obtained from the
germplasm bank of this institution, from the 2024 harvest, collected in June at the mature
stage (newly opened pine cones). After collection, the seeds were immediately processed.
All certified standard solutions used for the calibration curves of mineral elements, as well
as the analytical standards of polyphenols, were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All other reagents used were of analytical grade.

2.1.1. Preparation of the Extract from Pinhão Almond

The Pinhão almond was used to obtain an extract. Therefore, 1 part of raw almond
was mixed with 10 parts of distilled water at 55 ± 1 ◦C. The mixture was blended using a
domestic blender (Philips Walita, 1200 W, São Paulo, Brazil) for 2 min. After processing, the
resulting suspension was filtered through a cloth filter, separating the liquid extract from
the solid residue. Both fractions were then stored by complete indirect freezing in a freezer
at −20 ± 2 ◦C (Brastemp, model BRM44H, São Paulo, Brazil).

2.1.2. Preparation of the Extract for Drying

For the drying process, wall materials were added to the extract to facilitate its at-
omization. The percentage shown in Table 1 corresponds to the mass/mass (m/m) ratio
of the carrier in relation to the liquid extract, defined to ensure thermal and structural
stability during the process. The proportions were determined based on preliminary tests
that identified the best performance conditions in terms of powder formation and recovery.
The proportions were determined based on preliminary tests that identified the optimal
conditions for achieving high powder recovery after drying. Two prebiotic compounds
were used as carrier agents: inulin (Tate & Lyle, São Paulo, SP, Brazil) and polydextrose
(SweetMix, Sorocaba, SP, Brazil). The selection of these materials aimed to reduce the
amount of added sugars in the final products and to enhance the nutritional and functional
appeal of the dehydrated extracts. Additionally, carboxymethyl cellulose (CMC) (Dinâmica
Química Contemporânea, Indaiatuba, SP, Brazil) was incorporated to improve product
flow within the main drying chamber. The mixture of the extract and carrier agents was
homogenized using a high-shear mixer (Turrax, model TE-102, Tecnal, Piracicaba, SP, Brazil)
at 14,000 rpm for 5 min.

https://doi.org/10.3390/pr14010119

https://doi.org/10.3390/pr14010119


Processes 2026, 14, 119 4 of 20

Table 1. Carrier agents content used in each formulation.

% CMC % Inulin % Polydextrose

E1 0.3 30
E2 0.3 30

The drying process was carried out in a counter-current spray dryer (Spray Process,
São Paulo, Brazil). The two feed solutions were stirred magnetically at room temperature
and pumped into the atomizer, which was equipped with a 1.2 mm nozzle. The equipment
operated with an inlet temperature of 170 ± 1 ◦C, an outlet temperature of 80 ± 1 ◦C, a
drying-air flow rate of 2 L/h, and a compressor pressure of 0.7 MPa. The powder samples
were collected at the base of the cyclone and transferred to sterile plastic containers, where
they were stored until analysis.

2.2. Physicochemical Characterization of the Powders

The protein content (g/100 g) was determined using the Kjeldahl method, which
measures the total nitrogen present in the samples [13]. The carbohydrate content was
calculated by difference, following the methodology of Chever et al. [14]. The total dietary
fiber content was determined using the official enzymatic method of Prosky et al. [15],
employing approximately 1 g of sample. This method involves the hydrolysis of proteins
using a protease, followed by starch hydrolysis with thermostable α-amylase and amy-
loglucosidase (glucoamylase) enzymes (Megazyme®, Irishtown, Ireland). After enzymatic
hydrolysis, the total fibers were separated from the hydrolysate, forming the residual
fibrous mass. The residue was then dried in an oven at 70 ± 1 ◦C, cooled in a desiccator
at room temperature, and weighed. The total fat content (g/100 g) was determined using
the Soxhlet method, according to the procedure described by the Instituto Adolfo Lutz
(IAL, 2008).

The moisture content of the powders was determined according to the methodology
recommended by the International Dairy Federation [16], using oven drying at ±102 ◦C
until a constant weight was achieved. Water activity (aw) was measured at ±25 ◦C after
15 min of sample stabilization using an Aqualab 4TE analyzer (Decagon Devices, Pull-
man, WA, USA). The pH of the sample was determined using a digital pH meter (AKSO
5323051003, São Leopoldo, RS, Brazil) that had been previously calibrated.

The color was determined using the CIE Lab* method, in which lightness (L*) ranges
from black (0) to white (100), a* represents the chromatic axis from red (+a*) to green
(−a*), and b represents the axis from yellow (+b*) to *blue (−b*). The measurements were
performed using a sphere spectrophotometer (model SP60 Series, X-Rite Inc., Grand Rapids,
MI, USA).

∆E =

√
(∆L)2 + (∆a)2 + (∆b)2 (1)

where ∆L represents the difference in lightness, ∆a is the difference in the a* parameter, and
∆b represents the difference in the b* parameter between the two samples.

2.3. Powder Properties
2.3.1. Density

The density of the samples was measured using the aerated bulk density and tapped
bulk density, according to the method described by Reddy et al. [17], with modifications.
The aerated bulk density was determined by placing approximately 2 g of sample in a
graduated cylinder and calculating it using Equation (2).

Aerated bulk density =
sample mass (g)

sample volume (cm3)
(2)
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To determine tapped density, the sample was placed in a graduated cylinder, and
mechanical tapping was applied to promote compaction until no further volume change
was observed. The tapped density was then calculated using Equation (3).

Tapped density =
sample mass (g)

Volume a f ter mechanical tapping (cm3)
(3)

2.3.2. Fluidity and Cohesiveness

To evaluate fluidity and cohesiveness, the Carr Index (CI) (Equation (4)) and the
Hausner Ratio (HR) (Equation (5)) were used, both calculated from the previously obtained
density values. The methodology applied was described by Reddy et al. [17]:

Carr Index (IC) =
Aerated bulk density − Tapped density

Aerated bulk density
× 100 (%) (4)

Hausner Ratio (HR) =
Aerated bulk density

Tapped density
(5)

2.3.3. Flowability

The flowability of the samples was determined through the angle of repose, calculated
according to Reddy et al. [17] using the diameter in Equation (6), with a wall angle of 65◦.
The funnel was positioned at a fixed distance above a smooth surface, and the samples
were poured using gravity, as illustrated in Figure 2. The diameter (L) and height (h) of
the resulting conical pile were measured, and Equation (6) was used to calculate the angle
of repose.

∅ = arctg
h
L
2

(6)

The criteria for classifying powder flow were established based on the angle of repose,
as shown in Table 2.

 

h
L

Figure 2. Scheme of measuring the angle of repose of powder samples.

2.4. Rehydration Properties
2.4.1. Wettability (WI)

The wettability index was determined according to the methodology described by
Chever et al. [14], where 13 g of dry-based sample was added to 100 g of water at ±40 ◦C
without stirring. This index is defined as the time required for the powder to become
completely wet. Wettability results exceeding 120 s should be considered for informational
purposes only.
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Table 2. Flow criteria for powders using the angle of repose calculation.

Angle of Repose (◦) Flow Criteria

25–30 Very free
31–38 Free
39–45 Fair
46–55 Cohesive
>55 Very difficult

Source: Escudeiro et al. [18].

2.4.2. Solubility

The water solubility was determined according to the methodology described by
Fernandes et al. [19]. One gram of the dried powder was added to 25 mL of distilled water
and stirred for 5 min using a magnetic stirrer. After complete dissolution of the powder,
the mixture was centrifuged at 760 g for 10 min. Then, 20 mL of the supernatant was
transferred to a pre-weighed Petri dish and dried in an oven at ±105 ◦C overnight. The
solubility was calculated using Equation (7).

Solubility =
Dried supernatant

Initial amount o f powder
(7)

2.4.3. Dispersibility

For the dispersibility analysis, the procedure described by Cunha et al. [20] was
followed. 1.00 g of sample was added to 10 mL of water at 40 ± 1 ◦C, and the mixture was
manually stirred for 15 s, performing approximately 25 complete movements. The sample
was then poured through a 250 µm mesh sieve, and 2 mL of the filtrate was transferred
to a crucible and dried in an oven at 105 ± 1 ◦C until a constant weight was reached. The
dispersibility was calculated using Equation (8).

D% = m2 × 5 ×
(

100
m1

)
(8)

where D is the dispersibility, m1 is the initial sample mass, and m2 is the dispersed
sample mass.

2.5. Powder Yield

The drying yield was obtained based on the recovery of solids fed into the atomizer,
the procedure described by Tong et al. [21]. The yield (Y) was calculated as the ratio
between the mass of powder obtained after drying and the theoretical mass of solids in the
formulation, according to Equation (9):

Y(%) =
(mp

me

)
×100 (9)

where mp is the mass of powder obtained after drying and me is the theoretical mass
of solids in the formulation, which is obtained by summing all the solids present in the
liquid feed, including the solid fraction of the extract and the solids from the carrier agents.
Therefore, me is determined by the following Equation (10):

me = mc + (mEL × mSE) (10)

where mc is the total mass of carrier added, mEL is the mass of the liquid extract fed, and
mSE is the total mass of solids in the extract
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2.6. Scanning Electron Microscopy (SEM)

The surface morphology of the samples was examined using a scanning electron
microscope (SEM) (model VEGA 3, Tescan, Brno, Czech Republic). The samples were
gold-coated using a vacuum sputter coater (Leica, model EM SCD 500, Wetzlar, Germany)
and analyzed at an acceleration voltage of 10 kV. The microstructure of the surfaces was
observed at magnifications of 50×, 300×, and 1000×.

2.7. Individual Phenolic Compounds

In this study, for the extraction process, approximately 1.00 g of sample was mixed
with 10.0 mL of 80% (v/v) methanol (UV/HPLC grade, Dinâmica Química Contemporânea,
Indaiatuba, SP, Brazil) in water. This ratio was selected to ensure complete solubilization of
the extractable phenolic fraction under the conditions used (1 h in an ultrasonic bath 7 LAB,
at room temperature ± 25 ◦C) and to maintain analytical consistency across treatments.
The procedure was designed for the quantification of individual phenolics and not for
determining extraction efficiency; therefore, extraction yield was not calculated. The
standardized approach allowed reliable comparison between samples without the need for
yield-based adjustments. The samples were then filtered through a syringe filter (0.45 µm),
and the phenolic compound determinations were subsequently performed.

The phenolic compounds were quantified by peak area using an HPLC–DAD system
(Agilent 1260 Infinity, Agilent, Santa Clara, CA, USA) equipped with an autosampler,
gradient elution system, and a diode-array detector (DAD) operating at 280, 320, and
360 nm. Separation was achieved on a Pursuit 5 C18 column (250 × 4.6 mm i.d., 5 µm
particle size). The flow rate was set at 1.0 mL·min−1, with an injection volume of 20 µL,
and analyses were performed at room temperature.

2.8. Multi-Element Profile

To determine the multielemental profile, an inductively coupled plasma optical emis-
sion spectrometer (ICP–OES) (model iCAP 6000, Thermo Analytica, Waltham, MA, USA)
was used, with argon gas (99.95%) (Linde, Blumenau, Santa Catarina, Brazil) as the main
plasma gas. The operating parameters are described in Table S1, and the emission lines
used for each element are listed in Table S2.

Samples were previously digested using a microwave digestion system (Microwave
Reaction System/Multiwave PRO, Anton Paar, Graz, Austria). For digestion, 5 mL of
sample and 3 mL of 65% nitric acid were added, applying a power of 1500 W with the
following time/temperature (◦C) program: 3/85, 5/125, and 22/160, followed by a 16 min
ventilation step. After digestion, the solutions were brought to a final volume of 20 mL
with ultrapure water [22].

Calibration curves were prepared using standard solutions at 100 mg/L, diluted in 1%
nitric acid. The samples were stored under refrigeration, analyzed at room temperature,
and diluted at ratios of 1:2, 1:5, 1:10, 1:50, and 1:100 before analysis.

2.9. Statistical Analysis

All analyses were performed in triplicate, using a single batch of powder obtained
from each treatment. Statistical analysis was conducted using the STATISTICA 13.3
software (TIBCO Software Inc., Palo Alto, CA, USA), and the results were expressed
as mean ± standard deviation. Significant differences (p < 0.05) were evaluated by ANOVA
followed by the Tukey’s HSD test, along with Pearson correlation (95% confidence).
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3. Results and Discussion
3.1. Physicochemical Characterization of the Powders

In spray-dried extracts, the choice of carrier agent is of great importance, as it directly
influences the visual appearance, hygroscopicity, stability, and the product’s functional and
technological performance. Among the carrier agents commonly used in the food industry,
inulin and polydextrose stand out. These compounds reduce the need for added sugars,
exhibit good solubility, and possess prebiotic properties, thereby broadening their potential
applications across different formulations.

As shown in Table 3, the protein content analysis revealed that both extracts presented
similar values, with no significant difference (p < 0.05). This low concentration is charac-
teristic of Pinhão seeds, which naturally contain a small amount of protein. However, this
content may vary depending on the origin and growing conditions of the seeds. Some
studies report values close to 3.85 g/100 g [3], 3.42 g/100 g [2], and 3.85 g/100 g [4] in
species found in South America. Regional and genetic variations in the composition of this
raw material have been reported. The extraction method can significantly influence the
protein content obtained, as a considerable portion of the protein fraction tends to remain
retained in the solid residue. In the absence of thermal disruption, the release of these
proteins into the liquid phase becomes limited, thereby reducing the amount effectively
transferred to the extract [2,23].

Table 3. Results found for both extracts E1 (inulin) and E2 (polydextrose) for the physicochemical
characterization.

Physicochemical Parameters E1 E2

Proteins (g/100 g) 0.07 a ± 0.10 0.07 a ± 0.12
Lipids (g/100 g) ND ND

Carbohydrates (g/100 g) 37.00 a ± 0.20 26.14 b ± 0.10
Fibers (g/100 g) 34.10 a ± 0.30 24.40 b ± 0.10

Moisture (g/100 g) 1.35 b ± 0.08 1.83 a ± 0.12
Water activity 0.16 b ± 0.12 0.22 a ± 0.10

Asher (g/100 g) 0.54 a ± 0.13 0.52 a ± 0.02
pH 4.80 a ± 0.15 4.72 b ± 0.10

Color parameters
L* 96.67 a ± 0.13 93.52 b ± 0.21
a* 2.25 b ± 0.08 2.75 a ± 0.11
b* 7.92 b ± 0.20 11.05 a ± 0.21
∆E 6.90 a ± 0.20 3.25 b ± 0.14

E1 represents the extract carried in inulin, and E2 represents the extract carried in polydextrose. Note: Results
expressed as mean ± standard deviation (n = 3). a,b On the same line, different lowercase letters indicate a
difference between the samples (p < 0.05). ND: Not detected. The L* value represents lightness, ranging from
dark (0) to light (100). The a* parameter indicates the shift between red (+a*) and green (−a*), while b* varies from
yellow (+b*) to blue (−b*). ∆E represents the overall color difference between two samples.

The E1 sample, carried with inulin, showed higher values of carbohydrates (37.00 g/100 g)
and fibers (34.10 g/100 g) compared to the E2 sample, carried with polydextrose, which
presented (26.14 g/100 g) of carbohydrates and (24.40 g/100 g) of fibers. These differences can
be mainly attributed to the properties of the carrier agents used. Although both are soluble,
inulin has a greater ability to form gels and retain dissolved solids, which contributes to the
higher carbohydrate and fiber content in the extracts. On the other hand, polydextrose has
a lower gel-forming and solid-retention capacity, which explains the lower values observed.
According to Silva et al. [23], the carbohydrate content in raw Pinhão seeds ranges from 34.5
to 46.2 g/100 g. Castrillon et al. [2], in a recent review, reported values of 48.42 g/100 g of
carbohydrates and 1.29 g/100 g of fibers, while Embrapa Florestas [4] reported 40.88 g/100 g
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of carbohydrates and 4.78 g/100 g of fibers. The more pronounced difference in fiber content
between the extracts is directly related to the type of carrier agent used, as in this study fibers
(inulin and polydextrose) were employed as carriers rather than sugars, a practice commonly
adopted in conventional formulations. The high fiber content of the extracts is particularly
advantageous, as it can enhance the nutritional value of the final product, contribute to
improved gastrointestinal function, and support the development of formulations with added
functional properties.

The extracts showed no detectable lipids (Table 3), which can be attributed to the
naturally low lipid content of the raw seeds. Studies by Embrapa Florestas [4] report an
average lipid content of 1.53 g/100 g in Pinhão seeds. In addition to the low initial concen-
tration, the technological processes employed, such as drying and aqueous extraction, also
contribute to the reduction in lipophilic fractions, as the hydrophilic extraction method
used does not fully extract nonpolar compounds. This occurs because the lipid matrix of
Pinhão is predominantly composed of unsaturated fatty acids, which are poorly soluble in
aqueous media. The reduced lipid content in the extracts represents a nutritional advantage,
particularly for applications in low-calorie products with greater oxidative stability. These
characteristics are desirable in functional and health-oriented formulations [1,2].

Regarding moisture content and water activity (aw) (Table 3), higher values were ob-
served for the E2 sample, with 1.83 g/100 g and 0.22, respectively. In contrast, the E1 sample
showed lower values, with 1.35 g/100 g for moisture and 0.16 for aw. These results indicate
that E2 exhibits greater hygroscopicity and a higher water-binding capacity, characteristics
attributed to polydextrose. The lower moisture content and aw observed in E1 suggest
greater physical and microbiological stability of the dried extracts, minimizing potential
losses in flowability due to agglomeration, color changes, or oxidative processes. These
findings highlight the importance of selecting an appropriate carrier agent, as it directly
influences powders’ stability and, consequently, the shelf life of the formulated products,
especially in systems that are more sensitive to moisture. Silva et al. [23] evaluated the use
of inulin and polydextrose as carrier agents in the spray-drying process of Bougainvillea
glabra extracts. They observed lower moisture levels in the inulin samples than in the
polydextrose samples.

Regarding aw, the authors reported similar values for both carrier agents, with no
statistically significant differences (p > 0.05). Similarly, Silva et al. [23] studied the spray
drying of pineapple juice using inulin as a carrier agent at different inlet temperatures
and obtained values similar to those found in this study. Although comparisons with the
literature are limited due to differences in plant matrices, the results observed are consistent
and reinforce the trend of lower moisture retention in formulations containing inulin.

The ash content showed no significant difference (p > 0.05) between samples E1 and
E2, with values of 0.54 g/100 g and 0.52 g/100 g, respectively, indicating similar mineral
content in the extracts. Regarding pH, a slight acidification was observed in sample E2 (4.72)
compared to E1 (4.80). This difference may be attributed to the presence of polydextrose,
which, under certain conditions, can undergo partial hydrolysis, leading to the formation
of organic acids. This slight reduction in pH should be considered during the development
of food products, especially in formulations where increased acidity is undesirable, as it
may influence the product’s sensory profile and final texture [9,11,24].

The color of the powder is an important characteristic for assessing its applicability in
different products and can also indicate possible changes that occurred during processing.
As shown in Table 3, a significant difference was observed in lightness (L*) values, with
sample E1 showing a higher value (96.67) than E2 (93.52). Lourenço et al. [24], when
studying the spray drying of Bougainvillea glabra extract, reported similar results, with
higher L* values for samples containing inulin (42.17) than for those containing polydextrose
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(40.76). Verruck et al. [12] also found similar lightness values (96.04) when inulin was used
as the carrier agent.

Regarding the chromatic parameters a* and b*, the E2 sample showed higher values
(2.75 and 11.05, respectively), indicating a more reddish and yellowish coloration. This
hue may be associated with the spray-drying process, during which yellowish-colored
compounds are formed as a result of Maillard reactions. The presence of polydextrose can
promote these reactions when it interacts with reducing sugars [8,12,25,26]. Kuhn et al. [25]
observed that the interaction between inulin and the plant matrix may also contribute to
the occurrence of these reactions, depending on the composition of the extract. Despite the
differences in L*, a*, and b* values, both extracts showed low total color difference (∆E*)
values. According to Marafon et al. [8], ∆E values greater than 2 indicate color differences
perceptible to the naked eye. In this study, the samples showed ∆E values of 6.90 (E1) and
3.25 (E2), confirming that the color variations are visible but remain within an acceptable
range for this type of product. Overall, the spray-dried extracts exhibited a homogeneous
coloration consistent with that expected for food powders, with E1 showing a more neutral
tone and E2 displaying slightly yellowish and reddish hues. These visual characteristics
are favorable for the application of the extracts in various food formulations, without
compromising the final appearance of the product [25,26].

3.2. Properties of the Powders

The physical properties of the powders are presented in Table 4. Density is an essential
parameter in the characterization of powdered materials, as it directly influences the volume
occupied during storage. This attribute has practical importance from both technological
and economic standpoints, as it affects packaging, transportation, and, consequently, the
product’s final cost. The values of loose bulk density and tapped bulk density were
higher for extract E1 (0.46 and 0.54 g/cm3, respectively) compared to extract E2 (0.42
and 0.49 g/cm3). The use of inulin as a carrier agent resulted in powders with a smaller
occupied volume, indicating higher apparent density and better particle packing, with
reduced void spaces between particles. This behavior is consistent with the findings of
Verruck et al. [12] and de Liz et al. [11], who reported that microcapsules produced with
carrier agents derived from oligofructans exhibited higher apparent density, attributed to
reduced intermolecular spaces and greater particle aggregation.

Table 4. Physical properties of powders and their rehydration characteristics.

Physical Properties E1 E2

Loose bulk density (g/cm3) 0.46 a ± 0.11 0.42 b ± 0.10
Tapped bulk density (g/cm3) 0.54 a ± 0.20 0.49 b ± 0.15
Flowability (Carr’s index) (%) 15.36 a ± 2.00 12.86 b ± 0.25
Cohesiveness (Hausner ratio) 1.18 a ± 0.10 1.14 a ± 0.18

Powder Flow (º) 25.46 b ± 0.31 37.70a ± 0.29
Rehydration Properties

Solubility (%) 39.11 a ± 0.10 39.55 a ± 0.16
Wettability (s) 213 b ± 3.55 551 a ± 7.87

Dispersibility (%) 57.83 b ± 2.24 65.50 a ± 1.08
E1 represents the extract carried in inulin, and E2 represents the extract carried in polydextrose. Note: Results
expressed as mean ± standard deviation (n = 3). a,b On the same line, different lowercase letters indicate a
difference between the samples (p < 0.05).

The flow properties are essential parameters for evaluating the flow behavior of
powders. The Hausner ratio and the Carr index are indirect methods commonly used to
quantify these characteristics. The Carr index classifies powder flowability into specific
ranges: below 10% indicates excellent flow, 10–15% is considered good, 16–20% suggests
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fair, and above 32% is regarded as very poor [27]. In this study, the flowability was
classified as good for both samples, with values of E1 (15.36%) and E2 (12.86%). For the
Hausner ratio, values ≤ 1.25 indicate freely flowing powders, while values ≥ 1.25 indicate
poorly flowing powders [27]. The results obtained, E1 (1.18) and E2 (1.14), indicate good
cohesiveness and no tendency toward excessive compaction, desirable characteristics for
powders that need to be easily handled and processed. Both samples showed satisfactory
and acceptable flowability, a behavior that may be related to the molecular structure of
the components, which affects the interparticle friction and cohesive forces. The reduction
in these forces results in lower Carr and Hausner index values, thus improving powder
flowability [12,20,27].

The angle of repose is an essential parameter for evaluating the flowability and
handling characteristics of the powders obtained, as it directly influences their storage and
processing behavior. In general, the smaller the angle of repose, the better the flowability
and the lower the particle friction. The lowest angle of repose was observed for extract
E1 (25.46◦), classified as very free-flowing, while extract E2 (37.70◦) was classified as free-
flowing. These results indicate that the extract carried within inulin exhibited a looser,
less hygroscopic behavior, which favors powder flow. In contrast, E2, formulated with
polydextrose, showed greater resistance to flow, which can be attributed to its higher
hygroscopicity and the formation of more irregular particles during drying [12,18,20].

Regarding the wettability parameter (Table 4), powders formulated with polydextrose
(E2) exhibited significantly faster and more homogeneous dilution in water than those
formulated with inulin (E1) (p < 0.05). The addition of polydextrose likely enhanced the
interaction between the powder surface and water molecules, facilitating hydration and
improving the overall reconstitution behavior of the product. This effect is attributed to the
amorphous, randomly branched structure of polydextrose, which increases the accessibility
of its hydroxyl groups and reduces the formation of intermolecular aggregates. In contrast,
the linear chains of inulin tend to associate through hydrogen bonding, generating a more
viscous network that restricts water diffusion and slows hydration [28].

Regarding solubility, no significant differences were observed between samples. Al-
though the polydextrose-enriched powder (E2) presented a significantly shorter wettability
time, both formulations reached similar solubility values. This suggests that polydextrose
primarily influences rehydration kinetics by accelerating water penetration and dispersion,
rather than the thermodynamic solubility equilibrium. Both fibers are highly hydrophilic
carbohydrates and, under identical experimental conditions, tend to achieve comparable
maximum dissolution values [29]. However, a significant difference in dispersibility was
observed, with E2 showing higher values (65.50 ± 1.08%) than E1 (57.83 ± 2.24%). This
result indicates that polydextrose not only improves wetting but also promotes more ef-
fective particle dispersion in the aqueous medium. Its amorphous and less aggregated
structure facilitates particle separation and uniform distribution, reducing clumping and
enhancing reconstitution efficiency. Conversely, the linear chains of inulin promote molec-
ular associations that hinder particle breakup and maintain small agglomerates, thereby
reducing dispersibility. Similar results were reported by Lourenço et al. [24], who observed
higher dispersibility and solubility in plant extract powders produced with polydextrose as
a carrier compared to those produced with inulin, attributing this effect to polydextrose’s
greater structural flexibility and hydration capacity [30].

3.3. Power Yield

The yields obtained for the formulations with inulin (67.7%) and polydextrose (60.6%)
are within the expected range for spray drying of highly diluted and sugar-rich extracts,
especially in bench-top dryers, where losses due to adhesion to surfaces are frequent. These
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values are mainly due to the low solid content of the pine nut extract, which favors the
formation of a matrix with a reduced glass transition temperature, making the material
stickier during the process and increasing internal deposition in the equipment. The
difference between the carriers also explains the yield variation, as inulin, with a higher
glass transition temperature and lower hygroscopicity, tends to form more stable and less
adhesive particles, while polydextrose, being more hygroscopic, intensifies adhesion to
the walls, reducing the final recovery. These results emphasize that the choice of carrier
directly influences the stability of the matrix during drying and the yield obtained [31–33].

3.4. Scanning Electron Microscopy

The starch granules of Pinhão exhibit a predominantly oval or spherical morphology,
with smooth, nonporous surfaces ranging from 5 to 35 µm in diameter. This compact and
homogeneous structure is characteristic of starches [34].

Inulin forms compact, irregular particles with rough surfaces (Figure 3C,D) that tend
to cluster after spray-drying (E1). During drying, structural collapse occurs, meaning the
particles lose their original shape due to polymer matrix shrinkage as water is removed. In
addition, particle adhesion promotes aggregate formation. These effects reduce the surface
area, wettability, and dispersibility of the powders. Microscopic images of the Pinhão extract
with inulin showed spherical, homogeneous particles that aggregated, confirming this
structural tendency [35].

Figure 3. Micrographs resulting from scanning electron microscopy (SEM): (A) E1 sample at magni-
fication of 500 × (Working distance = 415 µm); (B) E1 sample at magnification of 1000 × (Working
distance = 208 µm); (C) E2 sample at magnification of 500 × (Working distance = 415 µm); (D) E2
sample at magnification of 1000 × (Working distance = 208 µm).

Polydextrose forms spherical and homogeneous particles (Figure 3A,B), resulting
in stable solid matrices with uniform surfaces (E2). As a carrier, it enhances powder
rehydration by facilitating water contact. Microscopic analysis of the Pinhão extract with
polydextrose revealed spherical and aggregated structures, indicating good integration
between the carrier and the extract compounds [30].
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3.5. Individual Phenolic Compounds

The detection of individual phenolic compounds was confirmed in both samples
carried with inulin (E1) and polydextrose (E2). The choice of carrier agent did not affect
the identified phenolic profile, as both extracts showed statistically equivalent values for
all compounds. Therefore, the data presented in Table 5 represent both systems, given the
absence of significant variation observed between them.

Table 5. Quantification of phenolic compounds in extracts carried in inulin (E1) and
polydextrose (E2).

Phenolic Compounds E1; E2 LOQ LOD

Gallic acid (µg/g) 0.08 ± 0.05 0.07 ± 0.01 0.02 ± 0.001
Protocatechuic acid (µg/g) 0.07 ± 0.01 0.06 ± 0.01 0.02 ± 0.001

Vanillic acid (µg/g) 0.81 ± 0.02 0.60 ± 0.01 0.20 ± 0.001
Syringic acid (µg/g) 0.60 ± 0.01 0.50 ± 0.01 0.20 ± 0.001

Transcinnamic acid (µg/g) 0.53 ± 0.03 0.40 ± 0.01 0.10 ± 0.001
Caffeic acid (µg/g) 0.007 ± 0.001 0.006 ± 0.001 0.002 ± 0.0001

Coumaric acid (µg/g) 0.09 ± 0.03 0.07 ± 0.01 0.02 ± 0.001
Rutin (µg/g) 0.05 ± 0.02 0.03 ± 0.01 0.01 ± 0.001

Quercetin (µg/g) 0.70 ± 0.01 0.60 ± 0.01 0.20 ± 0.001
E1 represents the extract carried in inulin, and E2 represents the extract carried in polydextrose. Note: Results
expressed as mean ± standard deviation (n = 3). LOQ = limit of quantification; LOD = limit of detection.

The values obtained are consistently low and are aligned with the natural composition
of the pine nut kernel. The almond is a tissue structurally adapted for the storage of reserves
(starch) and, consequently, has a low content of bioactive compounds. In the Pinhão, these
compounds are predominantly concentrated in the cascade and the outer tegument, struc-
tures that act as protective barriers and accumulate higher levels of phenolics [10,33,36,37].
Since the samples in this study did not come into contact with these external structures,
their phenolics did not migrate into the almond during processing, which explains the low
levels detected. However, although the spray drying process uses a high inlet temperature,
it is characterized by an extremely short contact time (milliseconds) between the droplets
and the hot air.

The main protection is provided by the carbohydrate matrix (inulin and polydextrose),
which quickly forms a glassy shell around the extract during drying [5]. This shell en-
capsulates the bioactives, limiting heat transfer to the particle core and protecting them
from oxidation and thermal manipulation. The fact that the levels of phenolic compounds,
especially flavonoids such as quercetin and hydroxycinnamic acids such as trans-cinnamic
acid (which are more susceptible to manipulation), were maintained at consistent and
detectable levels in both treatments suggests that spray drying was a suitable method for
preserving these constituents in the almond matrix.

The absence of a significant difference between samples E1 (inulin) and E2 (poly-
dextrose) confirms that, under the operating conditions used, both carriers were equally
effective in forming the encapsulation matrix and protecting the phenolics in the Pinhão.
Complete detection of these compounds required specific hydrolysis steps, which were not
applied in this study [1,38,39]. Thus, the presence of phenolics at low, relatively consistent
levels across treatments is fully consistent with the chemical and structural characteristics
of the Pinhão almond and with the encapsulation efficiency of the spray-drying technique.

The low concentrations observed, many close to the LOQ and LOD, are consistent
with the known chemical distribution of Araucaria angustifolia seeds, in which phenolics are
mainly located in the seed coat rather than in the almond fraction used here. Nonetheless,
it is possible that part of the phenolic fraction underwent partial thermal or oxidative
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degradation during spray drying, even though this technique typically minimizes such
losses due to its short residence time. Similar reductions in labile phenolics during drying
have been reported for other plant matrices [31,40]. The combination of naturally low initial
levels and the sensitivity of these compounds helps explain the small amounts detected in
both powders.

3.6. Multi-Element Profile

The mineral profile of spray-dried Araucaria angustifolia almond extracts formulated
with different prebiotic carriers (inulin—E1; polydextrose—E2) revealed notable variations
in elemental composition, highlighting the essential role of carrier agents in nutrient
stabilization during thermal processing (Table 6).

Table 6. Results of the mineral characterization of the powdered samples.

Elements (µg/g) E1 E2

Ca 42.60 a ± 0.80 36.50 b ± 0.30
Cu Present Present
Fe 9.40 b ± 2.60 25.00 a ± 1.80
K 1209.60 b ± 9.70 1379.80 a ± 22.80

Mg 82.80 a ± 2.00 73.80 b ± 0.70
Mn Present Present
Na 614.70 a ± 5.70 600.20 b ± 8.60
P 236.20 b ± 7.50 271.40 a ± 4.50
S Present Present
Sr <LOD <LOD
Zn 4.30 b ± 1.40 12.50 a ± 1.60
Al <LOD <LOD
Cd <LOD <LOD
Co <LOD <LOD
Cr <LOD <LOD
Pb <LOD <LOD
Se <LOD <LOD

E1 represents the extract carried in inulin, and E2 represents the extract carried in polydextrose. Note: Results
expressed as mean ± standard deviation (n = 3). a ,b On the same line, different lowercase letters indicate a
difference between the samples (p < 0.05). Limit of detection (LOD) (Sr = 0.1 µg/g; Al = 5.0 µg/g; Cd = 3.6 µg/g;
Co = 2.8 µg/g; Cr = 2.4 µg/g; Pb = 13.0 µg/g; Se = 11.0 µg/g). Limit of quantification (LOQ) (Cu = 1.5 µg/g;
Mn = 1.2 µg/g; S = 189.0 µg/g). The term “present” indicates that the element was identified in the sample at a
level above the detection limit but below the quantification limit, meaning it is detectable but not measurable
with precision.

Calcium (Ca) content was significantly higher in the inulin-based extract (42.60 µg/g)
compared to the polydextrose formulation (36.50 µg/g) (p < 0.05). This result supports
previous evidence that inulin enhances the solubility and bioavailability of divalent cations
such as Ca and Mg, primarily through fermentation-driven production of short-chain fatty
acids that promote mineral absorption [40]. Similarly, magnesium (Mg) was more abundant
in E1 (82.80 µg/g) than in E2 (73.80 µg/g), reinforcing the prebiotic fiber’s well-documented
ability to improve mineral retention and utilization [31]. Such findings are relevant to the
development of fortified dairy or plant-based beverages that make greater contributions to
bone and metabolic health.

On the other hand, the polydextrose-based extract (E2) exhibited higher levels of potas-
sium (1379.80 µg/g) and phosphorus (271.40 µg/g) than E1 (1209.60 µg/g and 236.20 µg/g,
respectively). Polydextrose is a soluble fiber with film-forming and water-retention prop-
erties that may help protect hydrophilic minerals during spray drying, minimizing their
thermal degradation [30]. In addition, E2 displayed higher iron (25.00 µg/g) and zinc
(12.50 µg/g) concentrations relative to E1 (9.40 µg/g and 4.30 µg/g, respectively). These
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minerals are essential micronutrients, involved in oxygen transport, enzymatic cataly-
sis, and immune function, and their enhanced stability in polydextrose-based powders
reinforces the carrier’s suitability for targeted mineral fortification strategies [31].

The compositional differences observed between E1 and E2 highlight the importance
of carrier-mineral interactions in determining the nutritional quality of spray-dried prod-
ucts. Recent studies on encapsulation of fruit and vegetable extracts have shown that
carbohydrate-based carriers, including inulin and polydextrose, provide differential protec-
tion depending on the physicochemical nature of the encapsulated compound [30,41]. In
this context, the higher Ca and Mg retention in E1, and the superior stabilization of K, P, Fe,
and Zn in E2, suggest that the selective use of carriers can optimize the nutritional profile
of functional powders for specific health-related claims. Furthermore, the absence of toxic
elements such as Cd, Pb, and Cr in both extracts is of significant importance for food safety
and consumer acceptance, confirming Araucaria angustifolia as a safe raw material for the
development of novel functional ingredients. These findings are in line with recent analy-
ses linking the geographical origin of Pinhão seeds from southern Brazil to their mineral
composition and nutritional quality [42].

From a technological perspective, the use of prebiotic carriers, such as inulin and
polydextrose, during spray drying contributes to product stability, reduced stickiness, and
improved powder flowability, as previously demonstrated for fruit and vegetable extracts.
The addition of carboxymethyl cellulose (CMC) in both formulations further enhanced
particle handling, mitigating common operational issues such as wall deposition [43,44].

In summary, the present findings reinforce the crucial role of carrier type in shaping the
elemental composition of spray-dried Pinhão extracts. While inulin appears more effective
in preserving Ca and Mg, polydextrose supports higher stability of K, P, Fe, and Zn,
offering potential for customized nutritional applications. These insights are particularly
relevant for developing functional beverages and plant-based products, where consumers
increasingly value mineral fortification and clean-label claims.

The results obtained clearly show that the characteristics of the powders strongly
depend on the type of carrier chosen. Each material carries specific structural features,
such as molecular weight, branching degree, and glass transition temperature, which
ultimately influence both the drying process and the incorporation of solids into the final
product [25,26,30].

In the case of inulin, its more linear structure favors the formation of rigid and less
hygroscopic matrices, which reduces moisture uptake and contributes to greater powder
stability. Polydextrose, on the other hand, has a more branched chain and interacts more
easily with water molecules. This characteristic explains its higher moisture content and
the more hygroscopic and dispersible behavior observed in our results [6,8,24].

Another important point is that matrices with higher glass transition temperatures
tend to better protect sensitive compounds, while more hydrophilic materials facilitate the
retention of soluble minerals. Thus, variations in bulk density, agglomeration tendency,
and hygroscopicity are not isolated phenomena; they depend on how each carrier responds
to the temperature gradient and water migration during drying [12,35].

The choice of carrier influences several powder attributes, and these effects arise
from the combination of the molecular properties of the carrier, the particularities of the
extract used, and the applied operational conditions. Therefore, the differences observed
between the samples are expected and consistent with the behavior described in the
literature [25,26,30].

From a sustainability point of view, the Araucaria angustifolia, a species from the
Atlantic Forest, is currently endangered and depends on initiatives that promote its respon-
sible use. The pine nut, its seed, is a non-timber forest resource of cultural and economic
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relevance and has been identified as an important element in sustainable management
strategies for these areas. This study aims to contribute to the valorization of this raw
material by presenting a way to transform pine nut extract into functional powders through
the application of prebiotic carriers. This approach expands the industrial use possibili-
ties of the seed and can support the strengthening of productive chains associated with
local biodiversity. Thus, the technology explored here offers a concrete alternative for the
full utilization of pine nuts, reinforcing their potential within regional bioeconomy and
contributing to efforts focused on the conservation and sustainable use of the species [3,10].

From a nutritional perspective, the absolute mineral contents measured in the powders
are modest, but they can be better appreciated when expressed at a realistic consumption
level. Assuming a portion of 30 g of powder incorporated into a beverage or bakery
product, the polydextrose-based extract (E2) would provide approximately 0.75 mg of
iron and 0.38 mg of zinc per serving, corresponding to around 4% and 3–4% of the adult
Daily Values (18 mg and 11 mg, respectively), while also contributing small amounts of
potassium and phosphorus. In turn, the inulin-based extract (E1) supplies slightly higher
levels of calcium and magnesium, although still as a complementary source when compared
with recommended intakes [45,46]. These findings suggest that Pinhão extracts are better
positioned as supportive ingredients in multi-component formulations, where they can help
reduce micronutrient gaps alongside other raw materials, in line with current strategies for
mineral fortification and bioaccessibility improvement in plant-based foods. Recent studies
have emphasized the importance of processing and matrix design for mineral retention and
absorption, as well as the potential of prebiotic fibers such as inulin to modulate calcium
and magnesium utilization and overall mineral balance in the gut [32,40,41,43,47,48].

Pinhão extract powders have potential for various industrial applications, especially
in systems requiring rapid reconstitution or stability during storage. The formulation
with polydextrose, due to its greater dispersibility and hydration, is suitable for instant
beverages, dairy compounds, and powdered culinary mixes. The extract with inulin, being
more stable and less hygroscopic, can be incorporated into baked goods and desserts,
including brownies made with Pinhão flour and enriched with the extract powder, where
the fiber contributes to texture, nutritional content, and functional appeal [46].

In nutritional terms, the distinct mineral profiles between the formulations allow for
targeted uses: inulin favors applications focused on calcium and magnesium intake, while
polydextrose offers greater retention of potassium, phosphorus, iron, and zinc, useful in
products aimed at energy metabolism and immune support. Furthermore, transforming
Pinhão nuts into a powdered ingredient contributes to the sustainable use of a native
resource, reduces post-harvest losses, and strengthens production chains linked to Araucaria
angustifolia, aligning technological, environmental, and economic benefits.

4. Conclusions
Based on the results, it can be concluded that the type of carrier used during spray

drying significantly influences the structural, functional, and physicochemical properties
of Pinhão extracts. Inulin stood out for promoting greater stability, with lower moisture
and water activity values, a more neutral color, and more compact particle formation. In
contrast, the extract formulated with polydextrose exhibited better rehydration properties,
with higher wettability and dispersibility, and enhanced retention of minerals such as
potassium, iron, and zinc.

These findings highlight the importance of selecting an appropriate carrier as a techno-
logical strategy to optimize the desired characteristics of each powder type. Therefore, the
Pinhão extracts produced in this study show great potential as natural ingredients for the
development of functional, nutritionally enriched foods, aligned with the growing demand
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for healthier, more sustainable products. In practical terms, these powders can be incor-
porated into instant beverages, dairy-based preparations, nutritional mixes, and bakery
products such as brownies formulated with Pinhão flour, where they contribute to both
technological performance and nutritional enrichment. Moreover, the valorization of Arau-
caria angustifolia seeds as spray-dried ingredients supports regional bioeconomy initiatives,
reduces post-harvest losses, and encourages the sustainable use of a native resource.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr14010119/s1, Table S1: Operating parameters for mineral
analysis (ICP-OES); Table S2: Emission lines used for each element for the determination of elemental
minerals profile.
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