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ARTICLE INFO ABSTRACT

Keywords: Macauba fruit pulp (Acrocomia aculeata) is an emerging oil source. After de-oiling, the macauba pulp meal

Bocaiuva (MPM) offers a dietary fiber content of 40-50 %, which mainly comprises cell wall polysaccharides (CWP). The

]éy'pmd“m present work aimed to assess the potential of MPM as an innovative source of sustainable food polysaccharides.
ums

To this end, the macauba CWP were fractionated into water-soluble galactoglucomannans (21.7 %), calcium- and
ester-bound pectins (3.4 %), loosely-bound xyloglucans (27.6 %), strongly-bound xylans (6.5 %), and a cellulose-
rich fraction (39.3 %). The galactoglucomannans produced shear-thinning aqueous dispersions with an increase
in consistency index from 3.03-1072 to 3.58-10! Pa-s" by increasing the concentration from 1.0 to 5.0 %. The
galactoglucomannans dispersions showed semi-dilute behavior, evidenced by relaxation times ranging from
1.24-1072 to 1.17 s for concentrations from 2.5 to 10.0 %. Macauba pectins and xyloglucans showed weak gel
behavior, with an increase in yield stress from 3.20-107! to 1.04-10% Pa and from 7.01-1072 to 1.35-102 Pa for
dispersions at 2.5 to 10.0 %, respectively. 2.5 to 5 times higher concentration of macauba polysaccharides is
needed to obtain rheological behavior similar to guar and xanthan gum. The thickening and gelling properties of
macauba CWP highlight their potential as thickeners and stabilizers for the food industry.

1. Introduction main sources of vegetable oils. These oil sources are frequently criticized

due to their negative environmental impact and unsustainable agricul-

Macauba is an oil-bearing palm member of the Arecaceae family,
native to tropical and subtropical Americas [1,2]. Macauba palms occur
naturally in marginal soils of five Brazilian biomes (Amazon, Cerrado,
Atlantic Forest, Pantanal, and Caatinga). Macauba palms present oil
productivity superior to many oil crops like canola, peanut, soybean,
and sunflower [2]. The global demand for vegetable oil is estimated to
reach 250 million tons by 2030, mainly driven by the energy and food
sectors [3]. The African palm (Elaeis guineensis) and soybean are the

ture practices [4]. The diversification of raw materials for the vegetable
oil market is thus strategic for both food and non-food sectors. Macauba
palms are also suitable for intercropping and agroforestry systems which
reduces the risk of rain forest clearance [2,5]. For those reasons, mac-
auba palm has recently spurred the interest of scientists and private
companies as a new sustainable source of vegetable oil.

The pulp of macauba fruits has a high oil content of 40 % in dry
matter on average [6-8], which is superior to flaxseed and hemp seed,
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hemicellulose fraction; SHF, strongly-bound hemicellulose fraction; CLF, cellulose-rich fraction; EDTA, ethylenediaminetetraacetic acid; AIR, alcohol insoluble
residue; SDF, soluble dietary fiber; IDF, insoluble dietary fiber; TDF, total dietary fiber; LVR, linear viscoelastic region; f, frequency; DM, Dry matter; Tand, Loss

factor.
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and comparable to rapeseed and sunflower [9]. The oil from Macauba
pulp is economically attractive owing to its composition similar to olive
oil [10]. After oil extraction, a dietary fiber-rich pulp meal is obtained
[111, which is primarily composed of cell wall polysaccharides (CWP)
and could be exploited as a new source of functional ingredients [12].

CWP are a heterogeneous group of long-chain polymers comprising
pectin, hemicelluloses, and cellulose [13,14]. These polysaccharides are
valuable functional food ingredients owing to their thickening and
gelling properties [15], contributing to improve texture, enhance sta-
bility, retain moisture, and extend the shelf life of food products [14,16].
For these reasons, CWP such as citrus pomace pectins, chemically
modified cellulose derivatives, and galactomannans from seed storage
tissues are extensively used as food additives [17]. Nevertheless, the
food industry continuously seeks inexpensive and functional ingredients
obtained from sustainable sources. In this context, the underutilized
macauba pulp meal shows high potential as a new source of poly-
saccharides, which can only be fully exploited if the composition and
rheological characteristics of its CWP are elucidated.

Prior research focused on the molecular and compositional proper-
ties of water-soluble polysaccharides from macauba pulp. According to
Silva et al. [18], the water-soluble polysaccharides from macauba pulp
mainly comprised a galactoglucomannan with an average molecular
weight of 350 kDa, whereas Denagbe et al. [19] reported a linear
acetylated glucomannan with molecular weight from 1.1 to 82 kDa and
high emulsion stabilization properties. However, the potential of these
polysaccharides as food ingredients remains unfulfilled, as fundamental
data on their rheological properties still need to be determined. More-
over, quantifying and characterizing the other polysaccharide fractions
from macauba pulp meal, like pectins, hemicelluloses, and cellulose
fractions, are imperative to design strategies for its complete valoriza-
tion. In addition, the ability to modify the rheology of food systems is the
primary criterion for selecting polysaccharides for food applications
[20]. In this context, providing a comprehensive characterization of the
rheological properties of new polysaccharide sources is imperative to
assess their potential for application as food ingredients.

Therefore, the primary aim of the present study was to advance the
knowledge of macauba CWP and evaluate their potential as a new
source of polysaccharides for food ingredients. To this end, the CWP of
de-oiled macauba pulp were sequentially fractionated into a water-
soluble fraction (WSF), a chelator-soluble fraction (CSF), a loosely-
bound hemicellulose fraction (LHF), a strongly-bound hemicellulose
fraction (SHF), and a cellulose-rich fraction (CLF). The polysaccharide
composition of those fractions was assessed by neutral sugar profile and
chemical composition analyses. This approach allows the identification
of the major polysaccharides, thus filling the knowledge gap on the
composition of macauba pulp cell wall. The potential of macauba
polysaccharides to modify the rheology of food systems was investigated
by determining fundamental rheological parameters. Steady shear
measurements were employed to evaluate the thickening potential of
the macauba polysaccharide fractions, whereas their gelling and struc-
turing properties were investigated employing small deformation
oscillatory measurements. By comparing the rheological properties of
Macauba CWP with commercially available hydrocolloids, target poly-
saccharides for food applications can be identified. Moreover, the
framework the recovery of Macauba CWP can be conceptualized based
on the results from polysaccharide fractionation. Therefore, the func-
tional characterization of macauba CWP is reported for the first time,
contributing to the complete valorization and sustainable use of mac-
auba pulp meal as a novel source of functional polysaccharides to be
used as food thickeners, stabilizers, and texturizers.

2. Material and methods
2.1. Chemicals

Analytical grade acetone (purity >99.5 %), ethanol (purity >99.5
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%), ethylenediaminetetraacetic acid (EDTA, purity>98 %), n-hexane
(purity >98 %), hydrochloric acid (purity 37 %), potassium hydroxide
(purity >85 %), sodium hydroxide (purity >97 %), sodium azide (purity
>99.5 %), sulfuric acid (purity >95 %), and monosaccharide chro-
matographic standards arabinose, fucose, galactose, glucose, mannose,
rhamnose, and xylose were purchased from Sigma-Aldrich (Steinheim,
Germany). Refined soybean oil, neutral detergent, and sodium hypo-
chlorite were purchased in a local supermarket. Food grade guar gum
and xanthan gum were purchased at Wiirzteufel GmbH Gerwiirzmanu-
faktur (Empfingen, Germany).

2.2. Harvesting and pre-processing of macauba fruits

Macauba fruits were harvested from a native population in the mu-
nicipality of Dourado, state of Sao Paulo (Brazil), located at a latitude of
22°06'00" south, a longitude of 48°19'03" west, at an altitude of 706 m,
and a meteorological pattern of savanna climate, with an average annual
temperature and precipitation of 22.4 °C and 1310 mm, respectively.
Bunches of mature fruits were cut from the mother tree and allowed to
fall over a plastic canvas to prevent contact with the ground. The fruits
were selected according to hull integrity, washed with in neutral
detergent solution, rinsed with water, immersed in 200 ppm of sodium
hypochlorite for 5 min for disinfection, and then rewashed with water to
remove the hypochlorite solution. The cleaned and sanitized fruits were
dried in a greenhouse under local environmental conditions for two
weeks at temperatures ranging from 19 to 29 °C. After drying, the fruits
were mechanically separated into hulls, pulp, and endocarp (inner shell)
using a pulper machine (Saturno, Sete Lagoas, Brazil) operated batch-
wise (20 kg/h). The pulp was dried overnight at 45 °C and then refrig-
erated (14 °C) until use.

2.3. Preparation of de-oiled macauba pulp meal (MPM)

The dried macauba pulp was pressed using an endless screw press
extractor ERT 60II (Scott Tech, Vinhedo, Brazil). The average press cake
temperature was 45 °C. De-oiling was completed in a 2.5 L laboratory
Soxhlet apparatus (500 g of press cake) with n-hexane for 24 h, sufficient
for the completion of 15 extraction cycles and reduction of the oil
content below 1 %. The MPM was de-solventized under a fume hood
overnight.

2.4. Isolation of macauba cell wall polysaccharides

The cell wall material present in MPM was isolated as alcohol
insoluble residue (AIR) based on the method described by Montoya-
Arroyo et al. [21]. For this, the MPM was suspended in 10 volumes of
boiling aqueous ethanol at a concentration of 80 % (v/v) and stirred at
300 rpm for 1 h. The solid fraction was separated from the alcohol phase
by filtration in a Buechner funnel with a Whatman™ paper filter n° 1.
This procedure was repeated five times to obtain a clear alcohol extract.
The residue of the five aqueous ethanolic extractions was washed four
times with 250 mL of 80 % aqueous ethanol (v/v) at 75 °C, and subse-
quently stirred overnight in 250 mL of pure acetone. Afterwards, the
dispersed solid was filtered and de-solventized at room temperature for
24 h. The yield of AIR from MPM was determined gravimetrically from
triplicate trials (n = 3).

2.5. Fractionation of cell wall polysaccharides

The cell wall polysaccharides from macauba AIR were fractionated
according to their solubility and their binding strength to the cell wall
matrix into a water-soluble fraction (WSF), a chelator-soluble fraction
(CSF), a loosely-bound hemicellulose fraction (LHF), a strongly-bound
hemicellulose fraction (SHF), and a cellulose-rich fraction (CLF). The
fractionation procedure described in Sections 2.5.1 to 2.5.5 consisted of
sequential solid-liquid extractions adapted from Schieber et al. [22] and
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Li et al. [23], as illustrated in Fig. 1. Extraction was performed in a
double jacket glass reactor (2 L) coupled to a water bath for isothermal
conditions and a mechanical stirrer for homogenous mixing (250 rpm).
The yield of the macauba cell wall fractions was determined gravimet-
rically from three independent fractionation trials (n = 3).

2.5.1. Water-soluble fraction (WSF)

100 g of AIR was suspended in 2 L of demineralized water and
extracted at 40 °C with continuous stirring (250 rpm) for 60 min. The
liquid phase was separated from the solid residue by centrifugation
(15,000 g, 20 min, 25 °C), followed by filtration of the supernatant with
a Buechner funnel and Whatman™ paper n° 1. The extraction procedure
was repeated two times with 2 L of demineralized water at 40 °C with
continuous stirring (250 rpm) for 60 min, and the solid residue was
washed four times with 250 mL of demineralized water. The filtrates
were pooled, concentrated at 35 °C in a rotary evaporator to a final
volume of 2 L, dialyzed (Servapor® dialysis tubings 50 mm, molecular
weight cut-off from 12 to 14 kDa, SERVA Electrophoresis GmbH, Hei-
delberg, Germany) against 20 volumes of demineralized water (changed
twice a day) at 5 °C for three days, and lyophilized (Beta 1-8 LSCplus,
Martin Christ GmbH) to yield the WSF.

2.5.2. Chelator-soluble fraction (CSF)

The residue from WSF was extracted three times with 1 L of 50
mmol/L NaOH and 0.5 mmol/L EDTA solution for 60 min at 30 °C under
continuous stirring (250 rpm). The liquid phase was separated from the
solid residue by centrifugation (15,000 g, 20 min, 25 °C), followed by
filtration of the supernatant with a Buechner funnel and Whatman™
paper n° 1. The extraction procedure was repeated two times with 1 L of
50 mmol/L NaOH and 0.5 mmol/L EDTA solution for 60 min at 30 °C
under continuous stirring (250 rpm), and the solid residue was washed
four times with 250 mL of demineralized water. The filtrates were
pooled and neutralized to pH 6.5 with 37 % (v/v) HC], then concentrated
to a final volume of 1 L, dialyzed, and freeze-dried as described in
Section 2.5.1 to yield the CSF.

2.5.3. Loosely-bound hemicellulose fraction (LHF)

The residue from CSF was dispersed in 1 L of 1 mol/L KOH for 3 h at
25 °C under continuous stirring (250 rpm). The liquid phase was sepa-
rated from the solid residue by centrifugation (15,000 g, 20 min, 25 °C),
followed by filtration of the supernatant with a Buechner funnel and
Whatman™ paper n° 1. The extraction procedure was repeated two
times with 1 mol/L KOH for 3 h at 25 °C under continuous stirring (250
rpm), and the solid residue was washed four times with 250 mL of

Alcohol insoluble residue (AIR)
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demineralized water. After three extraction cycles, the filtrates were
pooled, neutralized, concentrated, dialyzed, and freeze-dried as
described in Section 2.5.2 to produce the LHF.

2.5.4. Strongly-bound hemicellulose fraction (SHF)

To obtain the SHF, the residue from LHF was extracted three times in
4 mol/L KOH at 25 °C for 90 min under continuous stirring (250 rpm).
The liquid phase was separated from the solid residue by centrifugation
(15,000 g, 20 min, 25 °C), followed by filtration of the supernatant with
a Buechner funnel and Whatman™ paper n° 1. The extraction procedure
was repeated two times with 4 mol/L KOH at 25 °C for 90 min under
continuous stirring (250 rpm), and the solid residue was washed four
times with 250 mL of demineralized water. After three extraction cycles,
the filtrates were pooled, neutralized, concentrated, dialyzed, and
freeze-dried as described in Section 2.5.2 to produce the SHF.

2.5.5. Cellulose-rich fraction (CLF)

The insoluble residue from the SHF extraction was dispersed in 5
volumes of demineralized water, neutralized, dialyzed, and freeze-dried
as described in Section 2.5.2 to obtain the CLF.

2.6. Composition of macauba polysaccharide fractions

The dry matter and ash content of the macauba AIR and poly-
saccharide fractions were determined in a thermogravimetric system
(TGA 601, Leco Corporation, St. Joseph, USA) at 105 °C and 550 °C,
following the official methods L 18.00-12 and L 15.00-7, respectively
[24]. The protein content was determined by the Dumas combustion
method [25] using a nitrogen analyzer FP 528 (Leco Corporation, St.
Joseph, USA) and a conversion factor of N x 6.25. The soluble dietary
fiber (SDF) and insoluble dietary fiber (IDF) contents were determined
according to the enzymatic-gravimetric method [26]. All analyses were
performed in triplicate (n = 3).

2.7. Neutral sugar composition

As polysaccharides have characteristic sugar compositions, the
determination of neutral sugar profile is imperative to identify the main
polysaccharides present in cell wall fractions. Macauba polysaccharide
fractions were hydrolyzed by the Saeman procedure (sulfuric acid hy-
drolysis: 12 mol/L, 1 h, 30 °C, followed by a hydrolysis at a concen-
tration of 1 mol/L sulfuric acid, 3 h, 100 °C) and the resulting
monosaccharides (arabinose, fucose, galactose, glucose, mannose,
rhamnose, xylose) were determined by high-performance anion-

| Extraction with demineralized water

! l

Water-soluble fraction Residue
(WSF)

I Extraction with NaOH 50 mmol/L and EDTA 0.5 mmol/L

|

Chelator-soluble fraction

|

Residue

| Extraction with 1 mol/L KOH

(CSF)
|

Loosely-bound hemicellulose fraction

(LHF)

Strongly-bound hemicellulose fraction
(SHF)

l

Residue
| Extraction with 4 mol/L KOH

!

Cellulose-rich fraction
(CLF)

Fig. 1. Sequential fractionation of macauba cell wall polysaccharides according to their solubility and their binding strength to the cell wall matrix.
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exchange chromatography with pulsed amperometric detection [27].
The total uronic acid was determined by spectrophotometric quantifi-
cation [27]. The neutral sugar composition was performed as a single
determination (n = 1).

2.8. Rheological characterization

2.8.1. Sample preparation

Freeze-dried macauba polysaccharide fractions were suspended in
demineralized water containing 0.02 % sodium azide (m/v) to prevent
microbial growth. Suspensions of commercial guar gum and xanthan
gum at 1.0 % (m/v) were also prepared for comparison. To ensure
complete hydration and solubilization, the suspensions were stirred
overnight at 150 rpm and room temperature. The concentration of the
suspensions was adjusted to 0.5, 1.0, 2.5, 5.0, and 10.0 % (m/v) of total
dietary fiber (TDF), determined as the sum of SDF and IDF contents, to
compensate for the variable chemical composition of macauba poly-
saccharide fractions. The concentration range for evaluation of rheo-
logical properties was based on the work from Tabarsa et al. [28].

2.8.2. Rheological measurements

All rheological measurements were performed on a stress-controlled
rheometer (Physica MCR 301, Anton Paar GmbH, Graz, Austria)
equipped with Rheoplus software version 3.40 (Anton Paar GmbH). A
cylindric measuring system (CC27-SN24807) was used for suspensions
at 0.5 and 1.0 % TDF. A 5 cm plate-plate system (PP50-SN23165) and a
shear gap of 1 mm were employed for suspensions at 2.5, 5.0, and 10.0
% TDF. A minimum torque limit was fixed at 0.1 uNm to ensure the
reliability of the data. All measurements were performed at 20 °C and in
triplicate (n = 3).

Flow behavior is directly related to the thickening properties of
polysaccharides, as it determines how they increase viscosity and resist
flow under different shear conditions [29]. The flow behavior of WSF,
CSF, LHF, and SHF was characterized through unidirectional steady
shear measurements, with a concentration range from 0.5 to 5.0 % TDF,
except for the CLF which exhibited a gel-like behavior, even at low
concentrations. Above this range, the samples showed high consistency
and gel-like behavior. Before the measurements, the samples were pre-
sheared at 5 571, followed by 1 min rest and then subjected to a shear
ramp from 1 to 1000 s~ 1. The obtained flow curves were fitted to the
Newton and Ostwald — de Waele (power law) models as described in Egs.
(1) and (2), respectively.

=17 (€9)
T=k" (2)

where 7 is the shear stress (Pa), y is the shear rate (s’l), n is the shear
viscosity (Pa-s), k is the consistency index (Pa-s"™), and n is the flow
behavior index (dimensionless).

Viscoelastic behavior is directly related to the ability of

Table 1
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polysaccharides to form structured systems like gels and weak gels [30].
Oscillatory measurements were employed to assess the viscoelastic
properties of all macauba polysaccharide fractions at concentrations
from 2.5 to 10.0 % TDF. Below this range, most samples showed pre-
dominantly liquid behavior as determined in preliminary tests. Ampli-
tude sweeps were employed to assess the linear viscoelastic region (LVR)
of macauba polysaccharide fractions and were performed by increasing
the shear strain logarithmically from 0.01 to 100 % at a constant angular
frequency of 10 rad/s. From the amplitude sweep rheological spectra,
the viscoelastic moduli (G' LVR and G’ LVR) and the yield stress at the
limit of LVR were calculated using Rheoplus software.

Frequency sweeps were employed to assess the time-dependent
rheological behavior of macauba polysaccharide fractions in the non-
destructive deformation range. The measurements were performed by
decreasing the angular frequency logarithmically from 100 to 0.1 rad/s
at a constant shear strain of 0.1 %, previously determined to be within
the LVR. The slope of the double logarithmic modulus (G’ and G") -
frequency (f), and the relaxation times, expressed as the inverse of the
frequency at which the viscoelastic moduli cross (G' = G"), were also
calculated using Rheoplus software. The loss factor (tand) was calcu-
lated according to Eq. (3).

4

G
5= —
tans = = 3

2.9. Statistical evaluation of data

Results were reported as mean values + standard deviations. The
average values of 2 corresponding groups were compared using Tukey's
test at a significance level of 5 % (p < 0.05). The statistical analysis of
data was performed using OriginPro version 2022b software (OriginLab
Corporation, Northampton, USA).

3. Results and discussion
3.1. Composition of macauba cell wall polysaccharide fractions

The yield and composition of macauba cell wall fractions are pre-
sented in Table 1, and their neutral sugar composition is shown in
Table 2. The yield of AIR was 62.1 + 0.3 %, whereas a total of 85.7 +
1.4 % of the AIR were recovered in the different polysaccharide frac-
tions. Similar recovery was previously reported for the fractionation of
CWP from orange albedo [31], cocoa pulp [32], apples, cherries, and
strawberries [33]. Therefore, the sequential fractionation protocol used
in the present work exhibited similar performance for the fractionation
of macauba pulp CWP as for a wide range of other cell wall matrices.

The AIR was mainly comprised of CLF, LHF, and WSF with yields of
33.7, 24.2, and 17.9 %, respectively. In all fractions, TDF was the main
component, but the content of SDF and IDF differed according to the
binding strength of the polysaccharides to the cell wall matrix. Higher
SDF contents were obtained in fractions containing polysaccharides

Yield and proximate composition of macauba alcohol insoluble residue (AIR) and polysaccharide fractions obtained after sequential fractionation into water-soluble
fraction (WSF), chelator-soluble fraction (CSF), loosely-bound hemicellulose fraction (LHF), strongly-bound hemicellulose fraction (SHF), and cellulose-rich fraction

(CLF), (n = 3).
Fraction Yield SDF IDF Protein Ash
(g/100 g AIR) (g/100 g DM) (g/100 g DM) (g/100 g DM) (g/100 g DM)

AIR 100.0 20.9 +1.4¢ 59.1 +0.3° 06.4 + 0.1° 02.9 +0.2°
WSF 17.9 + 0.7¢ 90.4 + 1.6 < 0.5% 02.8 +0.1° 00.9 + 0.1¢
CSF 03.4 +0.1° 44.9 + 0.6" 01.2 +0.1° 18.0 + 0.1° 13.9 +0.1°
LHF 24.2 + 0.3° 16.8 + 1.3° 16.0 + 0.8¢ 15.7 +£ 0.1° 02.9 +0.1°
SHF 06.5 + 0.24 36.9 + 0.9° 52.4 + 2.6° 04.8 +0.1¢ 03.3+0.1°
CLF 33.7 + 0.4 06.4 + 0.8° 86.7 + 1.6% 01.4 +0.1° 00.5 + 0.1°

Values followed by different superscript letters in the same column are significantly different (p < 0.05) according to Tukey's test. “Below quantification limit and was

not included in the statistical analysis.
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Table 2

International Journal of Biological Macromolecules 298 (2025) 139890

Content of total uronic acid and neutral sugar composition of macauba alcohol insoluble residue (AIR) and polysaccharide fractions obtained after sequential frac-
tionation into water-soluble fraction (WSF), chelator-soluble fraction (CSF), loosely-bound hemicellulose fraction (LHF), strongly-bound hemicellulose fraction (SHF),

and cellulose-rich fraction (CLF) (n = 1).

Fraction Total uronic acid (g/100 g DM) Neutral sugars (g/100 g DM)
Arabinose Fucose Galactose Glucose Mannose Rhamnose Xylose

AIR 04.0 1.8 0.2 2.8 52.9 12.8 0.2 16.7
WSF 04.2 1.2 0.1 3.6 18.0 59.5 0.3 02.0
CSF 20.6 8.6 0.1 8.4 05.7 01.6 0.8 11.9
LHF 02.4 1.9 0.2 1.9 42.3 00.5 0.2 12.8
SHF 03.7 1.9 1.0 4.2 12.4 03.6 0.3 48.2
CLF 03.1 1.6 0.1 2.7 70.7 06.5 0.1 10.2

DM: dry matter.

loosely bound to the cell wall matrix, as observed for WSF (90.5 %) and
CSF (44.9 %). On the other hand, the IDF content progressively
increased with the increase in polysaccharide binding strength to the
cell wall matrix, as observed for LHF (16.0 %), SHF (52.4 %), and CLF
(86.7 %). Accordingly, the LHF and SHF were obtained after treatment
with 1 M KOH and 4 M KOH, respectively, thus a progressive increase in
chaotropic effect was required to extract these fractions [34]. This in-
dicates a stronger binding strength to the cell wall matrix, primarily via
hydrogen bonds and potentially ester linkages [35].

Mannose, glucose, and galactose were the most abundant mono-
saccharides in the WSF, with 59.5 %, 18.0 %, and 3.6 %, respectively.
Therefore, the WSF mainly comprises galactoglucomannans, consistent
with the results previously reported by Silva et al. [18] and Denagbe
et al. [19]. Different from macauba, the polysaccharide composition of
water extracts from other fruit pulps of the Aracaceae family showed
high contents of high methoxylated homogalacturonans, arabinan and
arabinogalactan side chains as reported for acai [36] and buriti [37].
The CSF showed the highest content of uronic acid (20.6 %) and
rhamnose (0.8 %), in addition to appreciable amounts of galactose (8.4
%) and arabinose (8.6 %). This monosaccharide profile is consistent
with the composition reported for pectic polysaccharides extracted
either with chelator agents or dilute alkali [23,31,38]. The small ratio of
rhamnose to uronic acid (’f,—’x‘) of approximately 0.04, shows a little
contribution of the rhamnogalacturonan domains to the pectin popula-
tion [38,39]. In addition, the higher contents of arabinose and galactose
in relation to rhamnose also indicate the presence of highly branched
rhamnogalacturonan domains containing arabinogalactan side chains
[38,39]. Therefore, the results show that the CSF is composed of a
mixture of homogalacturonans from the middle lamella with a small
proportion of highly branched rhamnogalacturonans bound to hemi-
cellulose via ester linkages. Those pectin-like polysaccharides are found
in low content in the macauba cell wall matrix, as evidenced by the low
yield of the CSF (3.4 %).

The LHF and SHF comprised the loosely- and strongly bound hemi-
cellulose fractions of macauba pulp, respectively. The LHF was pre-
dominantly composed of glucose (42.3 %), followed by xylose (12.8 %),
demonstrating a predominance of xyloglucans with minor contributions
of heteroxylans [23,36,40]. On the other hand, the main neutral sugar in
SHF was xylose (48.2 %), followed by glucose (12.4 %) and low contents
of galactose (4.2 %) and mannose (3.6 %), thus indicating the presence
of heteroxylans, with minor contributions of xyloglucans and hetero-
manans [23,31,41,42]. The SHF also showed the highest content of
fucose (1.0 %), which indicates the presence of fucogalactoxyloglucan
[43]. A large variability was reported for the composition of hemi-
celluloses in fruits of Aracaceae family. In acai pulp, the main poly-
saccharide was a linear xylan [44], whereas linear xylans, arabinans,
calose, and mixed linkage beta-glucans were present in hemicellulose
extracts from buriti pulp [37]. Similar to macauba, the hemicelluloses in
the pulp of tucuma mainly comprised xylans and xyloglucans [36]. As
expected, glucose was the main neutral sugar in CLF (70.7 %) owing to
its high cellulose content [31,32,45].

Hitherto, previous research has mainly focused on the chemical
characterization of the water-soluble galactoglucomannans from mac-
auba pulp. In the present work, the successful fractionation and quan-
tification of other polysaccharide fractions present in macauba pulp is
reported for the first time. Their neutral sugar composition was also
shown, which allowed the identification of galactoglucomannans, pec-
tins, xyloglucans, xylans, and cellulose in the macauba cell wall matrix.
The sample material of the present work was sourced from a large nat-
ural palm population. This differs from previous studies on macauba
CWP, in which fruits were harvested from a limited number of palms,
thus representing the composition of single genotypes. Therefore, our
results showed the diverse composition of macauba CWP, potentially
reflecting the complexity and heterogeneity observed in a larger palm
population. Therefore, our methods can be replicated to macauba fruits
sourced from different locations to gain a deeper understanding on the
influence of genetic variability and climate conditions on the composi-
tion of macauba cell wall polysaccharides.

The results showed that galactoglucomannans and xyloglucans were
the main extractable polysaccharides from macauba pulp cell wall ma-
terial, whereas cellulose was the main component of the insoluble res-
idue. In this sense, the present work provides the starting point for
further purification of macauba cell wall polysaccharides to elucidate
their molecular properties such as molecular weight distribution, link-
age pattern analysis, substitution with functional groups, and degree of
branching. As such, the results herein reported pave the way in eluci-
dating the composition of macauba pulp polysaccharides, which
coupled with the characterization of their rheological properties, will
assist in designing strategies for the complete valorization and appli-
cation of macauba pulp meal in the food industry.

3.2. Flow behavior of macauba cell wall polysaccharide fractions

Steady shear measurements with aqueous suspensions of WSF, CSF,
LHF, and SHF were conducted to assess their potential as thickening
agents for food formulations. The results are presented in Fig. 2 and the
rheological parameters are provided in Table 3.

The WSF, CSF, and LHF showed Newtonian behavior for suspensions
at 0.5 %, whereas shear-thinning behavior was observed for concen-
trations above 1.0 %, as indicated by the flow behavior index (n) below 1
and a good fit to the Ostwald — de Waele model. Polysaccharides like
galactoglucomannans, homogalacturonans and xyloglucans assume
random coil conformation in solution and their flow behavior is con-
centration and shear-rate dependent [46]. At sufficiently low concen-
trations, the polysaccharide molecules occupy a discrete hydrodynamic
domain and do not interact with each other, characterizing a dilute
regime with Newtonian behavior.

As the concentration increases and reaches a critical value, the in-
dividual polysaccharide chains overlap each other, and form entangled
networks. In this semi-dilute regime, the entangled polysaccharides tend
to impede flow, thus deviating from Newtonian behavior [47]. With the
increase in shear rate, the polysaccharide chains orient themselves in the
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Fig. 2. Viscosity of (a) water-soluble fraction (WSF), (b) chelator-soluble fraction (CSF), (c) loosely-bound hemicellulose fraction (LHF), (d) strongly-bound
hemicellulose fraction (SHF), and (e) commercial hydrocolloids as a function of shear rate and total dietary fiber content.

Table 3

Flow behavior parameters calculated from steady shear measurements of macauba polysaccharide fractions after sequential fractionation into water-soluble fraction
(WSF), chelator-soluble fraction (CSF), loosely-bound hemicellulose fraction (LHF), strongly-bound hemicellulose fraction (SHF), and commercial hydrocolloids (n =

3).

Fraction Content (% TDF) Shear viscosity (Pa-s) Consistency index (Pa-s") Flow behavior index R? Model
0.5 (9.10 + 0.25)-1072 2 - - 1.00 Newton

WSE 1.0 - (3.03 + 0.09)-10728 (9.60 + 0.10)-1071 2 0.99 Ostwald — de Waele
2.5 - (3.35 + 0.47)-10° ¢ (7.00 + 0.40)-1071 P 0.98 Ostwald — de Waele
5.0 - (3.58 + 0.26)-10' ® (6.10 £ 0.30)-107* © 0.95 Ostwald — de Waele
0.5 (2.50 + 0.09)-1072 ¢ - - 0.96 Newton

CsF 1.0 - (2.33+0.07)-10°1 f (3.90 + 0.10)-107* ¢ 0.95 Ostwald — de Waele
2.5 - (3.38 + 0.49)-10° ¢ (1.30 + 0.10)-1071 P 0.94 Ostwald — de Waele
5.0 - (4.41 + 0.63)-10' P (1.10 + 0.10)-10* P 0.99 Ostwald — de Waele
0.5 (1.90 + 0.01)-1073 4 - - 0.96 Newton

LHF 1.0 - (3.38 £ 0.13)-107! © (3.80 + 0.20)-107* 4 0.97 Ostwald — de Waele
2.5 - (3.66 + 0.25)-10° ¢ (3.20 £ 0.10)-107* © 0.97 Ostwald — de Waele
5.0 - (1.12 + 0.02)-10* © (2.40 + 0.10)-10° ' & 0.99 Ostwald — de Waele
0.5 (1.09 + 0.01)-1073 ¢ - - 0.88 Newton

SHF 1.0 (2.90 + 0.18)-10°3 " - - 0.98 Newton
2.5 (3.37 £ 0.10)-10°3 P - - 0.99 Newton
5.0 (9.27 +0.38)-1073 2 - - 0.98 Newton

Guar Gum 1.0 - (1.13 £ 0.10)-10* @ (2.32 +0.02)-10* & 0.99 Ostwald — de Waele

Xanthan Gum 1.0 - (9.23 4+ 0.64)-10° 2 (2.83 4+ 0.01)-10! f 0.99 Ostwald — de Waele

TDF: total dietary fiber content. Values followed by different superscript letters in the same column are significantly different (p < 0.05) according to Tukey's test.

direction of flow, resulting in their disentanglement with a consequent
reduction in viscosity [48]. Therefore, the shift from Newtonian to
shear-thinning behavior demonstrates a transition from dilute to semi-
dilute regime for WSF, CSF, and LHF suspensions and indicates that
the critical concentration of those suspensions is between 0.5 and 1.0 %.

Similarly, Newtonian behavior at concentrations below 1.0 % was re-
ported for pectins extracted from okra [48] and chicory root [49], as
well as xyloglucans extracted from apple pomace [50]. Newtonian
behavior was also reported for mandarin pectins at concentrations
below 1.5 % [51]. Shear thinning profile is a desired behavior, allowing
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products like sauces, yogurts, and dressings to flow easily when stirred,
poured, spread, or swallowed but remain thick and stable at rest [52].
Shear thinning behavior is also relevant in modern applications, such as
foods for dysphagia patients [53] or food obtained by 3D printing [54].

Macauba WSF showed higher viscosity than polysaccharides frac-
tions from cherry [38] Porphyridium cruentum [55], and quince fruits
[56] obtained with conditions similar to those employed in the present
work. Under similar extraction conditions, the thickening properties of
macauba CSF was higher than pectins from Chinese quince fruits [56],
similar to pectins from Okra [48], and tomatoes [23], but lower than
pectins from mandarin citrus peel [51] and chicory root [49]. The
thickening properties of macauba LHF was comparable to loosely-bound
hemicelluloses from tomato cell walls [23], higher than reported for
Chinese quince fruits [56] and apple pomace, but lower compared to
xyloglucans from tamarin seed [50].

The increase in WSF, CSF, and LHF concentration from 0.5 to 5.0 %
increased the consistency index by 4 orders of magnitude and reduced
the shear dependency, indicated by the decrease in flow behavior index.
The WSF and CSF showed the greatest thickening potential, evidenced
by the highest, but similar (p > 0.05) consistency index at concentra-
tions of 2.5 % and 5.0 %.

However, the CSF showed higher shear dependence than WSF, evi-
denced by a significantly lower (p < 0.05) flow behavior index at con-
centrations from 1.0 to 5.0 %. The CSF also showed higher shear
dependence than LHF at 2.5 and 5.0 %. Comparable persistent length
was reported for pectins with lower molecular weight than Konjac glu-
comannans, potentially indicating higher stiffness for the pectin chains
[57-59]. Therefore, it is possible that the higher stiffness of the pectin
chains, particularly of the homogalacturonan domains, among other
factors, allows their molecules to align more quickly to the flow direc-
tion, resulting in a stronger reduction in viscosity upon shearing.
Moreover, differences in molecular weight, net charge, conformation,
degree of branching, and substitution might also result in differences in
rheological behavior. As previously mentioned, the results from the
present work provide the starting point for further purification of mac-
auba cell wall polysaccharides to determine their molecular weight, net
charge, and degree of branching and substitution of the polysaccharides
in WSF, CSF, and LHF. Thereby, in future research the structure-function
relationship of macauba CWP could be elucidated to gain a mechanistic
understanding on the differences in their rheological properties.

The rheological behavior of SHF suspensions differed from the other
macauba polysaccharide fractions, in which Newtonian behavior was
observed over the concentration range of 0.5-5.0 %. The suspension at
0.5 % showed the lowest viscosity, with torque close to the device
detection limit. The increase in concentration from 0.5 to 5.0 % resulted
in a marginal increase in viscosity, as shown in Table 3. Therefore, the
critical concentration of the polysaccharides in SHF was not achieved
even at 5.0 % suspensions. Moreover, the SHF, rich in xylans, showed
the least thickening capacity among the investigated fractions, and
similar low viscosity was reported for strongly-bound hemicelluloses
from Chinese quince fruits [56], tomatoes [23], and alkali-soluble ara-
binoxylans from wheat [60].

Macauba polysaccharide solutions have lower thickening capacity
compared to commercial hydrocolloids. As indicated in Table 3,
achieving comparable rheological properties requires 2.5 to 5 times
higher macauba polysaccharides concentrations than guar gum and
xanthan gum. Therefore, future research should explore cost-benefit
analysis for using macauba polysaccharide ingredients in various food
systems. This is relevant given the higher concentration required to
achieve similar rheological performance compared to commonly used
hydrocolloids.

The thickening properties of polysaccharides are due to non-specific
intermolecular entanglements above the critical concentration [16].
Differences in thickening properties between polysaccharides are
attributed to variations in molecular weight, chain flexibility, electro-
static charge, hydrodynamic volume, and degree of ramification and
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substitution [16,61]. Polysaccharides commonly used as food thickeners
are xanthan gum, galactomannans such as guar gum, locust bean gum
and tara gum, and carboxymethylcellulose [62]. Thickening agents
contribute to obtaining the desired consistency, mouthfeel, and texture.
In addition, the increase in viscosity and the formation of colloidal
suspensions also reduce syneresis, control the growth of ice and sugar
crystals, prevent creaming and settling, and stabilize foams [63]. As a
consequence, thickening polysaccharides are employed in a wide range
of applications like frozen dairy desserts, juices and soft drinks, salad
dressings, whipped creams, and bakery products [57].

The results show that macauba galactoglucomannans (WSF), pectins
(CSF), and xyloglucans (LHF) were able to form entangled networks at
concentrations as low as 1.0 %, thus showing high potential as food
thickeners. Moreover, the characteristic sugar ratios of the poly-
saccharide fractions have a strong influence on their molecular and
rheological properties. For instance high mannose to glucose ratios

<%> correlates with increased viscosity in glucomannans [64],

whereas higher contents of galactose relates to lower thickening power
[65]. For comparison, macauba WSF showed higher % ratio than
Konjac glucomannan. High ratios of arabinose and galactose to rham-
nose (A’%fal) are associated with increased viscosity owing to enhanced
entanglement of rhamnogalacturonan-I side chains [66]. For compari-
son, macauba CSF showed higher A’%f“l ratios than pectins extracted
from lemon and orange peels [66]. The macauba polysaccharide frac-
tions (WSF, CSF, LHF) can be classified as medium viscosity hydrocol-
loids, as their consistency factor at 1.0 % suspensions was in the same
range as medium viscosity carboxymethylcellulose [67]. The gal-
actoglucomannans in WSF are particularly interesting as a new food
hydrocolloid, owing to their thickening properties, high yield and high
SDF content. Therefore, future research addressing the optimization of
the extraction and isolation of macauba galactoglucomannans can
leverage the utilization of macauba pulp meal as a new source of food
hydrocolloids. Given the rising interest in macauba pulp cultivation
[68], it can be anticipated that macauba pulp meal will be an inexpen-
sive source of polysaccharides. Similarly, commonly used food hydro-
colloids are obtained from side streams such as pectins [69] and
cellulose derivatives [70]. Nevertheless, the final cost of macauba
polysaccharide ingredients will also depend on the extraction and
isolation steps employed for their recovery [71]. The optimization of
these processing steps and the provision of mass and energy balance is
fundamental to assessing whether macauba polysaccharides will be cost-
competitive compared to existing thickeners and stabilizers.

3.3. Viscoelastic properties of macauba cell wall polysaccharide fractions

Amplitude and frequency sweep measurements were used to inves-
tigate the structuring and network formation properties of macauba
polysaccharide fractions. The results are depicted in Figs. 3 and 4, and
summarized in Tables 4 and 5.

In amplitude sweeps, the LVR of polysaccharide dispersions is
characterized by the G, G", and yield stress values [72]. The results from
frequency sweeps are expressed as the slopes of G’ and G as a function of
frequency, representing the stability of the molecular interactions with
the change in time scale [73]. Moreover, the relaxation times and the
loss factor (tand) are also obtained from frequency sweeps to assess the
sol-gel transition and the elastic character of the hydrogels [48,74]. The
tand provides a measurement of the viscoelastic degree of poly-
saccharide dispersions and the lifetime of intermolecular interactions
stabilizing the polymeric network [30,75].

The WSF had the broadest LVR and required the highest energy input
to induce plastic deformation, as evidenced by higher yield stress values.
For concentrations ranging from 2.5 to 10.0 %, the WSF dispersion
showed a sol-gel transition and a high frequency dependency of both G’
and G", evidenced by the intercept of the G'and G” curves and the highest
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Fig. 3. Amplitude sweep spectra of (a) water-soluble fraction (WSF), (b) chelator-soluble fraction (CSF), (c) loosely-bound hemicellulose fraction (LHF), (d) strongly-
bound hemicellulose fraction (SHF), (e) cellulose-rich fraction (CLF), and (f) commercial hydrocolloids. Circles and crossed squares represent the storage modulus

(G)) and triangles and diamonds represent the loss modulus (G").

slope values of both parameters (Table 5). Therefore, the WSF suspen-
sions showed typical behavior of random coil polymers at a semi-dilute
regime, behaving like a viscoelastic liquid at low frequencies, but having
a predominant elastic character at high frequencies [76]. The increase in
WSF concentration from 2.5 to 10.0 % shifted the sol-gel transition,
resulting in longer times needed for disruption of chain entanglements
as indicated by the increase in characteristic relaxation times from
0.0124 to 1.17 s. Comparable profile was obtained for commercial guar
gum, as depicted in Fig. 4f, and similar results were reported for fenu-
greek [76], tara gum, and locust bean gum [77]. These results highlight
the potential of macauba galactoglucomannans for applications as
thickening agents owing to their higher effect on increasing the viscosity
instead of producing gel networks.

Different from WSF, the other macauba polysaccharide fractions
showed gel-like behavior, evidenced by G higher than G" moduli when
amplitude and frequency sweep measurements were conducted. At the
LVR, stiffer gel-like suspensions were produced by the CSF, indicated by
the highest G’ values at concentrations of 5 and 10 % [78]. On the other
hand, the LHF showed the highest yield stress values at 5 and 10 %, thus
resulting in gels with the highest structural strength [72]. The increase
in CSF and LHF content from 2.5 to 10 % improved structural strength of
the suspensions as indicated by the increase in 3 and 4 orders of
magnitude in yield stress, respectively. These results indicate that the
increase in LHF concentration resulted in higher improvement of
structural strength (higher yield stress), while the increase in CSF con-
centration resulted in the increase in gel elasticity (higher values of G').

The mechanical spectra of both CSF and LHF suspensions showed
predominant elastic behavior at all tested concentrations, as G' was

higher than G” over three cycles log of frequency decay. Both poly-
saccharide fractions showed weak gel character [48], as indicated by
tand in the range of 0.08 to 0.70 and 0.05 to 0.30 for CSF and LHF,
respectively. Moreover, the increase in concentration improved the
stability of the intermolecular associations, as evidenced by the reduc-
tion in both G’ and G” slopes [73]. Higher stability of the molecular in-
teractions was obtained for the CSF in which the increase in
concentration from 2.5 to 10.0 % resulted in a more pronounced
decrease in the G’ slope. These results highlight the potential of macauba
pectins (CSF) and xyloglucans (LHF) as structuring agents. A weak gel
character was also reported for pectins from tomatoes [23] and blue-
berry pomace [79], whereas poor structuring ability was reported for a
xyloglucan-rich fraction extracted from tamarind seeds [80]. Moreover,
weak gel behavior was also observed for the suspensions containing
xanthan gum. Xanthan gum is commonly used as a food stabilizer owing
to its ability to undergo weak intermolecular association, forming weak
gels with junction zones that can be readily disrupted at low shear rates
[61]. Polysaccharides forming weak gels are beneficial in stabilizing
suspended solids in dispersions and drinks [81]. Weak gels can also
stabilize emulsions and foams by limiting the movement of oil droplets
and gas bubbles. In frozen foods, weak gel character can also restrict
water mobility and improve freeze-thaw stability [16]. Therefore, both
Macauba CSF and LHF could be used as food stabilizers. However, future
studies exploring the cost-benefit of using macauba polysaccharides in
food systems must be carried out. This is relevant owing to the higher
concentration needed to achieve similar rheological behavior compared
to commercial hydrocolloids like xanthan gum.

Compared to CSF, LHF, and CLF, the SHF produced weak gels with
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the lowest structural strength at concentrations from 2.5 to 5.0 %, evi-
denced by the lowest yield stress values from amplitude sweep mea-
surements. The increase in concentration of the SHF suspensions
resulted in a marginal increase in G’ and G, similar to the viscosity re-
sults obtained from steady shear measurements (Section 3.2). The me-
chanical spectra of the SHF showed weak gel behavior, with a tand of
0.1-0.8. As previously discussed, the SHF mainly comprised hetero-
xylans with a minor contribution from xyloglucans and pectic poly-
saccharides. Similar to present work, arabinoxylans from barley
insoluble fibers [82], wheat bran [83], and spent grains [84] showed
weak gel behavior and low gel stability.

The CLF suspensions exhibited yield stresses lower than the WSF at
all concentrations and inferior to the CSF and LHF at 5.0 and 10.0 %.
These results indicate that despite the high G’ and G’, the CLF showed
limited ability to withstand deformation, and relatively low energy
input levels were necessary to induce plastic deformation and loss of
structural integrity. In the LVR, the CLF suspensions produced weak gels
(tand 0.13-0.20) with a low frequency dependence of G’ and G'. As
discussed in Section 3.1, the CLF mainly comprises cellulose with low
content of hemicelluloses and pectic polysaccharides. Cellulose-rich
suspensions can retain water and form entanglements to build net-
works with gel-like properties [85], which are influenced by the size,
structure, and density of the cellulose fibers [86]. Macauba CLF showed
G' comparable to citrus fiber from lemons [87] and higher than

cellulose-rich suspensions from oat fibers [88].

Polysaccharide gelling involves the formation of a three-dimensional
network by means of intermolecular association or junction zones [89].
Polysaccharides form physical gels because their junction zones are
stabilized via non-covalent interactions such as hydrogen bonds, hy-
drophobic association, and cation-mediated cross-linking [63]. The
strength and stability of junction zones depends on the type and struc-
ture of the polysaccharides [90]. For instance, the presence of acetyl
groups in glucomannans suppress intermolecular association via
hydrogen bonds [91], in agreement with the poor gelling properties
observed for macauba galactoglucomannans (WSF). Homogalactur-
onans form junction zones via cooperative attraction or entanglement of
the rigid chain structures [92], driven by the combination of intermo-
lecular hydrogen bonds and interactions between charged groups and
water molecules [93]. Xyloglucans associate through the interaction of
hydrophobic patches of the polysaccharide chains [94], which is facil-
itated by the substantial stiffness of the cellulose-like backbone [91].
Accordingly, the results also showed that the CSF and LHF, rich in
pectins and xyloglucans, respectively, were able to form weak gels, in
which the polysaccharide chains undergo weak intermolecular associ-
ation that can be readily disrupted at low shear rates [61]. In this case,
the macauba polysaccharide fractions might be used in low concentra-
tions to form a macromolecular network that yields and flows, rapidly
recovering their gel-like character when the stress is removed [92].
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Table 4
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Storage and lost moduli at the linear viscoelastic region and yield stress of macauba polysaccharide fractions obtained after sequential fractionation into water-soluble
fraction (WSF), chelator-soluble fraction (CSF), loosely-bound hemicellulose fraction (LHF), strongly-bound hemicellulose fraction (SHF), cellulose-rich fraction (CLF),

and commercial hydrocolloids (n = 3).

G" LVR (Pa)

Yield stress (Pa)

(1.57 + 0.27)-102 &
(2.14 + 0.29)-10% ¢

(1.05 + 0.09)-10% ¢
(1.02 + 0.04)-10* 2
(1.14 + 0.42)-10% ¢
(7.17 + 0.97)-10* P
(1.81 + 0.09)-10% &

(7.60 + 0.81)-102 ¢
(4.63 + 0.02)-10%®

Fraction Concentration (% TDF) G’ LVR (Pa)

02.5 (1.81 + 0.05)-10%J
WSF 05.0

10.0

02.5 (2.58 + 0.72)-10* !
CSF 05.0

10.0

02.5 (2.74 + 0.78)-10* !
LHF 05.0 (4.23 + 0.66)-10%

10.0

02.5 (1.21 £ 0.55)-10"
SHF 05.0

10.0 (3.83 + 0.54)-10' !

02.5
CLF 05.0

10.0
Guar Gum 01.0 (2.12 + 0.04)-10' !
Xantham Gum 01.0

(2.66 + 0.02)-10* !

(2.63 + 0.05)-10*
(1.54 + 0.03)-10% ¢
(1.37 £ 0.17)-10%®
(8.09 + 2.05)-10° "
(2.40 + 0.16)-10% ¢
(2.01 + 0.06)-10% 2
(7.44 + 1.39)-10° "
(1.02 + 0.13)-10%f
(2.61 + 0.12)-10%¢
(2.17 + 0.62)-10°
(1.12 4+ 0.09)-10' &
(1.30 + 0.03)-10' &
(2.83 +0.24)-10' f
(1.26 4 0.13)-10%¢
(7.40 + 0.31)-102 ¢
(1.58 + 0.02)-10' &
(7.64 +0.12)-10° P

(6.89 + 0.02)-10° &
(2.54 + 0.05)-10%®
(8.02 + 1.06)-102 2
(3.20 + 0.60)-1071
(1.01 + 0.08)-10' f

(1.04 + 0.04)-10% ¢
(7.01 +0.4).102!

(2.89 £ 0.37)-10* ©
(1.35 + 0.02)-10% ¢
(2.04 +0.31)-10°2!
(5.02 + 1.02)-1072!
(1.33 + 0.34)-1071 ¥
(2.70 £+ 0.10)-107"J
(1.33 £ 0.39)-10°

(3.85 + 0.62)-10° "
(1.19 £ 0.09)-10°

(8.37 +0.16)-10° f

TDF: total dietary fiber content; LVR: Linear viscoelastic region. Values followed by different superscript letters in the same column are significantly different (p < 0.05)

according to Tukey's test.

Table 5

Relaxation time and slope of storage and loss moduli from frequency sweeps of macauba pulp polysaccharide fractions obtained after sequential fractionation into
water-soluble fraction (WSF), chelator-soluble fraction (CSF), loosely-bound hemicellulose fraction (LHF), strongly-bound hemicellulose fraction (SHF), cellulose-rich

fraction (CLF), and commercial hydrocolloids (n = 3).

Fraction Concentration (% TDF)

Relaxation time (s)

G’ slope

G slope

02.5
05.0
WSF 10.0
02.5
05.0
CSF 10.0
02.5
05.0
LHF 10.0
02.5
05.0
SHF 10.0
02.5
05.0
CLF 10.0
Guar Gum 01.0
Xantham Gum 01.0

(1.24 + 0.02)-102¢
(2.27 £0.07) 107 ¢
(1.17 £ 0.07) 10° 2

(2.88 £0.19) 1071 P

(1.11 £ 0.05)-10° 2
(5.59 + 0.03)-107' ®
(4.22 +0.02)-107* ¢
(3.61 £ 0.23)-107% ¢
(9.48 £ 0.20)-1072™
(7.19 + 0.18)-1072
(4.76 £ 0.05)-107% ¢
(1.19 £ 0.02)-10 ®
(0.95 £ 0.02)-107 !
(1.66 + 0.01)-107*
(1.24 + 0.09)-107' "
(1.27 £ 0.05)-107 P
(7.09 + 0.08)-1072 4
(7.60 + 0.63)-10727
(7.48 + 0.05)-1072 %
(5.55 + 0.10) 101 ®
(2.74 +0.06) 107

(6.75 £ 0.01)-107% @
(3.68 + 0.02)-107' ®
(2.82 +0.03)-10* ¢
(2.86 + 0.35)-1071 ¢
(2.31 +0.01)-10' ¢
(1.28 £ 0.04)-107" ¢
(3.33 £0.02)-10% ¢
(1.68 + 0.03)-107

(1.22 + 0.08)-107" &
(5.21 £ 0.02)-10721

(5.23 £+ 0.19)-10721

(6.15 + 0.18)-1072 P
(1.64 + 0.07)-107*

(1.50 + 0.17)-107* &
(7.69 + 0.27)-102J

(2.99 +£0.07) 10 ¢
(1.74 +£0.08) 107 f

TDF: total dietary fiber content. Values followed by different superscript letters in the same column are significantly different (p < 0.05) according to Tukey's test.

These properties allow for desired mechanical behavior at consumption
conditions (e.g., mastication and swallowing) while most likely pre-
venting settling and phase separation during storage. Therefore, the
results of the present study highlight their potential as stabilizers for
applications like salad dressings, emulsions, and frozen desserts.

4. Conclusion

The diverse composition of macauba cell wall polysaccharide frac-
tions comprising galactoglucomannans, pectins, xyloglucans, xylans,
and cellulose is reported for the first time. The results highlight the
potential of macauba galactoglucomannans as a new food hydrocolloid
for their thickening properties, relatively high content, and easy
extractability. Therefore, future research can focus on optimizing the
extraction of macauba galactoglucomannans, targeting the production
of sustainable food ingredients. Unlike the galactoglucomannans, weak
gels were obtained with macauba pectins, xyloglucans, xylans, and
cellulose, underlining the ability of those polysaccharides to interact and
build networks. These findings highlight the potential of macauba
polysaccharides as promising food thickeners and stabilizers. Based on
the conditions of our measurements, macauba polysaccharides show
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high potential for applications with neutral pH and low salt content such
as frozen desserts, whipped creams, and milk alternatives. Future
research addressing the stability of macauba polysaccharides across
different pH values and their interaction and compatibility with other
food macromolecules can leverage their applicability in diverse food
systems. Despite demonstrating the diverse composition and potential of
Macauba polysaccharides, our methodology yielded fractions with
limited purity, which precluded the assessment of molecular properties
like molecular weight distribution, linkage pattern analysis, substitution
with functional groups, and degree of branching. In this sense, our work
provides the starting point for further purification of macauba cell wall
polysaccharides, evaluation of their molecular properties, and elucida-
tion of their structure-function relationship.
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