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Abstract: In this study, we evaluated the physical, nutritional, and bioactive properties of mandacaru
cladode flour (Cereus jamacaru DC.). The granulometric profile revealed particles with non-uniform
geometry, flakiness, a rectangular tendency, and a non-homogeneous surface, with particle sizes
ranging from 20 to 60 um. The flour presented low water activity (0.423), a moisture content
of 8.24 g/100 g, high ash (2.82 g/100 g), protein (5.18 g/100 g), and total carbohydrate contents
(74.48 g/100 g), and low lipid contents (1.88 g/100 g). Mandacaru flour is an excellent source of
insoluble dietary fiber (48.08 g/100 g), calcium (76.33%), magnesium (15.21%), and potassium (5.94%).
Notably, 'H NMR analysis revealed the presence of N-methyltyramine. Using HPLC chromatography,
glucose was identified as the predominant sugar (1.33 g/100 g), followed by four organic acids,
especially malic acid (9.41 g/100 g) and citric acid (3.96 g/100 g). Eighteen phenolic compounds
were detected, with relevant amounts of kaempferol (99.40 mg/100 g), myricetin (72.30 mg/100 g),
and resveratrol (17.84 mg/100 g). The total phenolic compounds and flavonoids were 1285.47 mg
GAE/100 g and 15.19 mg CE/100 g, respectively. The mean in vitro antioxidant activity values were
higher using the FRAP method (249.45 umol Trolox TEAC/100 g) compared to the ABTS®** method
(0.39 umol Trolox TEAC/g). Finally, the ascorbic acid had a content of 35.22 mg/100 g. The results
demonstrate the value of mandacaru as a little-explored species and an excellent matrix for the
development of flours presenting good nutritional value and bioactive constituents with excellent
antioxidant potential.

Keywords: Cactaceae; drying; nutritional composition; bioactive compounds; unconventional plant food

1. Introduction

Consumer demand for foods with a balanced nutritional composition that are capable
of providing not only basic nutrition, but also additional health benefits, has stimulated the
food industry to develop new sustainable and functional food products [1-3].

Foods classified as sustainable due to their nutritive and bioactive components can
also boost the economy and improve consumer health, all while mitigating the environ-
mental impact commonly caused by traditional monoculture [4,5]. From the perspective of
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agroecology, and considering the given climatic changes and the environmental challenges
faced by the planet, the food industry has increased the incorporation of unconventional
(alternative) ingredients in developed food products [6]. Incorporating unconventional
ingredients into food products is a promising strategy to meet consumer demand for nutri-
tious and sustainable agroecological foods [7]. In this context, the family Cactaceae presents
various non-conventional food plants (NCFP) which arouse great interest in the scientific
community due to their nutritional and bioactive ingredients [8,9].

Cactaceae, found in the Caatinga biome, is a botanical family of shrubs, trees, herbs,
lianas, and subshrubs. It presents approximately 142 genera and 1400 species found
throughout Canada, the USA, Mexico, and Central and South America [10-12]. In the
Brazilian semi-arid region, cacti contribute to the sustainability of the biome as alternative
forage and food sources for animals in times of drought [13]. Cereus jamacaru DC., or
the mandacaru cactus, is resistant to drought and possesses an excellent composition
of carbohydrates, soluble and insoluble fibers, vitamins, and antioxidants to provide a
matrix with excellent functional properties [14]. Although it has expressive nutritional and
functional potential, it is little used for human consumption. Its properties as a food matrix
are little known, making commercialization and use difficult [9].

In food products, replacing wheat flour with alternative flours is of paramount im-
portance, and cactus flour can bring interesting compositions. The substitution of wheat
flour for cactus flour in the elaboration of food products can be a strategy to meet broader
agroecological perspectives [6], as well as minimize climate change and the environmental
challenges currently faced by the planet [15].

In general, cacti and, consequently, the flours obtained from them, have a high content
of minerals, total fiber, and phenolic compounds, with a low-fat content [8,9,16]. The use
of flour from different cactus species (Pilosocereus gounellei, Opuntia ficus-indica L., Opuntia
monacantha, and Opuntia macrorhiza Engelm.) could improve the technological, nutritional,
and bioactive aspects of new food products, such as cookies [6,17,18], cakes [19], and
yogurt [20]. However, there are no studies characterizing mandacaru (Cereus jamacaru DC.)
cladode flour, demonstrating its potential in the elaboration of other food products.

In this study, we elaborated and evaluated the physical, nutritional, and bioactive
properties of mandacaru cladode flour, a potential alternative ingredient with added-value
in food processing.

2. Materials and Methods
2.1. Sample Collection and Preparation of Mandacaru Cladode Flour (MF)

Mandacaru cladodes (Cereus jamacaru DC.) were collected in the city of Cuité, Paraiba
State, Brazil (6°2946.0" S-36°09'34.7" W) on three non-consecutive days in October 2020.
This yielded three different batches weighing 4 kg each. The cladodes were selected
considering their physical integrity (whole cladodes, without the presence of defects or
diseases), and were then transported in polystyrene boxes at 5 + 1.0 °C. Table 1 presents the
physical-chemical composition of mandacaru cladode in natura. The methodologies used to
determine it were the same as those described later for mandacaru cladode flour (MF). The
botanical material was registered with the National System for the Management of Genetic
Heritage and Associated Traditional Knowledge (SISGEN) under number A1FECD?5.

The MF was prepared in accordance with the method described by Machado et al. [6],
with modifications. Initially, the cladodes were sanitized with running potable water,
immersed in a sodium hypochlorite solution (0.01%, v/v) for 15 min, and cut into slices
approximately 1 cm thick using a sterilized stainless-steel knife. The cladode slices were
dehydrated in an oven with forced air circulation (Quimis, Q314M, Diadema, SP, Brazil) at
a temperature of 55 + 1 °C reaching up to 4% humidity, taking approximately 26 h. After
drying, the mandacaru cladodes were ground in a knife mill (Willey, Solab, Piracicaba,
SP, Brazil) and screened with a 230-mesh sieve on a sieve shaker (Bertel®, Caieiras, SP,
Brazil), resulting in MF at a final yield of 5% (compared to the cladode in nature). MF was
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vacuum-sealed in sterile polyethylene bags (approximately 100 g per bag), wrapped in
aluminum foil, and frozen (—20 £ 1 °C) until use in the analysis (for a maximum of 1 day).

Table 1. Physicochemical characteristics (media + standard deviation) of the in natura mandacaru
cladode (Cereus jamacaru DC.) used in the preparation of MF.

Parameters MF
aw ! 0.937 =+ 0.000
Moisture (g/100 g) 13.20 £ 0.69
FMR (g/100 g) 2 2.66 +0.16
Proteins (g/100 g) 0.88 £ 0.09
Fat (g/100 g) 0.23 £ 0.09
Total carbohydrates (g/100 g) 86.24 £ 0.17
Dietary fiber (g/100 g)
Insoluble dietary fiber 4.57 £+ 0.60
Soluble dietary fiber 2.67 £0.61
Total dietary fiber 7.24 £1.20
Antioxidant potential
Ascorbic acid (mg/100 g) 18.15 £ 0.10
Total Phenolics (mg GAE/100 g) 3 21.32 + 0.52
Total Flavonoids (mg CE/100 g) 4 25.10 £ 0.20
FRAP (umol Trolox TEAC/100 g) 5 0.89 £ 0.08
ABTS (umol Trolox TEAC/g) © 2.64 4+ 0.30

I a,—water activity; 2 FMR—fixed mineral residue; ? results are expressed as milligrams of gallic acid equivalents

(GAE) per hundred grams of sample (mg GAE/100 g); * results are expressed as milligrams of catechin equivalent
(CE) per hundred grams of sample (mg CE/100 g); 5 results are expressed as micromol of trolox equivalent
antioxidant capacity (TEAC) per hundred grams of sample (tmol TEAC/100 g). ® Results are expressed as micro-
mol of trolox equivalent antioxidant capacity (TEAC) per grams of sample (umol TEAC/100 g). Abbreviations:
FRAP—ferric-reducing ability of plasma; ABTS** cation—2,2-azino-bis (3-etilbenzo-tiazoline)-6-sulfonic acid.

2.2. Chemicals and Reagents

For the realized tests, the following reagents were used (with their respective de-
grees of purity and manufacturers): absolute ethanol (99.3%, ACS reagent), ABTS reagent
(2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (>98%, HPLC
grade), aluminum chloride (95.5%, ACS reagent), ferric chloride (97%, ACS reagent), Folin—
Ciocalteu (99%, ACS reagent), methanol (99.85%, ACS reagent), methanol (99.99%, HPLC
grade), phosphoric acid (ACS reagent, >85 wt. % in HyO), potassium persulfate (99%, ACS
reagent), sodium acetate (99.5%, ACS reagent), sodium carbonate (99.95%, ACS reagent),
sodium hydroxide (95%, ACS reagent), sodium nitrite (99%, ACS reagent), sulfuric acid
(95-98%, ACS reagent), TPTZ reagent (2,4,6-Tri-(2-Pyridyl)-1,3,5-Triazine Salt 1:3 with p-
toluenesulfonic acid, (>98%, HPLC grade)), Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (97%, ACS reagent), and 2,6-Dichloroindophenol sodium salt hydrate
(ACS reagent) were obtained from Sigma-Aldrich (St. Louis, MO, EUA). Ultra-purified
water was used (Milli-Q® Integral Water Purification System, EMD Millipore, Billerica,
MA, USA).

The following external standards (HPLC grade) were also used: sugars (glucose, fruc-
tose, maltose, and rhamnose), organic acids (acetic, butyric, citric, lactic, malic, succinic,
formic, and propionic), and phenolic compounds (gallic acid, syringic acid, hesperidin,
naringenin, procyanin B1, catechin, procyanidin B2, caffeic acid, chlorogenic acid, caffeic
acid, coumaric acid, cyanidin 3,5-glycidine, pelargonidin 3,5-glycoside and perlagoni-
dine 3-glycoside, epicatechin, epicatechin gallate, procyanidin A2, quercetin 3-glycoside,
rutin, kaempferol 3-glycoside, petunidin 3-glycoside, trans-resveratrol and cis-resveratrol),
obtained from Sigma-Aldrich (St. Louis, MO, USA).
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2.3. MF Quality Control

To evaluate the hygienic sanitary conditions of the processed flour, the methodology
recommended by the American Public Health Association [21] was used to determine
the most likely number (MLN) of total coliforms (MLN/g) and thermotolerant coliforms
(MLN/g). Molds, yeast, Bacillus cereus, Staphylococcus coagulase positive, and aerobic
and mesophilic bacteria were expressed in colony-forming units per g (CFU/g), and the
detection of Salmonella sp. was expressed as absent or present.

2.4. Physical-Chemical Characterization of MF

The MF morphology was evaluated in accordance with the methodology described
by Brito et al. [22]. For this, a nanometric layer (40-50 nm) of gold was deposited on
the sample using a metallizer (Quorum SC7620, Madrid, Spain) (20-1000 pm). Images at
differing magnifications (100 x—4000 x ) were obtained via scanning electron microscopy
(SEM) (TESCAN MIRA3, Brno, Czech Republic) and particle sizes were measured.

For the physicochemical characteristics: water activity at 25 °C was determined by
a direct reading with Aqualab equipment (Meter®, AquaLab Series 4TEV, Sao José dos
Campos, SP, Brazil); moisture content was determined by drying in a stabilized oven at
105 °C until a constant mass was obtained; ash content (fixed mineral residue—FMR)
was quantified by carbonization followed by incineration in a muffle furnace (Jung®,
model 0612, Blumenau, SC, Brazil) stabilized at 550 °C; proteins were quantified using the
micro-Kjeldahl method; total carbohydrates were determined using the Fehling reduction
method [23]; and fat was quantified using the Folch, Less and Sloane-Stanley method [24].
Total insoluble and soluble fiber contents were determined using an enzymatic-gravimetric
method [23,25].

Macro- and microelements were quantified in MF in accordance with the methodology
described by Etienne et al. [26], with modifications. An energy-dispersive spectrometer
(EDS) (OXFORD, England, London) coupled to a scanning electron microscope (SEM)
(TESCAN MIRAS3, Brno, Czech Republic) was operated at high vacuum pressures. The
operational conditions used for the EDS analysis were: zoom (1000x), working distance
(15 mm), and acceleration voltage (15 Kv). The composition was explored, and the data
were transferred to MS Word and Excel software and expressed in percentages.

To determine the contents of sugars (glucose, fructose, maltose, and rhamnose) and
organic acids (acetic, butyric, citric, lactic, malic, succinic, formic, and propionic), MF
aqueous extract was prepared. Thus, 2 g of sample was homogenized with 10 mL of
ultra-purified water (Milli-Q® Integral Water Purification System, EMD Millipore, Billerica,
MA, USA) for 10 min in a Turratec crusher/homogenizer (TE—lOZ—Tecnal®, Piracicaba, SP,
Brazil). The suspension was centrifuged (4000 x g, 15 min, at 4 °C) and the supernatant
was filtered through a 0.45 um filter (Millex Millipore, Barueri, SP, Brazil).

Subsequently, the extract was injected into a high-performance liquid chromatographic
(HPLC) system, with a 1260 Infinity LC system (Agilent Technologies, Santa Clara, CA,
USA) equipped with a quaternary solvent pump (model G1311C), degasser, thermostat
column compartment (model G1316A), and auto-sampler (model G1329B) coupled with a
diode array detector (DAD) (model G1315D), and a refractive index detector (RID) (model
G1362A). During analysis, the Agilent column Hi-Plex H (300 x 7.7 mm) with a particle
size of 8.0 um and PL Hi-Plex H guard column (5 x 3 mm) (Agilent Technologies) was kept
at 50 °C, the injection volume was 10 pL, the flow rate was 0.5 mL/min, the mobile phase
was HySOy at 4.0 mM in ultrapure water, and the run time was 20 min. The data obtained
were processed using OpenLAB CDS ChemStation EditionTM (Agilent Technologies). The
peaks and average peak areas were used to quantify the HPLC samples, comparing their
retention times with organic acid and sugar standards [27-30]. The results are expressed as
g per 100 g of sample (g/100 g).
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2.5. Acquisition of the 'TH NMR Spectrum

An aliquot of 20 mg MF was solubilized in 1 mL of methanol HPLC with deuterated
water (9:1, v/v), the suspension was subjected to an ultrasonic bath for 30 min, was filtered,
and the resulting solution (600 uL) was placed in a 5 mm diameter tube for nuclear magnetic
resonance (NMR) analysis. The NMR experiments were performed on Bruker Avance Neo
500 equipment operating at 500 MHz for 'H NMR and at 125 MHz for 13C NMR (Bruker,
Billerica, MA, USA). The following parameters were used to obtain the spectra sequence:
lclpngpf2; temperature: 26 °C; number of scans: 8; dummer scan: 4; recevier gain: 36;
acquisition time: 1.63 s. Spectra were processed using Bruker TopSpin 4.1.1 software.

2.6. Antioxidant Properties of MF

The evaluation of the antioxidant properties was based on the determination of ascor-
bic acid, total phenolic compounds, total flavonoids, phenolic profile, and antioxidant
activity in accordance with the procedures described below.

The ascorbic acid content was determined in accordance with Tillman’s method, using
a 2,6-dichlorophenol-indophenol sodium dye solution. The total ascorbic acid content was
expressed in mg per 100 g of the sample (mg/100 g) [23].

For the determination of total phenolics and total flavonoids, extracts were initially
obtained. Thus, 2 g of MF was homogenized with 10 mL of 80% (v/v) methanol solution
(Sigma-Aldrich, St. Louis, MA, USA) for 10 min in a mini-Turrax apparatus (Tecnal) kept at
rest for 24 h, and filtered with 125 mm filter paper (Whatman®, GE Healthcare, Chicago,
IL, USA). The determination of total phenolic content was performed in accordance with
the Folin—Ciocalteu method [31]. Absorbance was measured at 765 nm with a spectropho-
tometer (BEL Photonics, Piracicaba, SP, Brazil). The total phenolic content was determined
with a standard curve prepared with gallic acid (Sigma-Aldrich). Results are expressed as
milligrams of gallic acid equivalent (GAE) per hundred grams of sample (mg GAE/100 g).

The total flavonoid content was determined in accordance with the method proposed
by Zhishen et al. [32]. The absorbance of the sample was measured at 510 nm in a spec-
trophotometer (BEL Photonics) against a blank in the absence of extracts. The total flavonoid
content was determined using a standard curve of catechin equivalents (Sigma-Aldrich)
(CE). Results are expressed as catechin equivalents (CE) per 100 g of sample (mg CE/100 g).

For the phenolic profile, an extract of the sample was initially obtained from 5 g of MF
homogenized in 5 mL of 80% methanol (Sigma-Aldrich), which was centrifuged for 15 min
(9000 g, 4 °C) and filtered through a polypropylene filter with 0.45 um membrane (Millex
Millipore). Individual phenolic compounds were determined with high-performance liquid
chromatography, with gradient and runtime adaptations to quantify differing phenolic
classes using an Agilent 1260 Infinity System LC liquid chromatograph (Agilent Tech-
nologies, Santa Clara, CA, USA) coupled to a diode array detector (DAD)) (G1315D). The
column was a Zorbax Eclipse Plus RP-C18 (100 x 4.6 mm, 3.5 um), and the pre-column
was a Zorbax C18 (12.6 x 4.6 mm, 5 um) (Agilent). The oven temperature was 35 °C, and
the injection volume was 20 pL (phase A diluted), filtered with a 0.45 pm filter (Millex
Millipore). The solvent flow was 0.8 mL/min, and the new gradients used in the separation
were: zero to 5 min: 5% B; 5-14 min: 23% B; 14-30 min: 50% B; 30-33 min: 80% B. Solvent A
was a solution of phosphoric acid (0.1 M, pH = 2.0) and solvent B was acidified methanol
with 0.5% H3POj,. Data were processed with OpenLAB CDS ChemStation Edition software
(Agilent Technologies). The detection of phenolics was completed at 220, 280, 320, 360,
and 520 nm. The identification and quantification were completed by comparison with
external standards (Sigma-Aldrich). The results were expressed as mg of phenolic for 100 g
of sample (mg/100 g) [28].

To determine the antioxidant activity, the extract was initially prepared: 2 g of the
MF sample was homogenized with 10 mL of 80% methanol (Sigma-Aldrich) for 10 min in
a mini-Turrax apparatus (Tecnal) and kept at rest for 24 h; it was then filtered through a
125 mm filter (Whatman®). The ability of the extracts to reduce iron was measured using
the FRAP method, as described by Benzie and Strain [33] and adapted by Pulido et al. [34].
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The ability of the MF extract to capture the ABTS®** (2,2-azino-bis(3-ethylbenzothiazoline)-6-
sulfonic acid) cation was measured using the ABTS®** method, as previously described [35].
The FRAP antioxidant activity results were expressed in micromoles of Trolox equivalent
antioxidant capacity (TEAC) per 100 g of sample (umol TEAC/100 g). The ABTS*" results
for antioxidant activity were expressed in micromoles of Trolox equivalent antioxidant
capacity (TEAC) per gram of sample (umol TEAC/g).

2.7. Statistical Analysis

All assays were performed in triplicate in two different experiments. The results are
expressed as mean =+ standard deviation.

3. Results and Discussion
3.1. MF Quality Control

The MF microbiological analysis results revealed that the samples were not con-
taminated, indicating that the drying process provided a stable material, meeting the
requirements for flours according to the Brazilian legislation [36]. The samples were thus
acceptable for consumption and/or use in food processing.

3.2. Physicochemical and Technological Characterization of MF

The MF morphology (Figure 1) shows the existence of particles with a non-uniform,
scaly geometry, a rectangular tendency, and a non-homogeneous surface appearance, with
characteristics similar to oat flour [37]. Such aspects can be modified by the grinding
process, as well as by the size of the sieve mesh, to change the quality of the flour [38,39].
In our study, we chose to use a sieve with a mesh size of 230 to produce flour with a more
pulverized appearance, and to resemble more refined flours such as wheat flour. Similar
results were presented by Saad et al. [40]—working with cucumber pomace flour in wheat
flour-based pastas—who also used a sieve with a mesh of 230.

(a)

SEMHV: 100KV | WD: 1236 mm MIRA3 TESCAN]  SEMHV: 10.0kV | WD: 1235 mm
View field: 2. Det: BSE 500 pm View fleld: 830 pm Det: BSE
SEM MAG: 100 x__ Date(midy): 0212321 SEM MAG: 250 x__ Date(midy): 0212321

it
SEM 0KV | WD: 1235 mm 0K WD: 12.35 mm

w fleld: 208 pm low fleld: 104 w fleld: 51.9 ym Det: BSE 10pm

View fi Det: BSE vi pm Det: BSE o X t:
SEM MAG: 1.00 kx _ Date(midly): 02/23/21 SEM MAG: 2.00 kx _ Date(midly): 022321 SEM MAG: 4.00 kx_ Date(midy): 02/23/21

(d) (e) (f

Figure 1. MF micrographs at 100x to 4000x magnification performed in SEM. Magnifications:
(a) 100x, (b) 250%, (c) 500, (d) 1000, (e) 2000x and (f) 4000 x.

50 pm



Foods 2022, 11, 3814 7 of 17

The size of the flour particles depends on the raw material, processing method used
(mill or processor), and mesh diameter of the sieve [41]. These affect the physicochemical
composition (fibers, proteins, and starch contents), nutritional quality, sensory acceptability,
and shelf life of the processed product [20,42]. In this study, a 230-mesh sieve was used,
limiting the passage through the mesh of larger MF particles and providing smaller particles
with diameters ranging from 20 to 56.22 um (Figure 2).

. s y ! bz o, AR i ey
7 BN
SEM HV: 10.0 kV WD: 12.36 mm | 11 MiRAS TESCAN SEM HV: 10.0 kV WD: 12.35 mm I MIRA3 TESCAN
View field: 208 pm Det: BSE 50 pm View field: 208 pm Det: BSE | 50 pm
SEM MAG: 1.00 kx Date(m/diy): 02/23/21 SEM MAG: 1.00 kx  Date(m/dly): 02/23/21 |

Figure 2. MF particle size (1000x).

Due to their ability to absorb water, smaller flour particles are generally used by
the food industry to replace fat and act as stabilizers and biodegradable films, as well
as improve the viscosity, gelatinization, and cohesion of the dough [43-45]. In addition,
smaller particles, such as those observed in MF, affect the thermo-mechanical properties
and influence the functionality of the gluten network, yielding a smaller impact during
mixing and cooking, which is a benefit for bakery products [38,42].

The physicochemical composition, dietary fiber content, and mineral profile of MF are
shown in Table 2.

Technological processes, such as drying/dehydration, are used in the preparation of
flours, generating a decrease in water activity (aw) and humidity, bringing benefits such
as improved stability and easier transport, and minimizing greater losses in perishable
foods [46]. In this study, we verified that there was an expected reduction in a,, and
moisture in MF when compared to the cladode of mandacaru in natura (from 0.937 to
0.423 and 13.20 to 8.24 g/100 g, respectively) (Tables 1 and 2). Values of a,, lower than
0.7 contribute to the inhibition of microbial multiplication [47] and make this matrix
microbiologically safe, with a low risk of physicochemical changes and good stability [19,48].
This corroborates with our findings, since no microbiological contamination was detected
in the MF. In a previous study by Boukid et al. [49] with Opuntia ficus indica . inermis
powder, the authors found results for a,, of 0.36, a value close to that detected in the present
study with mandacaru flour.

The moisture content in carob, peanut, rye, corn, and cassava flours is approximately
14 g/100 g [50]. Low moisture content, such as that found in MF (8.24 g/100 g), can affect
crude protein and fat content (with increased concentration), prevent microbial growth and
insect infestation, and directly impact shelf life, avoiding the short-term deterioration of
food products [51,52]. Moisture results close to those detected by us have been reported by
Nabil et al. [51] in Opuntia ficus-indica cladode flour, corresponding to 9.55 g/100 g.
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Table 2. Physicochemical composition, dietary fiber content and mineral profile (media + standard
deviation, n: 3) of ME.

Parameters MF

aw ! 0.423 + 0.003
Moisture (g/100 g) 8.24 +0.21
FMR (g/100 g) 2 2.82 4 0.02
Proteins (g/100 g) 518+ 0.10
Fat (g/100 g) 1.88 £ 0.14
Total Carbohydrates (g/100 g) 74.48 +£0.20

Dietary fiber (g/100 g)
Insoluble dietary fiber 48.08 £7.55
Soluble dietary fiber 0.38 £ 0.06
Total dietary fiber 48.46 £7.61
Macro and microelements (%)
Na 095+ 0.34
Mg 15.21 +0.29
K 594 +0.18
Ca 76.33 £ 0.69
Mn 0.54 £ 0.29
Fe 0.05 + 0.29
Cu 0.59 £ 0.40
Zn 0.39 £ 047
ay '—water activity; FMR 2__fixed mineral residue.

Ash content is an important parameter when measuring the total mineral content
in a food matrix. It is also an indicator of quality in terms of nutritional labeling in the
processing properties of food products [53]. According to Marshall [54], the ash content in
flours (whole grains, cereals, and vegetables) varies from 0.3 to 1.4 g/100 g. MF presented
a high ash content (2.82 g/100 g), even higher than that reported by Petkova et al. [55], for
Ceratonia siliqua flour (2.25 g/100 g).

In this study, MF presented high carbohydrate (74.48 g/100 g) and protein (5.18 g/100 g)
contents, with low amounts of lipids (1.88 g/100 g) (Table 2). According to Argel et al. [56],
legume flours such as lentils, chickpeas, peas, and beans, due to their high concentra-
tions of carbohydrates and proteins and low amounts of lipids, can be inserted into meat
products to partially reduce fat and improve health sustainably. Dick et al. [19] analyzing
Opuntia monacantha cladode flour found results for carbohydrates (74.84 g/100 g), proteins
(5.12 g/100 g), and lipids (1.72 g/100 g) close to those found for MF.

Cactus, due to its low fat content, can be considered a sustainable alternative for the
elaboration of food products [19,57]. Cactus flours have less overall lipid oxidation, making
them an excellent alternative for dairy product supplements [58]. Cacti can also improve
the technological, nutritional, and sensory characteristics of breads [59], cakes [20], and
biscuits [6].

Dietary fibers are composed of soluble fibers (a component of the cereal cell wall), and
insoluble non-cellulosic polysaccharides [60]. In this study, as expected, the drying process
concentrated the MF fiber content, especially with insoluble fibers (48.08 g/100 g; Table 2).
Insoluble fibers are beneficial to intestinal health and lead to an increase in fecal volume and
accelerated intestinal transit, resulting in lower blood cholesterol values and the prevention
of cardiovascular disease and colon cancer [61,62]. In addition to its beneficial health
properties, the use of dietary fiber is important for technological processing because it
reduces oxidative rancidity and improves the textural, nutritional, and sensory properties
of food products [63,64].

Energy-dispersive spectroscopy (EDS) analysis revealed that MF presents eight macro-
and microelements in its composition: sodium, magnesium, potassium, calcium, man-
ganese, iron, copper, and zinc. Calcium was the prevalent mineral (76.33%), followed by
magnesium (15.21%) and potassium (5.94%) (Table 2). Different results were determined
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by Dick et al. [19] using optical emission spectrometry to evaluate the mineral profile of
Opuntia monacantha cactus cladode flour. The authors found potassium as the most abun-
dant mineral, followed by calcium and magnesium. These differences can be explained by
the constitution of the different species, their growth conditions, cultivars, genetic factors,
harvest periods, soil compositions, and geographic differences [65], as well as the analytical
method used. Even so, in accordance with the study, mandacaru cladode flour is consider-
ably rich in these macro- and microelements compared to Opuntia monacantha flour.

Mineral micronutrients are essential and assist in important metabolic functions [66].
The MF matrix may be of great nutritional and functional importance for consumers. Its
high content of calcium might (upon consumption) contribute to bone mineralization [2].
The high content of potassium can optimize cellular function [67], and the presence of
magnesium can directly affect mitochondria and participate in the development of nerves
and muscles [68].

In the 'H NMR spectrum (Figure 3a), it is possible to observe the presence of signals
present in the regions of 6y 2.5-0.6 ppm, compatible with compounds with aliphatic
carbon chains (Figure 3b). In the region of 8y 5.3-3.0 ppm, the signals are compatible with
hydrogens belonging to osidic units and the signals in the region of 6y 8.8-6.0 ppm are
compatible with aromatic compounds or with olefinic hydrogens (Figure 3c). It is still
possible to identify N-methyltyramine (Figure 3d) (6y 7.08 (d, | = 7.8 Hz, 2H), 6.74 (d,
] =8.4Hz, 2H), 2.65 (sl, 2H), 3.44 (sl, 2H), and 3.16 (s, 3H)) [69], a chemical compound
already reported for this species [70]. N-methyltyramine has been popularly used in pre-
workout supplements as a stimulant, similar to DMAA (dimethylamylamine), caffeine, and
fat burners. In addition to being a stimulant, N-methyltyramine has been used in weight
loss supplements. In this way, a fingerprint of MF was obtained via 'H NMR to expand the
chemical characterization of its composition, as well as help in its authenticity.
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Figure 3. 'H NMR spectrum of MF (a), "H NMR spectrum expansion in the region of 2.5-0.6 ppm of
MEF (b), "H NMR spectrum expansion in the region of 5.3-3.0 ppm of MF (c) and "H NMR spectrum
expansion in the region of 8.8-6.0 ppm of MF (d).

3.3. Profile of MF Sugars and Organic Acids

In HPLC analysis (Table 3), only glucose (1.33 g/100) was detected in MF: the other
sugars were below the detection limit of the method. The glucose content detected suggests
the use of MF in low glycemic index diets, since mandacaru cladode flour is also rich in
fiber and antioxidant compounds (Tables 2 and 4). These bioactive compounds have been
associated with the inhibition of glucose transporters in the body [71] and the restriction of
carbohydrate digestion through delayed gastric emptying and enzymatic activity [72]. In
general, our results corroborate the literature considering that the main sugars detected
in cactus cladodes are glucose and arabinose, while those in mucilage are arabnose and
xylose [73,74]. It is noteworthy that sugar composition can be influenced by the growth
and development of the plant.

In the chemical, food, cosmetic, pharmaceutical, and beverage industries, organic
acids (due to their various functional properties) find diversified use in biotechnological
processing [75]. These acids are responsible for sensory flavor aspects and antimicrobial
activity in food matrices [76,77]. In this study, citric, lactic, malic, succinic, and formic
acids were detected in MF (Table 3). According to Stintzing et al. [78], the predominant
organic acids in forage cactus are oxalic, malic, citric, malonic, succinic, tartaric, and
piscidic acids. The principal organic acids in MF were malic (9.41 g/100 g) and citric acid
(3.96 g/100 g), corroborating (in part) with a study by Chbani et al. [79] on cold-pressed
Opuntia ficus-indica cactus that detected principally malic and quinic acids. Malic acid
acts in ATP synthesis, mitochondrial respiration, and oxidative phosphorylation to enable
energy release processes [80]. Citric acid acts as an important pH-adjusting acidulate, in
addition to being an important antioxidant used by the food industry [81]. The obtained
results reveal both the bioactive and technological potential of mandacaru flour.
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Table 3. Sugar and organic acid profile (media =+ standard deviation) of MF.

Parameters MF
Simple Sugars (g/100 g)
Glycose 1.33 £ 0.02
Fructose <LOD
Maltose <LOD
Rhamnose <LOD
Organics Acids (g/100 g)
Citric 3.96 + 0.36
Latic 0.52 +£0.02
Malic 9.41 4+ 0.22
Succinic 1.53 4+ 0.02
Formic 1.04 £+ 0.07
Acetic <LOD
Butyric <LOD
Propionic <LOD

<LOD: below the limit of detection.

Table 4. Bioactive antioxidant compound content and antioxidant activity (media + standard
deviation) of MF.

Variables MF
Phenolic Compound Profiles (mg/100 g)

Syringic acid 0.05 £0.01
Hesperidin 0.62 +0.05
Resveratrol 17.84 + 1.58
Naringenin 0.21 £0.02
Procyanidin B1 0.79 £ 0.05
Catechin 0.45 + 0.26
Procyanidin B2 0.13 £ 0.05
Epigallocatechin gallate 0.50 £ 0.03
Epicatequin 0.04 £ 0.05
Epicatechin gallate 2.84 +£0.22
Procyanidin A2 0.52 +£0.26
Chlorogenic acid 0.23 + 0.02
Caffeic acid 0.15 £ 0.01
Trans-resveratrol 0.44 +£0.03
Miricetin 72.30 + 591
Quercitin 1.74 + 0.34
Rutine 0.03 £ 0.02
Kaempferol 99.40 + 8.89
Ascorbic acid (mg/100 g) 35.22 +£0.50
Total phenolics (mg GAE/100 g) ! 1285.47 £ 0.10
Total flavonoids (mg CE/100 g) 2 15.19 + 0.50
FRAP (umol Trolox TEAC/100 g) 3 249.45 4 0.20
ABTS (umol Trolox TEAC/g) * 0.39 4 0.20

! Results expressed in milligram gallic acid equivalents (GAE) per hundred grams of sample (mg GAE/100 g);
2 results expressed in milligram catechin equivalent (CE) per hundred grams of sample (mg CE/100 g); 3 results
expressed as micromol of Trolox equivalent antioxidant capacity (TEAC) per hundred grams of sample (umol
TEAC/100 g); * results expressed as micromol of Trolox equivalent antioxidant capacity (TEAC) per grams of
sample (umol TEAC/g). Abbreviations: FRAP—ferric-reducing ability of plasma; ABTS** cation—2,2-azino-bis
(3-etilbenzo-tiazoline)-6-sulfonic acid.

3.4. Antioxidant Potential of MF

In view of the important biological role that antioxidant compounds play in improving
human health [51,82], the discovery of alternative food sources is of great interest. The
bioactivity of phenolic compounds [83], whether anti- or pro-oxidant [84], reveals the
need for profiling these compounds in new food matrices, verifying their applicability in
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biotechnological and functional terms. Table 4 shows the MF phenolic profile, ascorbic acid
content, total phenolic and flavonoid content, and antioxidant activity.

Eighteen phenolic compounds were detected in MF, with relevant amounts of the
antioxidants kaempferol (99.40 mg/100 g) and myricetin (72.30 mg/100 g), which act
as important antioxidants [85,86], and resveratrol (17.84 mg/100 g), which exerts anti-
inflammatory activity [87]. These results suggest that MF may be used in food products to
minimize the incidence of diseases related to oxidative stress (cancer, cardiovascular, and
neurological diseases), while reducing the risk of chronic diseases and aging [88-91].

As a dehydrated product, we found a greater concentration of ascorbic acid (35.22 mg/
100 g) in MF (Table 4), comparable to mandacaru cladode in natura (Table 1; 18.15mg/100 g).
Similar results were reported by Du Toit et al. [92], as ascorbic acid contents were lower in
samples of fresh cultivars of Opuntia ficus-indica (14.29-28.00 mg/100 g) than in dehydrated
samples (182.36-282.14 mg/100 g). Ascorbic acid, considered an important antioxidant
found in high concentrations in certain plant tissues, is necessary in human food because it
acts in cellular processes to prevent infections and improve immune function [93,94].

MF presented a high total phenolic content (1285.47 mg GAE/100 g) compared to the
results reported in studies with Opuntia monacantha flour (554 mg GAE/100 g) [19] and
forage palm seeds (90.2 mg/100 g) [95]. The total flavonoid content determined in MF
was also significantly higher (15.19 mg CE/100 g) than that reported by Reda et al. [95] for
forage cactus seeds (0.19 mg/100 g).

The mean values of the in vitro antioxidant activity of the MF extract were higher
using the FRAP method than the ABTS®** method (Table 4). These antioxidant activity
results may be related to the greater presence of phenolic compounds that scavenge radicals,
such as myricetin, kaempferol, and resveratrol [85,86,96].

4. Conclusions

In this study, the mandacaru cladode dehydration process resulted in a flour that
preserved its nutrients and bioactive compounds. This technological processing can ex-
pand the use of this cactus as an ingredient to develop diversified food products, adding
value and increasing the knowledge of its properties. Mandacaru cladode flour presents
important nutrients, with relevant mineral content (especially calcium, magnesium, and
potassium) and high total fiber content (mainly insoluble fibers). In the fingerprint of the
MF obtained via 'H NMR, it was possible to observe the presence of compounds that
can differentiate this cactus species, such as N-methyltyramine. Mandacaru cladode flour
also has low glucose contents and expressive amounts of malic and citric acids. The total
contents of ascorbic acid, phenolic compounds, and flavonoids could be linked to its high
antioxidant capacity, most likely influenced by the presence of bioactive compounds, such
as myricetin, kaempferol, and resveratrol. Based on these results, mandacaru cladode
is a food of great nutritional importance and a potential alternative for the expansion of
agribusiness aligned with the bioeconomy. Our results reveal the potential for the beneficial
use of mandacaru flour in differing food product formulations, with excellent nutritional,
bioactive, and technological properties to be possibly exploited in formulations of novel
functional foods. However, further study on its use as an ingredient in food products is
still needed to ensure food quality and safety, especially for human consumption.
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