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ABSTRACT: The peach palm fruit (Bactris gasipaes) peel is a
byproduct after fruit consumption. The peel flour of two varieties
(yellow and red) was separately obtained by hot air drying and was
subsequently milled. The proximate analysis showed that the red
variety exhibited higher protein, fat, and fiber contents than the
yellow one. A higher carotenoid (836.5 ± 24.5 μg/g), phenolic
compounds (83.17 ± 1.76 mg GAE/100 g), and provitamin A
activity (33.10 ± 0.83 μg retinol/g) were found in the cooked red
variety. The carotenoid and phenolic compositions were analyzed
by HPLC-PDA-MS, finding β-carotene and γ-carotene to be major
compounds. The effect of thermal treatment increased the amount
of these provitamin A carotenoids and lycopene, which were detected only in the red variety. Among phenolic compounds,
procyanidin dimer (isomer I), feruloyl quinic acid, and several apigenin C-hexosides were identified as major constituents of peach
palm epicarp. A carotenoid-rich emulsion-based delivery system was obtained after the optimization (RSM model) of carotenoid
extraction with ultraturrax and sunflower oil and further development of an ultrasound-assisted emulsion. The best conditions for a
stable emulsion were 73.75% water, 25% carotenoid-rich oil extract, 1.25% emulsifiers, and 480 W of ultrasonic power for 5 min. The
optimized emulsion had a total carotenoid content of 67.61 μg/g, Provitamin A activity of 3.23 ± 0.56 μg RAE/g, droplet size of
502.23 nm, polydispersity index of 0.170, and zeta potential of −32.26 mV. This emulsion was chemically and physically stable for
35 days at 30 ± 2 °C, showing potential as a food additive with biofunctional properties. The strategy here developed is an
economical and environmentally friendly process that allows the reuse of the byproduct of B. gasipaes.

■ INTRODUCTION
One of the current trends of the circular economy within the
framework of applying the biorefinery concept consists of
giving added value to the byproducts generated after the
consumption and/or transformation of fruits and vegetables.1

Many of these byproducts are an important source of bioactive
compounds, such as carotenoid pigments2 and phenolic
compounds.3 Bactris gasipaes (Areacaceae) is a tropical fruit
highly consumed in the central and north parts of South
America after boiling in hot water. It is called chontaduro or
cachipay in Colombia, pejibaye in Costa Rica, and pupunha in
Brazil. The most consumed varieties are yellow and red (Figure
1). This palm is economically relevant in the southwest of
Colombia, with a production of 7793 tn/year during 2023.4

The weight of the fruit varies between 20 and 100 g and is
composed of the mesocarp (ca. 72%), the epicarp (ca. 16%) or
peel, and the hard seed (ca. 12%).5 The cooked fruit pulp is
consumed as a snack accompanied by salt or honey, and the
epicarp is usually discarded as residual biomass. However, the
flour obtained by drying fruit epicarp showed to be a potential
bioresource of bioactive compounds, such as phenolic
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Figure 1. Yellow and red varieties of peach palm fruits (Bactris
gasipaes) from Valle del Cauca, Colombia.
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compounds (23.40 ± 1.30 mg gallic acid/100 g) and
carotenoids (59.31 ± 1.61 mg β-carotene/100 g).6

There are many reports in the literature about the
carotenoid content of raw and cooked B. gasipaes pulp;
however, reports about carotenoids in the peel are scarce.
Martińez-Giroń and Ordoñ́ez-Santos7 studied the carotenoid
composition in the B. gasipaes peel fruit flour (different
varieties) obtained by drying at 60 °C and subsequent
saponification. The main constituents were trans-β-carotene,
13-cis-β-carotene, 9-cis-β-carotene, and α-carotene, among
others. The total amount of carotenoids quantified by HPLC
was 195.7 μg/g of fruit (DB). Noronha Matos et al.5 reported a
carotenoid content of 33.69 ± 3.24 mg/100g of raw peel fruit
(DB) from Brazil (orange-colored peel), being higher than that
reported for the pulp, 3.18 ± 0.46 mg/100g fruit (DB). These
authors also reported all-E-β-carotene and all-E-γ-carotene as
the main constituents of the peach palm peel, showing the
potential use of this agro-industrial waste as a high source of
carotenoids. Recently, Menezes Silva et al.8 reported a
carotenoid amount of 66.7 ± 7.33 mg β-carotene Eq/100 g
fruit (DB) on the B. gasipaes (orange-colored peel) cooked
peel from Brazil, extracted with ethanol and ultrasound. These
authors also reported all-E-β-carotene and all-E-γ-carotene as
the main constituents of the B. gasipaes peel.
Raw or cooked Bactris gasipaes fruit is also a source of

phenolic compounds. Santos et al.9 reported an average
concentration of phenolic compounds of 2.11 mg GAE/g of
DM in the flour obtained by freeze-drying fruits (mesocarp and
epicarp). Chiste ́ et al.10 studied the carotenoid and phenolic
composition of cooked orange and yellow B. gasipaes pulp
fruits from Brazil. The main constituents were characterized by
HPLC-PDA-ESI-MS as apigenin 6-C-hexoside 8-C-pentoside
(schaftoside) in both varieties, apigenin 6,8-di-C-hexoside
(vicenin-2) in the orange variety, and apigenin 6-C-hexoside

sulfate (isovitexin sulfate) in the yellow variety, among other
apigenin derivatives.
Some carotenoids are health-promoting food phytochem-

icals because they can be converted to retinol in the body, such
as exhibiting provitamin A activity. Among them, α-carotene,
β-carotene, and β-cryptoxanthin are provitamin A carote-
noids.11 Also, they exhibited antioxidant activity that helps to
boost the immune system.12 However, there are few studies on
their application in hydrophilic matrices due to their fat-soluble
nature, making it necessary to use technologies such as
emulsification to incorporate these bioactive compounds into
different foods. The emulsion-based delivery system for
carotenoids consists of two immiscible liquids, in which one
liquid (oil) is dispersed as droplets in the other phase
(aqueous) and stabilized by the addition of emulsifiers.13

These oil-in-water (O/W) emulsions are widely used as a
delivery system and also to improve the carotenoid
physicochemical stability and bioaccessibility.14,15

One of the current trends is the use of environmentally
friendly techniques for bioactive compound extraction from
food waste or byproducts.16 Among the emerging technologies,
ultrasound-assisted emulsification is based on using acoustic
waves, generating a cavitation effect, causing a decrease in
droplet size, and allowing the homogenization of the
components to stabilize the emulsion.17,18 This process is
considered a low-energy-consumption technology due to the
short time used in homogenization. Several variables are
involved in the emulsification process; thus, an experimental
strategy is needed to optimize the process. For this purpose,
tools such as the response surface methodology (RSM) are
helpful because they lead to statistically robust results,
including axial and central points, which allow significant
evidence of the effect and interactions of the factors on the
response variables of interest, using 3D contour diagrams.19

Thus, this work aimed to physicochemically characterize the

Table 1. Physicochemical Characterization of Peach Palm Fruit (Bactris gasipaes) Peel Flours Obtained by Different Drying
Methodsa

parameter YVFD RVFD YVHAD RVHAD

dry matter (%) 93.89 ± 0.16a 94.12 ± 0.55a 89.25 ± 0.53b 89.14 ± 0.37b

water activity (aw) 0.35 ± 0.03b 0.34 ± 0.02b 0.43 ± 0.01a 0.44 ± 0.02a

pH 4.86 ± 0.14c 5.09 ± 0.13b 5.14 ± 0.10ab 5.46 ± 0.11a

acidity (% citric acid) 0.29 ± 0.06a 0.23 ± 0.03ab 0.24 ± 0.04ab 0.19 ± 0.05c

ash (%) 1.92 ± 0.38ab 1.77 ± 0.64c 2.12 ± 0.05a 1.85 ± 0.03bc

proteins (%) 6.14 ± 0.32bc 7.24 ± 0.86a 5.86 ± 0.23c 6.87 ± 0.15b

lipids (%) 8.39 ± 0.61c 12.74 ± 0.47b 9.65 ± 0.17bc 14.21 ± 0.13a

carbohydrates (%) 77.44 ± 0.26a 72.37 ± 0.33b 71.62 ± 0.16ab 66.21 ± 0.10c

crude fiber (%) 9.16 ± 0.39c 13.76 ± 0.72b 10.34 ± 0.86bc 16.56 ± 0.42a

color parameters
L* 61.10 ± 3.45b 73.06 ± 3.75a 35.87 ± 1.74d 46.09 ± 2.29c

a* 1.34 ± 0.31d 3.14 ± 0.89c 7.38 ± 0.73b 21.59 ± 1.25a

b* 20.42 ± 1.18d 27.63 ± 2.39c 39.25 ± 1.84b 58.12 ± 3.71a

Cab* 20.46 ± 0.56d 27.80 ± 1.12c 39.94 ± 1.59b 62.01 ± 2.85a

hab 86.24 ± 1.38ab 83.51 ± 3.31ab 79.35 ± 2.76b 69.62 ± 3.74c

IC* 1.07 ± 0.34cd 1.55 ± 0.72c 5.24 ± 0.23b 8.06 ± 0.61a

bioactive compounds
total carotenoids (μg/g, DW) 43.0 ± 6.1d 481.9 ± 25.8b 75.0 ± 7.7c 836.5 ± 24.5a

vitamin A (μg RAE/g, DW) 2.30 ± 0.17cd 20.90 ± 0.54b 3.90 ± 0.19c 33.10 ± 0.83a

total phenolic content (mg GAE/100g, DW) 33.75 ± 1.28c 91.39 ± 2.36a 26.12 ± 1.34d 83.17 ± 1.76b
aYVFD: Yellow variety, freeze-dried, raw. RVFD: Red variety, freeze-dried, raw. YVHAD: Yellow variety, hot air-dried, cooked. RVHAD: Red
variety, hot air-dried, cooked. RAE = Retinol activity equivalents. All data are the mean of three measurements ± SD. Different letters (a−d) in a
field mean significant differences (p < 0.05).
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peach palm fruit peel flours (red and yellow varieties) obtained
by hot-air dehydration in comparison to freeze-drying
methodology and study their carotenoid and phenolic
composition. With these results, one sample was chosen to
formulate a carotenoid-rich emulsion-based delivery system
through ultrasound-assisted emulsification and using a
response surface as a process optimization methodology.

■ RESULTS AND DISCUSSION

Physicochemical Characterization of Peach Palm
Fruit Peel Flours. The physicochemical characterization of
flours obtained from both varieties (yellow and red) of B.
gasipaes peels by drying (raw, freeze-drying and cooked, hot
air-drying) is shown in Table 1. B. gasipaes fruit is consumed

Table 2. Carotenoid Composition of Peach Palm Fruit (Bactris gasipaes) Peel Flours Obtained by Different Drying Methodsa

no. RT (min) compound YVFD RVFD YVHAD RVHAD

1 48.1 13-cis-β-carotene 2.5 ± 0.8cd 33.8 ± 2.1b 4.2 ± 0.7c 63.8 ± 2.8a

2 51.7 α-carotene 1.5 ± 0.4cd 10.5 ± 1.9b 2.8 ± 0.8c 36.8 ± 1.9a

3 57.9 β-carotene 26.7 ± 1.6d 197.3 ± 4.7b 43.6 ± 1.6c 285.7 ± 6.8a

4 60.8 9-cis-β-carotene 6.2 ± 0.9d 22.5 ± 2.1b 10.8 ± 1.2c 62.6 ± 2.4a

5 72.2 δ-carotene 1.7 ± 0.8cd 39.3 ± 1.8b 2.6 ± 1.2c 62.9 ± 1.3a

6 82.8 Z-γ-carotene 2.5 ± 0.8cd 35.5 ± 1.2b 4.3 ± 0.8c 77.3 ± 1.7a

7 83.8 γ-carotene 1.9 ± 0.8d 98.1 ± 2.1b 5.1 ± 0.8c 188.2 ± 4.7a

8 107.7 lycopene n.d 44.9 ± 3.8b 1.6 ± 0.6c 59.2 ± 2.9a
aRT = retention time in C30 HPLC column. YVFD: Yellow variety, freeze-dried, raw. RVFD: Red variety, freeze-dried, raw. YVHAD: Yellow
variety, hot air-dried, cooked. RVHAD: Red variety, hot air-dried, cooked. All data are the mean of three measurements ± SD and expressed in μg/
g, dw. Different letters in a file mean significant differences (p < 0.05). n.d = not determined.

Figure 2. HPLC−DAD−MS analysis of carotenoids in fruit (Bactris gasipaes) fruit peels (column C30). YVHAD: Yellow variety, hot air-dried,
cooked. RVHAD: Red variety, hot air-dried, cooked. Peak numbers correspond to the compound numbers in Table 2.
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after cooking; however, freeze-dried fruit peels were charac-
terized to assess the effect of thermal treatment. The water
activity (Aw) values were similar between the varieties and
slightly higher on the samples obtained by hot air-drying. All
the samples exhibited Aw values below the accepted maximum
(0.5) to reduce the risk of microbial food spoilage.20 The flours
from the yellow variety were slightly more acidic than the red
ones, as seen from the pH and acidity values. Proximal analysis
of fruit peel flours showed that they are a source of
carbohydrates, lipids, and proteins. Interestingly, the red
variety showed higher protein, lipid, and crude fiber contents
and lower carbohydrate content. Arecaceae palm fruits are rich
in lipids, which are mainly located in pulp (7.70−61.70% oil
content) and the hard kernel (11.50−23.50% oil content)21

showing great potential for their use in the food, cosmetic,
pharmaceutical, or biofuel industries. Also, the protein content
of epicarp flours of B. gasipaes fruits is like those of other
Arecaceae fruits, such as acai (Euterpe oleraceae) and buriti
(Mauritia f lexuosa).22 The protein content of B. gasipaes
epicarp flours is higher than that of the mango23 or banana
epicarp24 flours, showing a potential to be used as a food
additive.
The results obtained by tristimulus colorimetry (Table 1)

showed lower values in lightness (L*) and chroma (Cab*) in
the yellow variety epicarp flours, which is in agreement with
the intense red color of this variety. Regarding the drying
method, L* and Cab* values were lower in cooked peel flours,
likely due to the decomposition of carotenoids by thermal
treatment. The a* values for red variety flours were higher than
yellow variety flours; a significant effect of the hot-air drying
technique was observed in the a* and b* values by temperature
effect.
The hab values vary between 69.62 and 86.24, indicating that

all of these samples are in the first quadrant (+a* and + b*).
The color index (IC*) values showed significant differences
between varieties and among the two drying techniques,
confirming the effect of the temperature on the color. These
color differences are quantified by ΔE* values that differ
between the yellow variety (32.05 ± 1.42) and the red variety
(44.69 ± 2.37).
Carotenoid and Phenolic Compositions of Peach

Palm Fruit Peel Flours. Total carotenoid content and
provitamin A data are reported in Table 1. Significant

differences were found among the two varieties, with a higher
carotenoid content on the red variety than on the yellow one
in both drying methods (ca. 11-fold ratio). Regarding the
thermal treatment in hot air-dried cooked fruit peels, an
increase in the carotenoid content of 1.7-fold was found
compared to the freeze-dried peels. Similar data were reported
by Rojas-Garbanzo et al.25 in B. gasipaes fruit pulp, where the
thermal effect favored the formation of all-trans-α-cryptox-
anthin and 15-cis-β-carotene after cooking. The temperature
could alter the cell membrane and protein-carotenoid
complexes, making carotenoids more accessible to extraction.26

The provitamin A data followed the same behavior as the
carotenoid content, suggesting that this activity is related to the
carotenoid composition of this peel fruit.
The carotenoid compositions of four B. gasipaes peel flours

are shown in Table 2, and the total ion chromatograms
obtained by HPLC-PDA-MS of yellow and red variety peels,
cooked and hot air-dried (YVHAD and RVHAD, respectively),
are shown in Figure 2. Eighth carotenoid compounds were
identified in both varieties, finding only differences in the
quantitative data. The main carotenoids in both varieties were
β-carotene, γ-carotene, and 13-cis-β-carotene; Z-γ-carotene was
a main component in RVHAD and 9-cis-β-carotene in
YVHAD. The temperature allowed the increase in the amount
of all carotenoids (ca. 2-fold), which was more notable for
lycopene in both varieties.
These data agreed with those previously published,7 where

the carotenoids were identified only by HPLC-PDA from the
cooked peel (different varieties). The main differences of this
work compared to previously reported data were that
violaxanthin, lutein, and zeaxanthin were not detected, whereas
additional carotenoids such as δ-carotene, Z-γ-carotene, γ-
carotene, and lycopene were identified. Menezes Silva et al.8

analyzed the carotenoid composition of cooked freeze-dried B.
gasipaes peels of the orange variety from Brazil, and the
composition was similar to that of the RVHAD sample. The
vitamin A value of the red variety (raw or cooked, 20.90 ± 0.54
and 33.10 ± 0.83, respectively) was in the range of those
reported for the orange variety from Brazil, which varied from
25.14 ± 2.06 to 38.22 ± 2.15 μg RAE/g, depending on the
extraction method.8

These results confirmed the potential of the B. gasipaes peel
as a source of carotenoids and provitamin A activity, according

Table 3. Phenolic Composition of Peach Palm Fruit (Bactris gasipaes) Peel Flours Obtained by Freeze Dryinga

no. RT (min) compound [M−H]− UV−vis λ (nm) YVFD (%) RVFD (%)

9 2.3 quinic acid 191 220, 270 1.29 ± 0.18 2.75 ± 0.36
10 2.6 feruloylquinic acid 367 221, 271 29.78 ± 0.91 32.29 ± 0.42
11 5.9 cinnamoyl glucoside 309 283 0.57 ± 0.03 nd
12 7.6 procyanidin dimer, isomer I 577 216, 277 42.59 ± 0.75 39.74 ± 0.40
13 8.4 procyanidin dimer, isomer II 577 216, 277 0.74 ± 0.02 0.92 ± 0.01
14 10.9 maloyl caffeoylshikimic acid 451 270, 320 2.35 ± 0.21 6.61 ± 0.06
15 14.3 apigenin 6,8-di-C-hexoside (vicenin-2) 593 270, 335 2.69 ± 0.33 2.94 ± 0.13
16 15.7 neoschaftoside 563 270, 335 2.36 ± 0.46 1.86 ± 0.05
17 16.1 isoschaftoside 563 270, 334 5.21 ± 0.09 5.86 ± 0.16
18 16.3 apigenin 6-C hexoside 8-C-pentoside (shaftoside) 563 270, 334 2.12 ± 0.27 2.85 ± 0.19
19 17.5 vicenin-1 563 270, 334 2.37 ± 0.10 0.79 ± 0.03
20 18.3 apigenin-8-C-hexoside (Vitexin) 431 271, 335 0.47 ± 0.03 0.37 ± 0.05
21 18.5 apigenin-6-C-hexoside (isovitexin) 431 270, 334 3.32 ± 0.17 2.56 ± 0.16
22 27.3 luteolin 285 252, 335 0.54 ± 0.01 0.20 ± 0.00
23 31.2 apigenin 269 265, 335 3.60 ± 0.49 0.27 ± 0.01

aRT = retention time in C18 HPLC column. YVFD= Yellow variety, freeze-dried, raw; RVFD = Red variety, freeze-dried, raw. nd = not detected.
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to the classification proposed by Britton and Khachik27 who
stated a 20 μg/g minimum carotenoid content for this activity
and for any matrix to be considered as having a very high
carotenoid content.
Phenolic Composition of Peach Palm Fruit Peel

Flours. The phenolic composition of B. gasipaes peel flour
was studied to give added value to this byproduct. Data
reported in Table 1 showed that the red variety’s total phenolic
content (TPC) was significantly higher than the yellow variety
in both drying methods. The flours of both varieties of peels,
obtained by freeze-drying, exhibited the highest TPC values,
showing the effect of thermal treatment on phenolic
compound stability. The phenolic composition of freeze-
dried B. gasipaes peels was analyzed by HPLC/PDA-ESI/MS,
and the results are summarized in Table 3. Procyanidin dimer
(isomer I), feruloyl quinic acid, isoschaftoside, apigenin,
isovitexin (apigenin-6-C-hexoside), vienin-2 (apigenin 6,8-di-
C-hexoside), and maloyl caffeoyl shikimic acid were identified
as major constituents in both varieties. Small differences were
found; cinnamoyl glucoside was predominant in the yellow
variety, while vicenin-2 was predominant in the red variety.
The HPLC profile of both samples is shown in the Supporting
Information (Figure 1S). The apigenin C-glycosides and the
maloyl caffeoylshikimic acid were also detected in the cooked
pulp of orange and yellow B. gasipaes fruits.10 Concerning the
biological potential of these flavonoids, antimelanogenic and

antineuroinflammatory activities and hepatoprotective effects
have been reported previously for the schaftoside.10

Development of Carotenoid-Rich Emulsion-Based
Delivery System. Based on the above-mentioned results,
the red variety was selected to develop a carotenoid-rich
emulsion as a source of Provitamin A to fortify foods. Thus,
sunflower commercial oil was chosen to obtain a carotenoid-
rich extract as an alternative for fortifying it with Provitamin A.
Sunflower oil loses a significant amount of its carotenoid and
xanthophyll content during industrial refining, bleaching, and/
or deodorizing. The maximum reduction occurs during
blanching, where around 77% of the carotenoids are lost,
and in the subsequent deodorization stage, the carotenoids are
further eliminated.28

The extraction of RVHAD flour with sunflower oil assisted
by homogenization with Ultraturrax exhibited the highest
carotenoid content (in comparison to other extraction
techniques such as ultrasound assisted, Soxhlet extraction,
and maceration, data not shown) of 334.41 ± 2.06 μg/g, with a
yield of 40.16%, and a peroxide index of 3.15 meq ± 0.02 meq
O2/kg at 30 ± 2 °C. The color difference between the B.
gasipaes carotenoid-rich sunflower oil (ΔE* = 88.04 ± 0.03)
and the original sunflower oil confirmed its enrichment with
the carotenoid pigments extracted from peach palm epicarp
flour (Bactris gasipaes). According to the results, it is evident
that sunflower oil is a suitable solvent in the green extraction of

Table 4. Experimental Design Matrix with Experimental and Predicted Results for each of the Response Variables in the
Optimization of the Carotenoid-Rich Emulsion Development

Y1: carotenoid content
(μg/g)

Y2: emulsion droplet size
(nm) Y3: PDI

a

runs oil (%) X1 emulsifiers (%) X2 power (W) X3 time (min) X4 experimental predicted experimental predicted experimental predicted

1 0 0 0 2 53.31 52.75 622.46 620.77 0.258 0.255
2 −1 1 1 −1 51.98 51.10 517.13 520.25 0.220 0.228
3 0 2 0 0 50.12 51.18 641.20 640.54 0.247 0.234
4 0 0 0 −2 47.65 48.68 668.26 667.56 0.388 0.376
5 −1 −1 1 −1 43.01 43.39 550.06 551.32 0.289 0.310
6 0 0 0 0 52.04 51.38 646.63 648.48 0.179 0.176
7 1 −1 −1 1 48.55 49.09 749.56 747.93 0.239 0.235
8 −1 −1 1 1 51.39 51.29 525.63 530.66 0.392 0.398
9 1 1 −1 1 44.93 44.47 770.53 770.21 0.332 0.322
10 1 −1 1 1 67.61 68.18 502.23 500.94 0.170 0.179
11 −1 1 −1 1 42.37 42.77 712.50 715.16 0.165 0.164
12 1 −1 1 −1 59.93 59.19 572.13 570.95 0.264 0.269
13 0 0 0 0 51.19 51.38 646.66 648.48 0.130 0.176
14 0 0 −2 0 37.09 37.04 856.00 855.65 0.244 0.267
15 0 0 2 0 59.03 59.55 439.03 436.97 0.281 0.243
16 0 0 0 0 51.38 51.38 648.16 648.48 0.202 0.176
17 2 0 0 0 62.64 62.87 686.90 692.05 0.415 0.399
18 1 1 1 1 63.96 63.69 549.76 549.56 0.200 0.224
19 0 0 0 0 51.17 51.38 653.76 648.48 0.199 0.176
20 −1 1 −1 −1 48.33 47.68 689.73 691.95 0.195 0.197
21 −1 1 1 1 53.29 53.18 523.93 524.16 0.287 0.290
22 −1 −1 −1 1 40.83 41 746.66 748.01 0.236 0.230
23 −2 0 0 0 45.12 45.36 624.93 617.37 0.282 0.282
24 1 1 1 −1 60.78 60.52 595.43 595.02 0.323 0.339
25 1 −1 −1 −1 47.06 47.09 797.93 798.63 0.409 0.418
26 −1 −1 −1 −1 40.17 40.09 747.66 749.35 0.256 0.236
27 0 0 0 0 51.09 51.38 647.16 648.48 0.172 0.176
28 1 1 −1 −1 48.54 48.30 799.90 796.35 0.534 0.531
29 0 −2 0 0 48.67 48.08 651.06 649.32 0.232 0.229

aPDI = polydispersity index.
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carotenoid pigments present in peach palm fruits, as has been
reported in previous studies.29

Response surface methodology (RSM) is a statistical
methodology commonly used to design experiments and
formulate food or pharmaceutical products; among other
things, it has been used to develop emulsion-based delivery
systems for carotenoids.30 Thus, the variables selected for
applying this model were carotenoid-rich oil (%) used as the
oil phase in the emulsion and a source of provitamin A
carotenoids from B. gasipaes peel flour; emulsifiers (%),
amphiphilic molecules that assemble at the interface of oil/
water phase boundaries, reducing the surface tension and
thereby resisting phase separation of the dispersed droplets;31

ultrasonic power (W); and time (min) of ultrasonic power to
obtain the emulsion. The response variables were the
carotenoid content (μg/g), droplet size (nm), and polydisper-
sity index (PDI) of emulsions.

Effect on the Carotenoid Content. This variable was
included because it is directly related to the provitamin A
activity, which is the target of this work. The carotenoid
content in the emulsions ranged from 37.09 to 67.61 μg/g, as
seen in Table 4. Recently, an O/W emulsion using carotenoid-

rich sunflower oil from the peach palm mesocarp was
characterized, finding a carotenoid content of 1.256 ± 0.073
μg/g,15 lower than that obtained in this study. This difference
may be due to different factors but predominantly to the fact
that epicarp exhibits a higher carotenoid content than B.
gasipaes mesocarp.5

The ANOVA analysis of the response variables is presented
in Table 1S. The model had a significance level of p < 0.0001,
which indicates that the model manages to explain the
variations within the system. All independent factors presented
a significant difference (p < 0.0001) in the carotenoid content,
as did the interaction factors (X1X2, X1X3, X2X4, X3X4) and the
quadratic effect factors (X1

2, X2
2, X3

2). Regarding carotenoid
content, the lack of fit was not significant (p > 0.05), R2 =
0.9954, adj R2 = 0.9908, pred R2 = 0.9751, CV = 1.39%, and
adeq precision = 61.456, evidencing that the model presented a
good fit to the regression. Given the above, the final model to
predict the carotenoid content was represented by the
polynomial equation presented below (eq 1):

Figure 3. Three-dimensional plots of CCD-RSM showing the processing variable effects on the carotenoid content. Total carotenoid content vs (a)
oil and emulsifier contents, (b) oil content and ultrasonic power, (c) emulsifier content and ultrasonic time, and (d) ultrasonic power and time.
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= + + +

× + × ×

+ × +

Y X X X X

X X X X X X

X X X X X

51.38 4.38 0.7732 5.63 1.02

1.59 2.20 1.46

1.75 0.6834 0.438 0.771

1 1 2 3 4

1 2 1 3 2 4

3 4 1
2

2
2

3
2

(1)

The previous equation shows how independently the effect
of ultrasonic power (X3), the interaction of oil (X1) and
ultrasonic power (X3), and the square effect of oil (X1

2)
increase the concentration of carotenoids, while the interaction
of oil (X1) and emulsifiers (X2) reduces the concentration of
carotenoids. The response surfaces related to the carotenoid
content in the developed emulsions are shown in Figure 3a−d,
where the interaction and quadratic effects of the emulsifier
(%), oil content (%), ultrasonic power, and time on the
carotenoid content are shown. A significant increase in
carotenoid content was observed when the ultrasonic power
was increased from 120 to 480 W. This can be explained by the

rise in the mass transfer coefficient between the carotenoid
pigments and the oil due to the waves produced by cavitation
that allow their release from the matrix18 that generate an
increase in the diffusion speed and a decrease in viscosity.32

However, at 600 W of power, there was a reduction in
carotenoids compared to the value obtained at 480 W. High
power values can generate the collapse of the carotenoid
cavitation bubbles due to strong shock waves causing an
increase in the concentration of free radicals that trigger
oxidation and degradation reactions of carotenoids.33

On the other hand, the interaction of oil (%) with the
increase in the content of emulsifiers can reduce the carotenoid
content due to the increase in viscosity, which decreases the
release of carotenoid pigments from the matrix. Figure 3c and
d show the response surfaces generated by the significant effect
of emulsifier content and time and the impact of ultrasonic
power and time on the carotenoid content, respectively. It is
observed that the greater the emulsifier amount, the greater the

Figure 4. Three-dimensional plots of CCD-RSM showing the effects of ultrasonic emulsification conditions on the droplet size. Droplet size vs (a)
oil and emulsifier contents, (b) oil content and ultrasonic power, (c) oil content and ultrasonic time, (d) emulsifier content and ultrasonic power,
(e) emulsifier content and ultrasonic time, and (f) ultrasonic power and time.
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viscosity, affecting the concentration of the carotenoids. Also,
the longer the time, the lower the concentration, since the
viscosity increases, making releasing the pigments from the
matrix difficult. By gradually increasing the time and ultrasonic
power from 120 to 480 W, the relative force in the cavitational
core is greater, allowing the release of bioactive compounds
from the matrix caused by the increase in mass transfer.17,19

Effect on the Droplet Size. Considering the relevance of the
droplet size to emulsion stability, appearance, and taste, this
parameter was also included as one of the response variables in
the experimental statistical design. The droplet size of the
emulsions ranged between 439 and 856 nm, as seen in Table 4.
These values are in the range of mini (nano) emulsions; as the
value is lower, the emulsion becomes more stable.
The ANOVA analysis for this response variable (Table 1S)

indicates that the model, the independent variables, and their
interaction factors presented a significant difference (p < 0.05).
For droplet size, the lack of fit was not significant (p > 0.05),
with R2 = 0.9993, adj R2 = 0.9986, pred R2 = 0.9964, CV =
0.59%, and adeq precision = 152.541, evidencing that the
model presented a good regression fit. Given the above, the
final model for droplet size was represented by the polynomial
equation presented below (eq 2):

= +

+ × × ×

+ × + × ×

Y X X X X

X X X X X

X X X X X X

648.48 18.67 2.20 104.67 11.70

13.78 7.41 X 12.41

6.59 6.14 4.83

2 1 2 3 4

1 2 1 3 1 4

2 3 2 4 3 4 (2)

This equation shows that the highest coefficient independ-
ently corresponds to the power variable (X3) with a negative
value. In contrast, the oil interaction (X1) and emulsifier (X2)
increase the droplet size in the emulsion. This indicates that
the droplet size decreased if the ultrasonic power and time
increased, as reported in the literature.32

Figure 4a and b present the response surfaces generated by
the emulsifier and oil content effects and the ultrasonic power
and oil content effects on the droplet size, respectively. The oil
content and emulsifiers increase the drop size due to the
increase in viscosity, while the increase in ultrasonic power
decreases the drop size. The decrease in droplet size when
applying ultrasound is due to the cavitation pressure generated
by acoustic waves that favor the dispersion of particles.19

Figure 4c and d show the effect of time and oil content and
the effect of ultrasonic power and emulsifiers on the droplet
size, respectively. It was observed that the ultrasonic time
reduces the droplet size due to a decrease in viscosity, while
the increase in oil increases the droplet size due to the greater
oil phase content in the emulsion. Figure 4d shows that a
reduction in droplet size occurs at higher emulsifier content,
possibly due to the hydrolysis of xanthan gum and soy lecithin
because of ultrasound. Figure 4e and f show the effect of
emulsifier content and ultrasonic time and the effect of
ultrasonic power and time on droplet size, respectively.
Ultrasonic time and emulsifiers (%) can reduce the droplet

size, considering that the longer the ultrasonic time, the greater
the hydrolysis of the emulsifiers is achieved, which influences a
reduction in viscosity. This fact is important for emulsions
enriched with bioactive compounds because the decrease in
droplet size improves the bioaccessibility of carotenoid
pigments.15,34

Effect on the Polydispersity Index (PDI). This parameter is
also related to emulsion stability. Lower values of PDI (0.08−
0.7) are desirable for uniform distribution, stability, and high
dispersion, which is positive because it promotes no phase
separation during storage. In contrast, higher PDI values
(>0.7) indicate that the sample has a very broad particle size
distribution quality.31 The PDI values for emulsions exhibited
values between 0.130 and 0.534 (Table 4). According to the

Figure 5. Three-dimensional plots of CCD-RSM showing the effects of ultrasonic emulsification conditions on the PDI. Polydispersity index (PDI)
vs (a) oil and emulsifier contents, (b) oil content and ultrasonic power, (c) oil content and ultrasonic time, and (d) ultrasonic power and time.
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ANOVA analysis (Table 1S), the experimentation factors (X1,
X4), the interaction factors (X1X2, X1X3, X1X4), and all the
quadratic factors showed significant differences (p < 0.05) over
the polydispersity index. The lack of fit was not significant (p >
0.05), with R2 = 0.9652, adj R2 = 0.9304, pred R2 = 0.8589, CV
= 9%, and adeq precision = 21.228, evidencing that the model
presented a good regression fit. Given the above, the final
model for the polydispersity index was represented by the
polynomial equation presented below (eq 3):

= + + ×

× × + ×

+ + + +

Y X X X X

X X X X X X

X X X X

0.1767 0.0291 0.0303 0.0382

0.0558 0.0444 0.0235

0.0411 0.0138 0.0196 0.0348

3 1 4 1 2

1 3 1 4 3 4

1
2

2
2

3
2

4
2

(3)

The previous equation shows that the highest coefficient
occurs in oil (X1) and power (X3) interactions with a negative
value. The interaction of these factors produces a lower PDI
value, and the oil quadratic value (X1

2) increases the PDI value.
Figure 5a and b show the response surfaces generated by the
emulsifier and oil content and the effect of the ultrasonic
power and oil on the polydispersity index, respectively. It is
observed that the lower the oil and emulsifier content, the
lower the PDI value due to the decrease in viscosity and the
variation in droplet size distribution caused by homogeniza-
tion. In turn, at higher ultrasonic power and lower oil content
(Figure 5b), an adequate dispersion of the droplets is observed,
which reduces the PDI value. Figure 5c and d show the
response surfaces generated by the effect of oil content and

time and the effect of ultrasonic power and time on the
polydispersity index, respectively. Figure 5c shows that the
shorter the ultrasonic time and the higher the oil
concentration, the more the PDI increased. Figure 5d showed
that the higher the ultrasonic time and power, the more the
PDI decreased. In this sense, the oil content can increase the
PDI, but the longer the ultrasonic time, the more the PDI is
reduced due to the greater exposure to cavitation effects.19,32

Finally, the optimization of the emulsification process
showed that the optimal conditions allowed the highest
carotenoid content of 67.61 μg/g and a provitamin A content
of 3.23 ± 0.56 μg RAE/g, with an emulsion droplet size of
502.23 nm and PDI of 0.170 corresponding to 25%
carotenoid-rich oil, 1.25% emulsifiers, 480 W ultrasound
power, and a time of 5 min. The validations of the optimization
conditions at the experimental level reported values of 67.49
μg/g for the carotenoid content, a droplet size of 501.96 nm,
and a PDI of 0.169. These data did not show significant
differences (p > 0.05) with the theoretical values, indicating
that the experimental values adjusted to the theoretical model.
Additionally, the provitamin A content on the optimized
emulsion was 3.23 ± 0.56 μg of RAE/g, confirming its
potential as an additive for food fortification. The carotenoid-
rich sunflower oil used and the optimized emulsion are shown
in Figure 6.
Stability Study of a Carotenoid-Rich Emulsion-Based

Delivery System. In this work, the emulsion is a vehicle for
delivering B. gasipaes peel carotenoids as bioactive compounds.
To the extent the emulsion is more stable, oil-soluble

Figure 6. (a) Sunflower oil, (b) oil phase (carotenoid-rich from the peach palm epicarp sunflower oil), (c) optimized emulsion.

Table 5. Physicochemical Characterization of the Optimized Emulsion during Storagea

variable day 0 day 7 day 21 day 35

phase separation stable stable stable stable
pH 6.17 ± 0.03a 6.14 ± 0.02a 6.13 ± 0.04a 6.11 ± 0.08a

conductivity (μs/cm) 102.15 ± 0.62a 102.10 ± 0.67a 102.08 ± 0.73a 102.10 ± 0.69a

viscosity (cP) 23.24 ± 0.67a 23.29 ± 0.68a 23.31 ± 0.69a 23.33 ± 0.71a

zeta potential (mV) −32.26 ± 1.61a −32.24 ± 1.62a −32.22 ± 1.65a −32.20 ± 1.67a

droplet size (nm) 502.23 ± 3.83b 491.52 ± 2.94c 502.46 ± 3.72b 517.38 ± 3.37a

polydispersity index (PDI) 0.170 ± 0.01a 0.168 ± 0.01a 0.171 ± 0.01a 0.174 ± 0.01a

turbity (NTU) 74.53 ± 0.78a 74.50 ± 0.75a 68.76 ± 0.38b 63.07 ± 0.36c

carotenoid content (μg/g) 67.61 ± 0.83a 64.33 ± 0.56b 60.04 ± 0.22c 58.55 ± 0.37d

color parameters
L* 80.22 ± 0.03c 82.93 ± 0.09ab 83.36 ± 0.06b 84.57 ± 0.07a

a* 13.89 ± 0.04a 13.54 ± 0.05ab 12.96 ± 0.03bc 11.94 ± 0.04c

b* 46.53 ± 0.03a 44.91 ± 0.04b 42.95 ± 0.06bc 41.67 ± 0.07c

ΔE* 3.17 ± 0.05c 4.85 ± 0.04b 6.80 ± 0.05a
aTemperature of storage: 30 ± 2 °C. According to Tukey’s multiple range test, values in the same column followed by the same letter are not
significantly different (p > 0.05).
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components will be more efficiently delivered into foods. Table
5 shows the results obtained from the physicochemical
characterization of the optimized emulsion during 35 days of
storage at 30 ± 2 °C.
The optimized emulsion was stable, without creaming or

phase separation during storage and subjection to thermal
stress conditions and freeze/thaw cycles; such confirming of
pre-emulsification by Ultraturrax combined with ultrasound-
assisted emulsification technology and the use of natural
emulsifiers allowed adequate physical and chemical stability of

the emulsion. The physicochemical variables, pH, conductivity,
viscosity, zeta potential, and PDI did not present significant
differences (p > 0.05), while droplet size, turbidity, carotenoid
content, and CIE-L*a* b* color parameters were significantly
affected (p < 0.05).
The stability of the pH and conductivity in the emulsion

during storage may be associated with the balance between the
acidic and basic groups that did not allow the change in the net
charge of the droplets, the aqueous phase content, and the
contribution of xanthan gum due to its anionic character.35

Figure 7. Morphology of the optimized emulsion: (a) confocal laser; (b) TEM.

Figure 8. Emulsion stability under stress conditions: (a) effect of temperature, (b) effect of exposure to nitrogen, and (c) effect of light on the
percentage of carotenoid retention; (d) effect of temperature on the peroxide index.
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This result may be associated with kinetic stability because of
the nonsignificant changes in viscosity and conductivity during
emulsion storage.19 The negative values obtained in the zeta
potential measurements are due to the anionic character of the
emulsifiers used in the emulsion and indicate the adequate
stability of the emulsifying system, allowing the optimized
emulsion to be stable during storage.
On the other hand, the results obtained for the droplet size

showed a variation from 502.23 to 491.52 nm between days 0
and 7 and a minimum variation from 502.46 to 517.38 nm
during days 21 to 35 (Table 5). This decrease in the first days
of storage is due to the rearrangement that the particles
undergo until equilibrium is achieved after the homogenization
process.
Turbidity is a parameter indicative of the number of particles

in suspension, and it exhibits a change from 74.53 to 63.07
NTU. This variation is likely associated with the change in
droplet size during storage, which increased light dispersion, as
reflected by the increase in luminosity L* (high luminosity
values indicate lighter samples and therefore lower turbidity).
These results coincide with those of Singh et al.,36 who found a
decrease in turbidity in the storage of emulsions made by
applying ultrasound and soy lecithin and Tween 80 as
emulsifiers.
The carotenoid content decreased from 67.61 to 58.55 μg/g,

representing a degradation percentage of 13.40% in approx-
imately one month at 30 °C. The reduction of carotenoids
during storage can be caused by the peroxidation of the oil,
which induces the formation of radicals responsible for the
oxidation and isomerization processes of carotenoids.33,37

Regarding the surface color of the emulsion, it was observed
that luminosity (L*) increased with storage time, while the
other color attributes (a* and b*) decreased significantly
(Table 5). These changes may be associated with the
degradation of carotenoid pigments and the reduction in fat
globule size during the emulsion homogenization, which
increases the reflection area.38 This fact influenced the values
obtained for the color change (ΔE*; Table 5). These findings
suggest that color change is a determining factor in evaluating
peroxidation and degradation of carotenoid compounds in
emulsions.
Figures 7a,b shows the confocal laser scanning micrographs

and transmission electron microscopy (TEM) for the
optimized emulsion. The measurements were carried out
immediately after preparing the emulsion. The particles of the
optimized emulsion were of the order of 0.5 μm. According to
the micrographs, the particles presented predominantly
spherical and oval shapes, which are characteristic of obtaining
nanoemulsions.35 Spherical droplets with a narrow distribution
help to a controlled release over 72 h.31

As the carotenoid content is the variable relevant to
expressing the provitamin-A activity in the carotenoid-rich
emulsion-based delivery system, an additional stability study
under stress conditions was performed to evaluate the effect of
temperature, nitrogen, and light exposure (Figure 8a−d). The
temperature was a critical factor in the carotenoid stability. It
was quite stable until 50 °C, and the degradation was more
significant after 60 °C, finding the lowest retention value of
79.23% at 90 °C. Nitrogen exposure helps to keep the
carotenoid stable; Figure 8b shows that the retention
percentage is higher than 90% after 10 h of exposure. In
contrast, exposure accelerates the carotenoid degradation,
showing a carotenoid retention of 80.09% on day 15, which

drops to 58.36% on day 35 (Figure 8c). Carotenoid
degradation is a complex reaction in food, depending on its
storage conditions. Thus, light exposure during storage allows
isomerization and degradation reactions, and/or elevated
temperature exposure can produce autoxidation and photo-
oxidation processes, as seen from the results of Figure 8d.37 At
a temperature below 30 °C, the emulsion presented a low
peroxide index with values between 2.11−3.56 mequiv O2/kg,
being favorable for the emulsion stability. However, from 50 to
90 °C, the peroxide index increases faster from 7.56 mequiv
O2/kg to 24.34 mequiv O2/kg.
The increase in the peroxide index may have been

accelerated by the presence of reactive species such as alkyl
radicals (R−R′) and peroxyl radicals (ROO) that induce the
degradation of carotenoids.33 During the peroxidation process,
oxygen initially attacks the terminal unsaturation that most
carotenoids, such as β-carotene, have due to the presence of
conjugated double bonds, forming β-carotene-5,6-epoxide.
Subsequently, oxygen enters the terminal double bond on
the other side, producing β-carotene-5,6,5′,6′-diepoxide, then
rearrangement of the 5,6 to 5,8 epoxide results in β-carotene-
5,8-epoxide and β-carotene-5,8,5′,8′-diepoxide.37
The results obtained in this study are satisfactory because

the optimized emulsion obtained a final carotenoid retention
percentage of 93% after 10 h of exposure to nitrogen, 79%
under a temperature variation of 25 to 90 °C, and 59% after 35
days of exposure to light without the use of encapsulation or
the addition of preservatives or synthetic antioxidants after
emulsification. Carotenoid-rich emulsion-based delivery sys-
tems are more efficient as biofunctional ingredients because
their stability and bioaccessibility are better than the lipophilic
carotenoids.39 Additionally, natural emulsifiers such as soy
lecithin increase the bioaccessibility of β-carotene by forming
mixed micelles with higher solubility.40

■ CONCLUSIONS
Convection drying of cooked Bactris gasipaes peel allows
obtaining a food powder (flour) with provitamin A
carotenoids, phenolic compounds, fiber, lipids, and proteins,
in a higher amount than the lyophilized peel residue. The red
variety stands out as being the most significant. Among the two
studied varieties, red was the raw material for a carotenoid-rich
extract made with sunflower oil. This strategy allowed the
transformation of this byproduct into a food additive that can
be incorporated into formulations for developing new
environmentally friendly nutraceutical products.
The ultrasound-assisted emulsification process and the use

of natural emulsifiers (soy lecithin and xanthan gum) allowed
for obtaining a carotenoid-rich emulsion that was physically
and chemically stable without presenting significant variation
in pH, phase separation, conductivity, viscosity, zeta potential,
and polydispersity index during storage for 35 days at 30 °C.
The optimization of the emulsification process and the use of
natural emulsifiers influenced the stability of the emulsion
because soy lecithin and xanthan gum could act as physical
barriers that helped in part to protect carotenoids. However,
the study of stability under stress conditions showed that light
could generate photooxidation reactions that significantly
affect the provitamin A carotenoids in the emulsion. Thus,
packaging is a relevant factor in preserving this activity. Also,
the storage temperature must be kept below 30 °C to extend
the shelf life of this carotenoid-rich emulsion-based delivery
system.
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■ MATERIALS AND METHODS
Plant Material. Ripe peach palm fruits (Bactris gasipaes)

were acquired in the local markets of Palmira (Valle del Cauca,
Colombia) and selected according to their ripeness character-
istics (Table 1). Two high-production varieties from southern
Colombia were selected: red cauca (red variety) and yellow
costeño (yellow variety; Figure 1). B. gasipaes fruits (yellow and
red varieties) were washed separately with tap water, followed
by immersion in a sanitizing solution (100 ppm sodium
hypochlorite) for 10 min. Then, they were divided into two
batches, and the first batch was used as a control. Fruit peels
were removed, frozen at −79 ± 2 °C for 24 h in an ultrafreezer
(New Brunswick, USA), and then freeze-dried using a
Labconco Freezone 4.5 unit (USA) at a vacuum pressure of
13.30 Pa, to get the samples YVFD and RVFD, from yellow
and red varieties, respectively.
The second batch of fruits were cooked (90 °C ± 2 °C, 60

min) and then peeled. The fruit peels (yellow and red
varieties) were hot-air-dried (Binder ED 53 UL, GmbH) at 60
°C ± 2 °C following the methodology reported by Martińez-
Giro ́n et al.6 to get YVHAD and RVHAD samples,
respectively. In both batches, the samples were crushed in an
electric mill. They were sieved (Advantech DT-168, Mexico)
until obtaining flours with a particle size ≤ 0.25 mm; they were
then refrigerated in a sterile amber glass jar at 4 °C for
subsequent analysis.
Chemicals. Anhydrous sodium carbonate, ethanol, meth-

anol, hexane, gallic acid, sodium hydroxide, and boric acid were
acquired from Sigma-Aldrich (St. Louis, MA, USA). HCl was
obtained from JT Baker (NJ, USA), and sulfuric acid was
obtained from Fisher Chemical (Hampton, NH, USA).
Analytical-grade reagents such as hexane, methanol, and
MTBE (methyl tertbutyl ether) were purchased for the
carotenoid extractions from Extrasynthes̀e (Genay, France).
LC−MS grade solvents were purchased from Sigma-Aldrich
(Milan, Italy). Carotenoid standards, namely, β-carotene and
lycopene, were purchased from Extrasynthes̀e (Genay, France).
For the emulsion, refined sunflower oil (Premier, Lloreda

S.A., Colombia), drinking water (Crystal, Postoboń S.A.,
Colombia), xanthan gum (MadreTierra, Colombia), and soy
lecithin (Ancestral, San Jorge, Colombia) were used. All
ingredients used were natural and food-grade.

Physicochemical Characterization of Peach Palm Fruit
Peel. The chemical composition of different samples was
determined following the procedures published by AOAC.41

Dry matter content was determined gravimetrically by drying
each sample at 105 °C until a constant weight was reached.
The sample water activity (aw) was measured using a Meter
AquaLab 4 TE instrument (Washington, USA). Titratable
acidity was determined by volumetry, and the results were
expressed as a percentage of citric acid. The pH was
determined by using a pHmeter Mettler Toledo S20
SevenEasy (Greifensee, Switzerland). The ash content of the
flours was determined gravimetrically at 550−600 °C. The
lipid content was determined by the Soxhlet method using
petroleum ether as a solvent. Protein content was determined
by the Kjeldahl method by using a Nitro J.P. Selecta
(Barcelona, Spain) equipment, and crude fiber was measured
by digestion. Carbohydrate content was determined by the
difference. All of the measurements were performed in
triplicate.

The color of the samples (flours and emulsions) was
measured by tristimulus colorimetry using a Konica Minolta
CR-400 colorimeter (Tokyo, Japan) with a D65 deuterium
lamp. The CIELab (L*, a*, and b*) coordinates were
determined by reflectance. The parameters of chroma
(Cab*), hue angle (h°), color index (IC*), and total color
change (ΔE*), were calculated using eq 4, as follows:

* = * + *C a b( )2 2 1/2 (4)

° = * *h b atan ( / )1 (5)

* = *× * × *a L bIC ( 1000)/( ) (6)

* = * + * + *E a b L( )2 2 2 1/2 (7)

Carotenoid Analysis. Carotenoids were analyzed in YVFD,
RVFD, YVHAD, and RVHAD samples using the methodology
of Stinco et al.42 For this purpose, 1 g of sample was mixed
with 2 mL of n-hexane; the mixture was sonicated for 5 min
and centrifuged for 10 min at 3000 rpm. The extraction
process was repeated three times under the same conditions.
The three hexane phases were pooled and concentrated to
dryness under a nitrogen stream and stored at −20 °C in the
dark until HPLC analyses were performed.
The residue product was reconstituted in 500 μL of MeOH/

MTBE (1:1, v:v) and then filtered (nylon 0.2 μm filter, Pall
Life Sciences, Ann Arbor, MI, USA) before being injected into
the HPLC. All of the procedures were performed without light.
An HPLC instrument was equipped with a photodiode array
detector (PDA) SPD-M20A directly connected to the LC
column outlet and serially coupled to an LCMS-2020
spectrometer (Shimadzu, Kyoto, Japan) via an atmospheric
pressure chemical ionization (APCI) source for mass
spectrometry (MS). The chromatographic separation was
achieved on a YMC C30 column (250 mm × 4.6 mm, 5
mm) column; the mobile phases consisted of methanol/
MTBE/water (83:15:2, v/v/v; eluent A) and methanol/
MTBE/water (8:90:2, v/v/v; eluent B), using a gradient
program as follows: 0 min 0% B; 20 min 20% B; 140 min 100%
B. The flow rate was 0.8 mL/min. The injection volume was 20
μL. PDA detection was applied in the 200−700 nm range with
a sampling frequency of 4.1667 Hz and a time constant of
0.480 s. Chromatograms were extracted at λ 450 nm. APCI-
MS acquisition was performed in the mass range 100−800 m/z
with an event time of 0.2 s, scan speed of 5000 u/s, nebulizing
gas (N2) flow rate of 4 L/min, detector voltage of 0.5 kV,
interface temperature of 350 °C, DL (desolvation line)
temperature of 300 °C, heat block temperature of 300 °C,
and drying gas flow of 5 mL/min. The software LabSolution
ver. 5.91 (Shimadzu Corporation) was used for data
acquisition.
Carotenoids were identified by their UV−vis and mass

spectra, elution order in the C30 column, and comparison with
literature data and the available standard. Quantitative
determinations were carried out using the external standard
method by previously preparing the calibration curves for β-
carotene (1−200 μg/mL range, r2 = 0.99, LOD = 0.32 μg/mL,
LOQ = 0.12 μg/mL, and CV% = 5) and lycopene (1−100 μg/
mL range, r2 = 0.99, LOD = 0.15 μg/mL, LOQ = 0.38 μg/mL,
CV% = 4). Analyses were performed in triplicate. As reported
in the literature,40 RAE (retinol activity equivalent) was
determined only considering β-carotene, α-carotene, and γ-
carotene. NAS-IOM conversion factors, according to RAE =
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μg (β-carotene)/12 + μg (α-carotene)/24 + μg (γ-carotene)/
24.

Phenolic Compound Analysis. Total phenolic content was
determined by the Folin−Ciocalteu spectrophotometric
method,43 using gallic acid as the standard. A solution of the
reagent was prepared by a 1:10 dilution of commercial reagent
in distilled water; the reagent was protected from light and
placed under refrigeration until use. The solutions of each
sample were prepared by dilution with ethanol/water (80:20;
v/v) and subsequent centrifugation. For each sample, 0.5 mL
of sample or standard and 0.5 mL of Folin solution were placed
in a flask with 5 mL of water, and after 5 min at 25 °C, the
reaction was stopped by adding 1 mL of Na2CO3 20% solution.
Then, the samples were left at 45 °C in a dark place for 15 min.
Finally, the absorbance was measured in a spectrophotometer
UV−vis Mapada UV 1800 (Shangai, China) at λ 765 nm. The
assays were performed in triplicate, and total phenol content
was expressed in milligrams of gallic acid equivalent (GAE)/
100 g of fruit. The calibration plot showed a 99.6% correlation.
The phenolic compounds were extracted with MeOH/H2O

(80:20) by a solid−liquid extraction procedure followed by
centrifugation.44 These steps were repeated three times before
injection in the HPLC system equipped with a photodiode
array detector (PDA) SPD-M20A serially coupled to an
LCMS-2020 spectrometer via an electrospray (ESI) source.
The separation was achieved on a C18 Ascentist express
column (15 cm × 4.6 mm, 2.7 μm). The mobile phase was
made from solvent A, H2O + 0.1 HCOOH, and solvent B,
ACN + 0.1 HCOOH, and the gradient was 0−50 min 1−50%
B, 50−55 min 50−99% B, 55−60 min 99% B. The flow rate
was 1 mL/min, and the injection volume was 5 μL. ESI-MS
acquisition was performed in the mass range 100−1000 m/z
with an event time of 1 s. Nebulizing and drying gas (N2) were
set at 1 and 10 L/min, respectively; 1 DL and the heat block
temperature were set at 300 and 350 °C, respectively. PDA
detection was applied in the 200−700 nm range with a
sampling frequency of 4.1667 Hz and a duration of 0.480 s.
Chromatograms were extracted at λ 280 nm. Identifications
were based on UV−vis and mass spectra, as well as relative
retention time on a C18 column, together with published data
and a homemade laboratory library. However, the absolute
quantitation of the compounds was not performed because of
lack of fresh standards at the time of this study; therefore, the
corresponding occurrence as relative % was only reported.

Obtention of Carotenoid-Rich Emulsion-Based Delivery
System. The carotenoid pigments were extracted using
sunflower oil as an extraction solvent (green solvent). High
shear homogenization was applied according to the method
reported by Baria et al.45 with some modifications. Initially, the
peach palm epicarp flour (RVHAD) and sunflower oil mixture
were macerated for 15 min (48.8 mL/g liquid−solid ratio)
until the colored oil was obtained. Then, the mixture was taken
to an Ultraturrax homogenizer (T 25 digital, IKA, Germany) at
a stirring speed of 19 200 rpm, for 76 s in a thermal bath at 50
± 2 °C, with the internal temperature of the sample being less
than 30 ± 2 °C. The mixture was centrifuged for 10 min at
14 000g, and the supernatant was subsequently separated to
obtain the carotenoid-rich oil extract.
The independent variables, % oil (carotenoid-rich oil

extract), % emulsifiers, ultrasonic power (W), and time
(min) were defined by previous tests and varied depending
on the ranges specified in the CCD design matrix, as shown in
Table 2S (Supporting Information). The carotenoid-rich oil

extract (oil phase) and water (aqueous phase) were used as
dispersed and continuous phases, respectively. A total weight
of 100 g was used as a calculation basis in the preparation of all
formulations, with the aqueous phase being the remaining
percentage of the sum of the oil phase and the emulsifiers (soy
lecithin and xanthan gum in a 1:4 ratio). Initially, the
emulsifiers were heated with constant stirring for approx-
imately 1 h at 58 ± 2 °C until completely dissolved in the
aqueous phase. Subsequently, the mixture was allowed to cool
to 30 ± 2 °C, and the oil phase was slowly added. To form the
pre-emulsions, the resulting mixture in each formulation was
homogenized in an Ultraturrax disperser (T 25 digital, IKA,
Germany) for 3 min at 8000 rpm.46 In the second stage, the
thick emulsions (pre-emulsions) were subjected to ultrasound
treatment until the final emulsions (O/W) were obtained. An
ultrasonic processor (Ultrasonic Cell Disruptor JY98-IIIDN,
China) was equipped with a 15 mm probe, with an ultrasound
frequency of 20 kHz and programmed in 5 s on and 5 s off
mode. The ultrasonic system was conditioned with an ice bath
to maintain the temperature of the samples below 30 ± 2 °C.

Optimization of Carotenoid-Rich Emulsion-Based Deliv-
ery System. The optimization was conducted to find the
ultrasonic conditions and formulation with the highest
carotenoid content and the lowest droplet size and
polydispersity index. A response surface methodology with a
central rotational composite design (CCD) of 29 experiments
was applied, where 16 are factorial points, eight are axial points,
and five are central points. The coded −α (−2), −1, 0, +1, +α
(+2) and experimental factors used in the study are presented
in Table 2S. The experimental variables were X1, oil (%); X2,
emulsifiers (%); X3, ultrasonic power (W); and X4, time (min).
The response variables were represented by three response
surface functions: carotenoid content (Y1), droplet size (Y2),
and polydispersity index (Y3), each of which was evaluated in
triplicate. The derringer desirability function was used to
generate optimal conditions for the emulsion formulation. To
determine the model validity, the predicted values of the
response variables were compared with those obtained under
the optimal conditions.

Emulsion Characterization. The following physicochemical
characteristics were measured on the optimized emulsion
during 35 days of storage at 30 ± 2 °C.

Carotenoid Content. The quantification of the total
carotenoid content (μg/g) in the emulsions and flours was
determined by spectrophotometry according to the method-
ology reported by Ordoñez-Santos et al.,47 using a molar
extinction coefficient of 7.10 × 104 M−1cm−1 and sunflower oil
as a blank, in a Thermo Spectronic Genesys 20 spectropho-
tometer (USA) at λ 464 nm.

Droplet Size and Polydispersity Index (PDI). These
characteristics were measured using the DLS (dynamic light
scattering) technique on a Malvern Zetasizer Nano ZS (United
Kingdom). The lipid dispersed phase’s refractive index was
1.46. The samples were diluted in deionized water 1:100 (w/
w) to avoid multiple dispersion effects.

Phase Separation. The phase separation test, also known as
gravity cremation, was monitored visually. The samples were
stored at 30 ± 2 °C and monitored on days 0, 7, 21, and 35.
Additionally, the optimized emulsion was subjected to
alternating freezing/thawing cycles (−4 ± 2 °C for 12 h and
then at 30 ± 2 °C for 12 h, for 1 week) and thermal stress
cycles using an oven (Binder ED 53 UL, GmbH, Germany)
with controlled temperature from 40 ± 2 °C to 90 ± 2 °C with
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an increment of 10 ± 2 °C every 24 h according to the method
proposed by Edris and Malone.48 The results were reported
depending on the case as “stable” (there is no phase
separation) and “unstable” (if there is phase separation).

Conductivity, Turbidity, Viscosity, and Z Potential
Measurements. The conductivity was determined using a
portable conductivity meter model 450 (Oakaton, Thermo
Fisher Scientific) and reported in μs/cm. For the determi-
nation of turbidity, the samples were diluted in 1:100 (w/w)
deionized water, and the measurements were expressed in a
nephelometric turbidity unit (NTU) using a portable
turbidimeter (AL 250 TR-IR, Maser). Viscosity was measured
using a digital viscometer (Model DV-E, Brookfield Engineer-
ing Laboratories Inc., MA, USA) at 30 ± 2 °C, with an SC 4−
18 spindle at 100 rpm, and reported in centipoise (cP). Zeta
potential measurements were performed using a Zeta-Meter
System 4.0 (Staunton, USA). The samples were diluted in
deionized water 1:100 (w/w) to avoid multiple dispersion
effects. They were deposited in capillary cells equipped with
two electrodes.

Morphology. A confocal laser scanning microscope on a
device (Leica Stellaris 5, DMI 8 with LAS 1011, Tokyo, Japan)
and transmission electron microscopy (TEM) on a JEOL
(JEM-1011, Tokyo, Japan) at 80 kV and 10 k× magnification
were used. The samples were diluted in deionized water (1:10
v/v), and a drop of the dilution was deposited on a copper grid
with a Formvar-carbon support and 300 mesh, with uranyl
acetate (2% w/v) as a control standard.

Stability Study. The stability of the optimized emulsion
under stress conditions was investigated by evaluating the
percentage of carotenoid retention under different conditions
of temperature variation and exposure to light and nitrogen gas
according to the methodology reported by Ordoñez-Santos et
al.,49 with some modifications. The percentage of total
carotenoid retention was determined according to eq 8:

= ×R%
Ca
Cb

100
(8)

where Ca refers to the carotenoid content after treatment and
Cb refers to the carotenoid content in the emulsion before
treatment.
The stability to heat treatment was evaluated by subjecting

the emulsion to different temperature conditions (25, 30, 40,
50, 50, 70, 80, and 90 °C) for 10 min in a controlled thermal
bath (Julabo, Germany) with an uncertainty of ±2 °C in all
measurements. After each treatment, the samples were cooled
in an ice bath until they reached 10 ± 2 °C. For light stability,
the emulsion was stored in a refrigerator at 4 ± 2 °C and
relative humidity of 85%, adapted with a 25 W lamp located 20
cm above the samples and monitored during 0, 5, 10, 15, 20,
25, 30, and 35 days. In turn, the emulsion was put in contact
with nitrogen gas at room temperature at different times (0, 2,
4, 6, 8, and 10 h) using a hermetically sealed capsule coupled
to a vacuum pump and saturated with nitrogen gas injection.
To evaluate the oxidative stability of the emulsion, the
peroxide index was determined under different temperature
conditions (25, 30, 40, 50, 60, 70, 80, and 90 °C) for 10 min in
a controlled thermal bath (Julabo, Germany) with an
uncertainty of ±2 °C in all measurements. The determination
of the peroxide index was carried out following official method
no. 965.33 of the AOAC.41 For that purpose, 5 g of the
emulsion was mixed with 30 mL of a glacial acetic acid and
chloroform (3:2) solution and 0.5 mL of a saturated potassium

iodide (KI) solution. After 1 min of controlled stirring in the
dark, 30 mL of distilled water was added. It was slowly titrated
with a 0.01 N solution of sodium thiosulfate (Na2S2O3) using
0.5 mL of a 1% soluble starch solution as an indicator. The
peroxide index was calculated using eq 9:

= × ×B S N
PI

meq O
kg

( ) 1000
W

2i
k
jjjjj

y
{
zzzzz (9)

where B is the blank titration value, S is the sample titration
value, N is the normality of sodium thiosulfate, 1000 is the
conversion factor (kg), and W is the sample weight.

Statistical Analysis. The Design Expert statistical software
(Version 11, Stat-Easy, Godward, MN, USA) was used for
experimental design optimization, data analysis, and con-
struction of the second-order polynomial model. The effect of
the factors on the variables of interest was identified with an
ANOVA test (p < 0.05), and the reliability of the model was
evaluated with the coefficient of determination R2, lack of fit,
and coefficient of variation. The emulsion characterization and
stability tests were performed by using a randomized, balanced
single-factor experiment. An ANOVA analysis and a Tukey test
were performed. Statistical analysis was performed using SPSS
Windows 18 software.
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estadiśticas agropecuarias. Consulted February 2024. Available online:
http://www.agronet.gov.co.
(5) Noronha-Matos, K. A.; Praia Lima, D.; Pereira-Barbosa, A. P.;
Zerlotti Mercadante, A.; Campos Chisté, R. Peels of tucuma ̃
(Astrocaryum vulgare) and peach palm (Bactris gasipaes) are by-
products classified as very high carotenoid sources. Food Chem. 2019,
272, 216−221.
(6) Martínez-Girón, J.; Rodríguez-Rodríguez, X.; Pinzón-Zarate, L.
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