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ABSTRACT

Background. Approximately 40% of beetroot biomass is discarded as waste during harvesting, processing,
and consumption, despite being rich in bioactive compounds. This study aimed to obtain microcapsules from
beetroot leaves, stems, peel and bulb using spray drying, and to comparatively evaluate their physicochemical
properties, bioactive compound content, and encapsulation efficiency.

Materials and methods. Beetroot extracts were combined with 20% maltodextrin, pretreated with ultra-
sound, and microencapsulated by spray drying at temperatures of 130, 140 and 150°C.

Results. Microencapsulated beetroot extracts (MBEs) obtained at 130°C exhibited the highest concentrations
of phenolic compounds and betalains. Leaf-derived microcapsules stood out for their phenolic content (1314
mg GAE/100 g), while the husk microcapsules stood out for their betalain content (458.1 mg/100 g). Over-
all, the microcapsules demonstrated low moisture content (5.77 to 6.87%), hygroscopicity below 10.88%,
solubility between 73% and 87.05%, and an average drying yield of 16.22%. Furthermore, encapsulation and
retention efficiencies reached 88% and 90% for phenolics and 89% for betalains, respectively.

Conclusion. MBEs show promise for incorporation into food matrices, offering potential for the development
of biofortified products with enhanced biological activity while contributing to agri-food waste reduction. With-
in the context of a sustainable agroindustry, future studies should investigate the stability, controlled release,
and sensory impacts of MBEs in various food applications to optimize functionality and consumer acceptance.
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INTRODUCTION

It is estimated that global food demand will increase = Mazumder, 2024), triggering a range of social, eco-
by 60-110% by 2050 (Kour et al., 2023), leading to  nomic, environmental and health problems (Schiebel
a corresponding rise in the generation of agri-food etal.,2024). However, a significant portion of this bio-
bio-waste (Sosa-Martinez et al., 2023). As a result, the ~ waste is rich in bioactive compounds with promising
agri-food sector has become the third-largest contribu-  potential for utilization (Ritika et al., 2024).

tor to global greenhouse gas emissions (Chatterjee and
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Beetroot (Beta vulgaris), a vegetable belonging
to the Amaranthaceae family (Mahdipour, 2022), re-
corded a global production of 42 million tons in 2022
(FAO, 2023), with Peru contributing 45 010 tons
(INEI, 2023). Beetroot is considered a functional food
due to its nutritional value and abundance of bioac-
tive compounds (Punia et al., 2022) and is widely
employed in gastronomic (Giile¢ and Yilmaz, 2024),
pharmaceutical (Razzak et al., 2024), and food indus-
try applications (Punia et al., 2023). In the food sector,
it is used in the production of beverages (Theba et al.,
2024), jams, ice cream, and the natural food colorant
E162, among other products (Dhiman et al., 2021;
Igual et al., 2023).

However, throughout harvesting, processing and
consumption (Dhiman et al., 2021; Igual et al., 2023)
approximately 40% of beetroot biomass is discarded
as bio-waste, primarily consisting of peels, leaves and
stems (Camelo-Silva et al., 2024). Previous studies
have demonstrated that these by-products contain sig-
nificant levels of phenolic compounds and betalains
(Carvalho et al., 2023), which exhibit strong antioxi-
dant activity (Arend et al., 2022) and hold potential
for use in nutraceutical and functional products (Bat-
tistella et al., 2019).

Incorporating bioactive compounds into food
systems is a key strategy for enhancing both the nu-
tritional and functional value of products (Lu et al.,
2021). However, these compounds are highly sensi-
tive to environmental and processing conditions (Rod-
riguez et al., 2024), such as temperature, pH, exposure
to light and oxygen (Vignesh et al., 2024), which can
compromise their biological activity, bioavailabil-
ity, and functionality, thus limiting their application
(Tatasciore et al., 2024). A promising solution to over-
come these limitations is microencapsulation (Laure-
anti et al., 2023).

Microencapsulation involves enclosing bioac-
tive compounds within a polymeric film (encapsulat-
ing agent) (Zambrano et al., 2024), thereby forming
new encapsulated structures (Tatasciore et al., 2024).
This technique enhances the stability of sensitive
compounds under adverse conditions, masks undesir-
able sensory attributes (Pedisi¢ and Dragovi¢, 2023),
improves bioavailability, and allows for controlled
release (Nguyen et al., 2024). Among the various mi-
croencapsulation techniques, spray drying (SD) is one
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of the most widely used (Vargas et al., 2024), due to its
high industrial scalability, cost-effectiveness, process-
ing efficiency, equipment availability, and successful
implementation in the agri-food industry (Atalar et al.,
2024; Toprake: et al., 2024).

Therefore, the objective of this study was to obtain
microcapsules from beetroot leaves, stems, peels, and
bulbs using spray drying, and to comparatively assess
their physicochemical properties, bioactive compound
content, and encapsulation efficiency. The findings of
this research aim to support the application of beetroot
microcapsules in food matrices, fostering the develop-
ment of products with enhanced bioactive and nutri-
tional properties, while also promising a sustainable
strategy for the valorisation of agri-food bio-waste.

MATERIAL AND METHODS

Study site and plant material

The research was conducted at the Instituto de Inves-
tigaciones Altoandinas (INITA) of the Universidad
Nacional Auténoma Altoandina de Tarma. Beetroot
leaves, stems, peels, and bulbs were sourced exclu-
sively from the Mega Project-Tarma market. The beet-
roots were cultivated at an altitude of 3053 m s.n.m.,
in the locality of Sacsamarca, province of Tarma, de-
partment of Junin, Peru.

Sample preparation

Following the methodology described by Mella et al.
(2024) with minor modifications, fresh, intact leaves,
stems, and bulbs free of mechanical or microbiologi-
cal damage were washed, disinfected in a 40 ppm
NaClO solution for 10 min, and rinsed with distilled
water. Subsequently, leaves, stems, approximately
1 mm thick peels, and bulbs were chopped into small
pieces and processed separately in a blender (BLST-
KAG-BPB-053) for 3 min using a 1:2 (w/v) material-
to-water ratio. The resulting mixtures were filtered to
obtain the extracts.

Microencapsulation by spray drying

Each extract was individually mixed with 20% (w/w)
maltodextrin. The mixtures were then subjected to
ultrasonic homogenization using an ultrasonic pro-
cessor (LP-1000Y) for 2 min at 30°C and 50% ul-
trasonic power. Microencapsulation was carried out
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BLE - beetroot leaf extract; BSE — beetroot stalk extract; BPE — beetroot peel extract; BBE — beetroot bulb extract.

Fig. 1. Graphical representation of the process for obtaining beetroot microcapsules

using a Mini Spray Dryer (TP-S15). Operating con-
ditions were selected based on preliminary trials:
a feed rate of 20 mL/min and an outlet temperature of
70 £10°C, while inlet temperatures were set between
130°C and 150°C, in accordance with previous stud-
ies (Garcia-Segovia et al., 2021), and as illustrated in
Figure 1. Throughout the spray drying process, feed
solutions were maintained under magnetic stirring
(BenchMate 10L) at 300 rpm. The resulting micro-
encapsulated beetroot extracts (MBEs) were col-
lected, transferred to glass containers covered with
aluminum foil, and stored in a dark environment for
subsequent analysis.

Drying yield and physical properties of MBE
Drying yield (Y)

The drying yield was calculated using Equation 1
(Laureanti et al., 2023).

Mass of microcapsules recovered
at the equipment outlet

Y (%) = x 100 (1)

Total mass of extract fed to the
system

www.food.actapol.net/

Hygroscopicity

Briefly, 1 g of sample was placed in a desiccator con-
taining 75.3% saturated NaCl solution at 25°C. After
7 days, the MBEs were weighed, and hygroscopicity
was expressed as the percentage of moisture adsorbed
by each sample (Laureanti et al., 2023).

Moisture content (MC)

1 g of sample was analyzed using a moisture analyzer
(XY-MW) at 105°C (Cuji¢ et al., 2023). The results
were reported as percent moisture content (%).

Solubility

Solubility was determined following the method de-
scribed by Laureanti et al. (2023). 1 g of sample was
mixed with 100 mL of distilled water, shaken at 400
rpm (BenchMate 10L) for 30 min and centrifuged at
3000 rpm for 5 min. A 25 mL aliquot of the super-
natant was then transferred to a Petri dish and dried
in an oven (BJPX-H64II) at 105°C for 5 h. Solubility
was calculated by weight difference and expressed as
a percentage (%).
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Total phenolic content (TPC)

TPC was determined following the disruption of the
microcapsule coating material to release phenolic
compounds (Laureanti et al., 2023). 15 mg of MBE
was mixed with 3 mL of a solution composed of etha-
nol, acetic acid and water (50:8:42, v/v). The mixture
was stirred (BenchMate 10L) for 1 min, subjected to
ultrasound for 20 min and vacuum filtered.

TPC was quantified using the Folin-Ciocalteu
method. Briefly, 200 pL of the extract was mixed with
2000 pL of Folin-Ciocalteu reagent and 800 pL of
7.5% Na,CO,. After incubating in the dark for 120 min
at room temperature, absorbance was measured at
765 nm using a UV-Vis spectrophotometer (Jenway
6715) (Tutunchi et al., 2019). Results were expressed
in mg gallic acid equivalent (GAE) per g of sample,
using Equation 2 (Taraseviciené et al., 2024).

y
GAE=cx — )
m

where
¢ — gallic acid concentration (mg/mL) deter-
mined from the calibration curve
V' — volume of the sample solution (mL)
M — mass of the sample (g).

Total betalain content (TBC)

For TBC analysis, 0.1 g of MBE was dissolved in
10 mL of 50% ethanol. The mixture was thoroughly
mixed for 10 s and centrifuged at 6000 rpm for 10 min
(Taraseviciené et al., 2024). The supernatant was col-
lected, and absorbance was measured at 542 and 480
nm using a UV-Vis spectrophotometer (Jenway 6715)
to determine the concentrations of betacyanins (BC,)
and betaxanthins (Bx), respectively. TBC was cal-
culated using Equation 3 (Taraseviciené et al., 2024;
Mella et al., 2024).

A x DF x MW % 1000
TBC (mg/100 g) = 3)
exL

where
A — absorbance of the sample
DF — dilution factor
MW — molecular weight (550 g/mol for BC, and
308 g/mol for Bx)
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€  — molar extinction coefficient 60000 L/(M X
cm) for BC and 48000 L/(M x c¢m) for Bx
L - cuvette path length (1 cm).

Retention efficiency (ER)

ER was determined by comparing the phenolic con-
tent of the reconstituted MBE to the phenolic content
in the original feed solution (extract + wall material),
expressed per g of dry solids (Roa et al., 2024). ER
was calculated using Equation 4.

TPC or TBC in reconstituted
microcapsules

TPC or TBC in initial solution
to be dried

ER (%) =

x 100 (4)

Encapsulation efficiency (EE)

EE was determined as the ratio between the total
encapsulated TPC and the surface phenolic content
(SPC) (Laureanti et al., 2023). SPC was extracted by
dispersing 20 mg of microcapsules in 1 mL of water
(1:1 w/v), shaking for 10 s, and centrifuging at 600 rpm
for 10 min. The supernatant was diluted to 10 mL with
40% ethanol, and phenolic content was determined as
previously described (TaraseviCiené et al., 2024). EE
was calculated using Equation 5.

TPC[mg GflE ]—SPC(mg G/;E j
g powder g powder ) a4

EE(%) =

TPC[ mg GAE J

g powder

Statistical analysis

The study was conducted using a DCA design. Data
were recorded in Microsoft Excel and analyzed by
ANOVA using R 4.3.1 software, with a significance
level set at a = 0.05. Results are expressed as mean +
standard deviation of three replicates. Means followed
by different lowercase letters within the same row in-
dicate significant differences (p < 0.05), according to
Tukey’s test.

www.food.actapol.net/


http://www.food.actapol.net/

Yata Franco, L. E., Tocto-Yajahuanca, L., Malpartida-Yapias, R. J., Ramirez-Tixe, E., Ore-Areche, F. (2025). Beetroot microcapsules
obtained by spray drying: physicochemical properties, bioactive compounds and encapsulation efficiency. Acta Sci. Pol. Technol.

Aliment., 24(3), 375-385. http://doi.org/10.17306/).AFS.001357

Table 1. Drying yield, moisture content, hygroscopicity and solubility

Sample Treatment Y, % MC, % Hygroscopicity,% Solubility,%
MBBE T1 18.19 £0.00? 6.35 £0.15* 7.71 £0.27¢ 86.78 £0.56*
T2 18.04 £0.05* 6.31 +0.14° 8.36 £0.15%¢ 87.05 £0.96*

T3 18.01 £0.02* 6.17 £0.05° 9.50 +0.18° 86.97 £0.44*

MBPE T1 15.72 £0.12° 6.87 £0.05* 6.42 £0.10° 82.50 £0.56°
T2 15.42 +0.42° 6.05 +£0.14° 7.90 £0.14< 83.19 +£0.81°

T3 15.71 £0.48" 5.77 £0.64* 9.48 +£0.28" 83.09 +£0.15

MBSE T1 15.23 +£0.20° 6.36 +0.22° 7.71 £0.23 73.05 +£0.82¢
T2 15.08 £0.28° 6.34 £0.29° 8.49 +0.15%¢ 74.61 £0.53¢

T3 15.23 +0.13° 6.25 +£0.05° 9.42 +£0.17° 73.00 +£0.09°

MBLE T1 16.42 +0.44° 6.14 +0.05? 7.35 £0.23% 79.53 £0.53¢%
T2 15.62 +£0.15° 6.13 £0.11° 8.59 £0.15% 78.13 £0.22¢

T3 15.97 +0.33° 5.59 £0.33° 10.88 +0.30° 79.57 +£0.56%

Note: values are presented as mean +standard deviation. Means not sharing a superscript differ significantly (» < 0.05). MBBE:
microencapsulated beet bulb extract; MBPE — microencapsulated beet peel extract; MBSE — microencapsulated beet stalk extract;

MBLE — microencapsulated beet leaf extract.

RESULTS AND DISCUSSION

Drying yield and physical properties of MBE
Drying yield is an important indicator to assess the
efficiency and cost-effectiveness of the SD process,
thereby evaluating profitability (Mousavi and Ghan-
diha, 2022). In this study, the drying yield of MBE
ranged from 15.08% to 18.19%, with MBBE show-
ing significantly higher yield (p < 0.05) than MBPE,
MBSE and MBLE (Table 1). These values exceed
those reported by Mkhari et al. (2023), who found
yields between 14.83% and 15.30% in beetroot resi-
dues encapsulated with a mixture of 10% maltodextrin
and gum arabic. The variation is likely due to the high-
er concentration of encapsulating agent and elevated
inlet temperature used here, consistent with Mousa-
vi and Ghandiha (2022), who increased yield from
10.91% to 39.05% using a temperature of 163.64°C
and 15% wall material.

MC is a key physical property influencing micro-
biological stability, physicochemical characteristics,
structural integrity, and shelf life of microcapsules
(Mkhari et al., 2023). As shown in Table 1, the beetroot
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microcapsules exhibited MC values between 5.59%
and 6.87%, with no significant variation observed (p >
0.05). These results align with Mella et al. (2024), who
reported MC values ranging from 3.44% to 8.49% in
beetroot leaves and stems, and are close to the recom-
mended MC range of 1-6% for microcapsule stability
during storage (Aguilera et al., 2022).

Hygroscopicity, the ability of a matrix to absorb
moisture from the environment (Mahdi et al., 2020),
ranged from 7.35% to 10.88% across the MBE sam-
ples (Table 1), with significant differences between
treatments depending on temperature (p < 0.05).
These findings are consistent with Tatasciore et al.
(2024), who reported hygroscopicity values between
7.5% and 14%, noting that higher temperatures dur-
ing SD (150°C) increase hygroscopicity. An inverse
relationship between MC and hygroscopicity was ob-
served; samples with lower MC showed higher hygro-
scopicity. The type and amount of wall material also
influence hygroscopicity, as Laureanti et al. (2023)
demonstrated higher hygroscopicity (16.43%) in
maltodextrin-based microcapsules compared to those
with gum arabic (11.69%)
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Solubility, reflecting the ability of microcapsules to
dissolve in solution, varied significantly among treat-
ments (p < 0.05), ranging from 73% to 87.05%. These
values exceed those reported by Mkhari et al. (2023),
who found solubility between 34.33% and 51% in beet-
root residues. This variation is attributed to the type of
encapsulating agent used and the ultrasound pretreat-
ment applied, which tends to modify the material struc-
ture by breaking cell matrix bonds and exposing more
soluble components, thereby enhancing solubility (San-
tos et al., 2024). The high solubility of MBEs supports
their application in food matrices and facilitates the re-
lease of biological compounds (Laureanti et al., 2023).

Total betalain content (TBC) of the MBE

Betalains are water-soluble nitrogenous pigments
composed of betacyanins and betaxanthins (Martins
et al., 2024), responsible for the red coloration and
notable biological activities (Mkhari et al., 2023).
As shown in Figure 2, TBC of the MBE ranged from
27.6 to 458.1 mg/100 g, exceeding values reported by
Taraseviciené et al. (2024), who found TBC between
131.4 and 156.5 mg/100 g.

Temperature significantly influenced TBC (p <
0.05), likely due to the thermolability nature of beta-
lains (Thippeswamy et al., 2021). The highest TBC
was observed at 130°C (T1), with a significant de-
crease at 150°C (T3). This is consistent with Salazar

MBBE - microencapsulated beet bulb extract; MBPE — microencapsu-
lated beet peel extract; MBSE — microencapsulated beet stalk extract;
MBLE — microencapsulated beet leaf extract.

Fig. 2. Total betalain content (TBC) of the MBE; values
represent the average for each treatment
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et al. (2019), who reported greater preservation of
betalains at lower temperatures (120°C). Addition-
ally, MBPE exhibited significantly higher TBC than
MBLE, corresponding to a more intense color as seen
in Figure 1. This supports findings by Sokolova et al.
(2022), who reported a TBC in peel 1.5 times higher
than in pulp, highlighting the peel’s potential as a rich
pigment source.

Other factors such as beetroot variety, maturity
stage, type of encapsulating agent, and encapsulation
technique also influence betalain concentrations in mi-
crocapsules (Li et al., 2022; Mkhari et al., 2023).

Total phenolic content (TPC) of the MBE

Phenolic compounds exhibit antioxidant properties
that protect against the development of various dis-
eases linked to oxidative damage by neutralizing free
radicals (Edo et al., 2024). TPC ranged from 447 mg
GAE/100 g (MBSE) to 1314 mg GAE/100 g (MBLE)
(Table 2), with significant variations among treatments

Table 2. Total phenolic content of microencapsulated ex-
tracts of stalk, leaf, peel and bulb

Sample Treatment TPC, mg GAE/100 g
EMBR Tl 940 +1.45%
T2 934 +£7.45¢
T3 819 +£2.90f
EMCR Tl 1061 +1.45°
T2 1001 +1.45¢
T3 969 +4.354
EMTR T1 4,95 +8.70¢
T2 483 £2.90¢
T3 447 £1.45"
EMHR T1 1314 £1.45°
T2 998 +7.25¢
T3 927 +0.00°

Note: values are presented as mean +standard deviation. Means
that do not share a superscript differ significantly (p < 0.05).
MBBE — microencapsulated beet bulb extract; MBPE — mi-
croencapsulated beet peel extract; MBSE — microencapsulated
beet stalk extract; MBLE — microencapsulated beet leaf extract.
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(» <0.05). These values surpass those reported by San-
tos etal. (2024) with 584 mg GAE/100 g and fall within
the ranges observed by Guaman et al. (2024) (136 mg
GAE/100 g to 1026 mg GAE/100 g) and Nutter et al.
(2021) (1230 mg GAE/100 g to 1490 mg GAE/100 g)
in MBE (bulb) by SD and beetroot leaves, respective-
ly. Differences relative to previous studies may be due
to SD temperature, encapsulating agent concentration,
beetroot part used, geographic origin, and vegetation
period. Takacs and Vargas (2022) showed that a short-
er vegetation period (65 days) results in higher TPC in
leaves than bulbs, while at 85 days, TPC is higher in
bulbs. Furthermore, TPC significantly decreased with
increasing temperature across all treatments, consist-
ent with Garcia-Segovia et al. (2021), who observed
a 16.47% decrease in TPC when increasing tempera-
ture from 125°C to 150°C with 3.5% encapsulating
agent in beetroot residues.

Retention efficiency (ER) and encapsulation
efficiency (EE)

Figure 3 illustrates ER and EE of the MBE. For the
CF, ER ranged from 65% to 90% for TPC (Fig. 3a)
and from 63% to 89% for betalains (Fig. 3¢). ER val-
ues varied significantly (p < 0.05) with increasing
SD temperature. These findings align with those of
Garcia-Segovia et al. (2021), who reported a decrease
in TPC and betalains with rising temperature and re-
duced encapsulant concentration.

EE is a critical parameter indicating the propor-
tion of biological compounds retained within the en-
capsulating agent (Laureanti et al., 2023). EE of MBE
ranged from 78% to 88% for TPC and 66% to 8§9%
for TBC, decreasing significantly with increasing
temperature (p < 0.05) (Fig. 3b and 3d). These val-
ues exceed those reported by Postruznik et al. (2024)
for TPC (79.09%) and fall within the range reported

MBBE - microencapsulated beet bulb extract; MBPE — microencapsulated beet peel extract; MBSE — microencapsulated beet stalk

extract; MBLE — microencapsulated beet leaf extract

Fig. 3. Average retention efficiency (ER) and encapsulation efficiency (EE) percentages for total phenolic con-
tent (TPC) and total betalein content (TBC) in the MBE. Means with different superscripts differ significantly

(p < 0.05)
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by Mkhari et al. (2023) for betalains (82% to 88%) in
sugar beetroot studies. The higher EE values for TPC
here are likely due to ultrasound pretreatment prior
to SD, which reduces particle size, homogenizes the
mixture, and enhances interaction between the nucleus
and encapsulating agent.

CONCLUSION

This study successfully obtained microcapsules
from beetroot leaves, stems, peel and bulb using SD
with maltodextrin as the encapsulating agent. The
SD temperature had a significant effect (»p < 0.05)
on the preservation of bioactive compounds, with
130°C yielding the highest retention of total phenolic
content and betalains. The resulting microcapsules
demonstrated low moisture content, low hygrosco-
picity, high solubility and favorable drying yields.
Ultrasound pretreatment prior to SD, combined with
the encapsulating agent, contributed to encapsula-
tion and retention efficiencies comparable to those
reported in previous studies. These findings indicate
that MBE have strong potential for application in
food matrices, such as yogurts, powdered beverages,
chocolates, and as natural colorants in meat and re-
lated products. This contributes to the development
of biofortified foods with enhanced biological activ-
ity while promoting the valorization of agro-food
by-products and supporting a more sustainable agro-
industry. Future research should focus on evaluating
the stability, release behavior, and sensory impact of
these microencapsules when incorporated into vari-
ous food systems.
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