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UV-C irradiation, known for its germicidal properties, is an effective postharvest food preservation method

that enhances bioactive compounds in fresh produce. However, many of these bioactive components are

susceptible to thermal degradation, meaning that conventional thermal-based preservation methods may

not retain the UV-C induced bioactivity. This study aimed to investigate the effect of UV-C irradiation (1.25

× 10−3 J cm−2) on freeze-dried beetroot to determine whether similar enhancements in bioactive

components occur. Compared to the untreated sample, the UV-C treated beetroot powder

demonstrated significantly higher loose bulk density, higher tapped bulk density, lower hygroscopicity (p

< 0.05), improved flowability, and reduced compressibility. Additionally, the treated powder exhibited

significantly lower ash content, and increased levels of total betalains (by 3.9%), total flavonoids (by 1.9%),

and ascorbic acid (by 6.6%). These results suggest that UV-C treatment positively impacted several

physical characteristics of the beetroot powder, particularly in terms of compactness, flowability, and

moisture stability without affecting its solubility or solubility rate. UV-C can serve as an effective

processing step to enhance certain bioactive compounds while influencing the mineral content and

carbohydrate content of the beetroot freeze-dried powders, potentially offering increased health benefits.
Sustainability spotlight

The application of UV-C irradiation directly to freeze-dried beetroot powder signicantly enhances the concentration of the health-promoting bioactive
compounds of the powder by increasing the content of betalains, ascorbic acid and avonoids present. The application of UV-C irradiation in this way leads to
a more sustainable utilization of perishable fresh produce as the already shelf stable freeze-dried powder is converted to a version that possesses an enhanced
level of bioactivity which can lead to improved public health. Furthermore, as no form of thermal processing is utilized throughout the process, these health-
promoting changes occur without compromising the nutritional integrity of the thermally labile compounds present in the produce, thereby supporting UN SDG
3 (good health and well-being).
Introduction

In recent years, consumer demand has favoured minimally
processed, natural foods free from chemical preservatives. This
trend has spurred the development of biological alternatives in
the food industry, including antimicrobial essential oils,
bioactive edible lms and coatings, and innovative preservation
technologies.1,2 At the same time, interest in functional foods,
which contain health promoting bioactive compounds has
grown.3,4 Fresh fruits and vegetables rich in antioxidants, vita-
mins, minerals, and phytochemicals, are key sources of these
compounds.5 The health benets of a diet rich in fresh produce
ty of Engineering, University of the West

dad and Tobago. E-mail: che.john@my.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
are well-documented, with numerous studies supporting their
positive impact when consumed regularly.6,7

UV-C irradiation, while widely recognized in the food
industry for its germicidal properties, has also been shown to
enhance bioactive components in fresh produce.8,9 For example,
Valerga et al. (2024) reported that postharvest UV-C treatment of
carrots led to a nearly threefold increase in phenolic
compounds and antioxidant activity, while Menaka et al. (2024)
observed increases in total phenolic content, ascorbic acid, and
overall antioxidant capacity in guava fruits.10,11 Although
thermal preservation methods can extend the shelf life of
perishable produce, they oen degrade thermally sensitive
bioactive compounds, potentially diminishing the benets of
UV-C-induced enhancements.12 Non-thermal technologies like
freeze-drying offer a promising alternative, effectively inhibiting
metabolic and microbial activity without the use of heat.13

While recent research has demonstrated that UV-C irradiation
helps maintain the quality of freeze-dried goat milk powder, the
Sustainable Food Technol., 2025, 3, 1365–1375 | 1365
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Fig. 1 Summary of the phytochemical components of red beetroot
(Beta vulgaris).

Fig. 2 UVFP samples placed in the UV-C chamber for treatment with
UV-C radiation.
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combined application of UV-C treatment and freeze-drying in
fresh produce remains largely underexplored, highlighting
a critical gap in the current body of research.14

This study aimed to investigate the effect of UV-C irradiation
as a post-treatment for freeze-dried produce, using beetroot
(Beta vulgaris) as a model. As shown in Fig. 1, beetroot is
considered a superfood due to its signicant phytochemical
content, including bioactive polyphenols and avonoids.15

Additionally, betalains, the compounds responsible for beet-
root's deep red colour, have been shown to possess potent anti-
inammatory, antioxidant, anti-hypertensive, antidiabetic and
cholesterol-lowering properties.16 In this study, fresh beetroot
was obtained from a local farmers' market, freeze-dried and
converted into powder. The powder was then divided into two
batches, with one batch subjected to UV-C irradiation, while the
other served as the control. The two batches were compared
based on their physicochemical properties and nutrient proles
to assess the impact of UV-C treatment on both the quality of
the beetroot powder and its bioactive components.

Materials and methods
Chemical reagents

All chemical reagents used in the study were of analytical grade
and sourced from Sigma Aldrich (St. Louis, Missouri, USA).

Raw material preparation

Freshly harvested beetroot was purchased from a local farmer's
market in central Trinidad. The beets were selected based on
1366 | Sustainable Food Technol., 2025, 3, 1365–1375
uniform size and the absence of any visual defects or defor-
mations. Aer purchase, they were washed under running tap
water, peeled with a vegetable peeler, and sliced into uniform
5 mm pieces with a mechanical slicer (Hobart Corporation,
Troy, OH, USA).
Freeze drying

The sliced beets were placed in a freeze dryer (Intek, LYO60B-
1S, Shandong, China) for lyophilization over a period of 48 h.
The freeze-dried beet slices were then blended into a ne
powder, which was divided into two 40 g batches and labelled as
FP (freeze-dried beetroot powder) and UVFP (UV-C treated
freeze-dried beetroot powder).
Screening of UV-C treatment

UV-C radiation was provided by 15 W uorescent germicidal
lamps (Cole-Palmer Instrument Co., Chicago, IL, USA) with
a peak emission at 254 nm. Irradiation was conducted imme-
diately aer freeze drying, and the radiation dose was calculated
using the measured radiation intensity (5.2 mW cm−2) and the
exposure time (eqn (1)), as measured by a portable digital
radiometer (Analytik Jena, Upland, CA, USA). To determine the
optimal UV-C treatment for freeze-dried beetroot powder, 1 g
samples were exposed to the UV-C radiation for 60, 120, 240,
360, and 600 seconds, corresponding to energy doses of 3.12 ×

10−4, 6.24 × 10−4, 1.25 × 10−3, 1.87 × 10−3, and 3.12 × 10−3 J
cm−2, respectively. Aer treatment, the samples were evaluated
for betalain content and antioxidant capacity. The energy dose
that produced the highest values for both parameters was
selected as the optimal treatment condition for subsequent
analyses.

UVC dose (J cm−2) = UVC intensity (W cm−2)

× exposure time (s) (1)
UV-C treatment

Based on initial screening results, the sample treated with a UV-
C dose of 1.25 × 10−3 J cm−2 exhibited the highest betalain
content and antioxidant capacity. As a result, this dose was
selected as the optimal treatment for the UV-C-treated freeze-
dried beetroot powder (UVFP). The treatment was carried out
in a UV-C chamber (Fig. 2), with an exposure time of 240 s to
achieve the selected treatment dose. Following UV-C
© 2025 The Author(s). Published by the Royal Society of Chemistry
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irradiation, the UVFP sample was vacuum-sealed and stored in
a desiccator until further analysis.
Physical assessment of powders

Yield. The powder yield obtained from freeze-dried beetroot
was calculated using the following equation (eqn (2)).

Powder yieldð%Þ ¼ weight of powder obtainedðgÞ
weight of fresh sample usedðgÞ � 100 (2)

Colour. The colour parameters of the powders were
measured using a Chroma meter (Konica Minolta, CR-400,
Tokyo, Japan). Measurements were taken within the CIE Lab
colour space, where L* represents lightness, a* represents the
red-green and b* represents the yellow–blue axis. Chroma
values were determined (eqn (3)), as well as the total colour
difference (DE) between day 0 and day 20 (eqn (4)).

Chroma ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
(3)

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffih
ðL2 � L1Þ2 þ ða2 � a1Þ2 þ ðb2 � b1Þ2

ir
(4)

where L1, a1, b1 represent readings on day 0 and L2, a2, b2
represent readings on day 20.

Bulk density and owability. Bulk density and owability of
the freeze-dried powders were determined following the methods
outlined by Kapoor et al. (2021).17 Briey, 10 g of sample was
carefully added to a measuring cylinder, and the initial volume of
the loose powder was recorded. The cylinder was then tapped on
a rubber mat until the volume of the loose powder became stable.
The nal volume of the powder sample was noted, and both the
tapped and loose bulk densities were calculated using eqn (5) and
(6). The owability of the powders was evaluated using the
Hausner ratio18 and Carr's compressibility index19 (eqn (7) and (8)).

Tapped bulk density; ½rtapped�
�
g cm�3� ¼ massðgÞ

tapped volume ðcm3Þ
(5)

Loose bulk density; ½rloose�
�
g cm�3� ¼ massðgÞ

initial volumeðcm3Þ (6)

Hausner ratio;H ¼ rtapped

rloose
(7)

Carr’s compressibility index;CIð%Þ ¼
�
rtapped � rloose

rtapped

�
� 100

(8)

Hygroscopicity. The hygroscopicity of the powders was
determined using a method adapted from O'Donoghue et al.
(2019).20 A mass of 1 g of each sample was placed on a pre-
weighed watch glass, which was then placed in a desiccator
containing a saturated sodium chloride solution. Aer one
week, the watch glasses were re-weighed and the hygroscopicity
was calculated using eqn (9).
© 2025 The Author(s). Published by the Royal Society of Chemistry
Hygroscopicityð%Þ
�
Wf �Wi

�
Wi

(9)

where Wf = nal sample weight (g), Wi = initial sample weight
(g)

Solubility. Solubility was determined by transferring 1 g of
each sample into to a test tube containing 20 mL of distilled
water, following the method of Youse et al. (2022).21 The
mixtures were vortexed until the samples dissolved and then
transferred to labelled 50 mL centrifuge tubes. The samples
were then centrifuged at 36 000× g for 15 min. Aer centrifu-
gation, the sediments were resuspended in 20 mL distilled
water, vortexed, and centrifuged again. The resulting sediment
was placed on a watch glass and dried in an oven at 105 °C for
4 h. Aer drying, the sediments were weighed, and the solubility
was then calculated (eqn (10)).

Solubilityð%Þ ¼
�ðfresh powder weightðgÞ � dried sediment weightðgÞÞ

weight of fresh powderðgÞ
�

(10)

Wettability. Wettability was assessed following the method
described by Kapoor et al. (2021) with minor modications.17 A
250 mL beaker was lled with 200 mL distilled water at room
temperature. A 0.5 g of powder was placed onto the water
surface. The wettability was determined by measuring the time
taken (s) for the powder to fully submerge.

Particle morphology. The morphology of the powder parti-
cles was examined using scanning electron microscopy (SEM).
The samples were rst xed onto a sample holder using double-
sided carbon tape and then sputter-coated with a thin layer of
gold powder under vacuum. SEM images were recorded using
a scanning electron microscope (SEM 515, Philips, Holland) at
accelerating voltages of 20 and 30 kV, with magnications of
110×, 655× and 885×.
Quality parameters of powders

Proximate analysis. Carbohydrate content was determined
using the phenol-sulphuric method, with glucose as the stan-
dard as described by Tamboli et al. (2020).22 Crude bre,
moisture and ash contents of the extracted SCP were quantied
using AOAC methods.23

Water activity. The water activity (aw) of the powder was
measured according to Todorović et al. (2022) using the Aqua
Lab CX-2 water activity meter (Decagon Devices Inc., Pullman,
WA, USA).24

Total betalain content (TBC). The TBC was determined
based on the method described by Prieto-Santiago et al. (2020)
with minor modications.25 To a centrifuge tube containing
10 mL of distilled water, 1 g of powdered sample was added and
centrifuged at 36 000× g for 15 min. The supernatant was
carefully extracted, mixed with 4 mL of distilled water and
vortexed. Absorbance was measured using a UV-VIS spectro-
photometer (Thermo Scientic Evolution S/N, Madison, USA) at
476 nm and 538 nm for betaxanthins and betacyanins respec-
tively. TBC was calculated using eqn (11).
Sustainable Food Technol., 2025, 3, 1365–1375 | 1367
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Table 1 Characteristics of freeze-dried beetroot powdersa

Analysis performed FPb UVFPb

Loose bulk density [g cm−3] 0.31 � 0.01a 0.40 � 0.02b

Tapped bulk density [g cm−3] 0.38 � 0.01a 0.48 � 0.02b

Hausner ratio 1.21 � 0.02a 1.19 � 0.01b

Carr's compressibility index 17.52 � 0.01a 16.02 � 0.01a

Hygroscopicity [%] 14.76 � 1.0c 1.92 � 0.0b

Solubility [%] 80.52 � 0.19a 81.69 � 0.45a

Wettability [s] 15.36 � 1.54a 7.47 � 0.52b

a FP = untreated freeze-dried beetroot powder, UVFP = UV-C treated
freeze-dried beetroot powder, and different superscript letters in
a column indicate signicant differences (p < 0.05). b Values are
reported as the average ± standard deviation.

Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 9
:5

8:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Total betalain content
�
mg g�1

� ¼ A�Mw � V �DF

3� L�W
(11)

where A = absorbance reading at 538 nm (betacyanins) or
476 nm (betaxanthins),Mw =molecular weight (550 g mol−1 for
betacyanins and 308 g mol−1 for betaxanthins), V = extract
volume (mL), DF = dilution factor, 3 = molar extraction coef-
cient (60 000 L mol−1 cm−1 for betacyanins and 48 000 L
mol−1 cm−1 for betaxanthins), L= cuvette path length (1 cm),W
= sample mass (g).

Total phenolic content (TPC) and total avonoid content
(TFC). TPC was determined using the Folin–Ciocalteu colouri-
metric method, with gallic acid as the standard. Absorbance
was measured at 765 nm, and TPC was expressed as mg of gallic
acid equivalents (GAE) per mL of sample. TFC was determined
using the aluminium chloride colorimetric method, with
quercetin as the standard. Absorbance was measured at
415 nm, and the results were expressed as mg of quercetin
equivalents (QE) per mL of sample.

Ascorbic acid content and antioxidant properties. The
ascorbic acid content of the powders was determined using the
spectrophotometric method outlined by Papoutis et al. (2016),
with L-ascorbic acid as the standard.26 Antioxidant properties
were evaluated using the DPPH method as described by Farhan
et al. (2024).27 Solutions of 1 g L−1 were prepared from the
freeze-dried powders, and 0.1 mL of each solution was mixed
with 3.9 mL of a prepared 0.1 mM DPPH solution. Aer incu-
bation in the dark for 30 min at room temperature, absorbance
at 517 nm was measured, and the DPPH scavenging rate was
calculated using eqn (12).

DPPH scavenging rateð%Þ ¼
�
1� ðA0 � A2Þ

A2

�
� 100 (12)

where A0 = absorbance of the powder/DPPH solution. A1 =

absorbance of the powder sample alone. A2 = absorbance of the
DPPH solution alone.
Statistical analysis

The qualitative analyses were conducted in triplicate and the
results are presented as the average value ± standard deviation.
Using Minitab soware (version 21.4.10), signicant differences
were determined using one-way ANOVA, with post-hoc
comparisons made using Dunnett's multiple comparison test
and Tukey's multiple range test, with a signicance level set at p
< 0.05.
Results and discussion
Powder physical characteristics

The yield of the freeze-dried beetroot powder was 18.86% which
represents an improvement over the previously reported 10–
12% reported by Bunkar et al. (2020).28 The physical character-
istics of the obtained beetroot powders obtained are summa-
rized in Table 1. The results indicate that the UV-C treated
freeze-dried beetroot powder (UVFP) exhibited signicantly
higher values (p < 0.05) for both loose and tapped bulk density
parameters compared to the untreated freeze-dried beetroot
1368 | Sustainable Food Technol., 2025, 3, 1365–1375
powder (FP). Bulk density is a critical parameter for powders as
it directly inuences both the uidity and solubility of the
product.29 Powders with lower bulk densities typically have
more air spaces between particles, which can affect their
stability. The presence of these air spaces makes powders more
susceptible to oxidation.30 Since the UVFP had higher bulk
densities than the FP, it suggests that the UV-C treatment may
have altered the structure and size of the beetroot powder
particles, causing them to pack more tightly and thus reducing
the amount of air spaces. SEM images shown in Fig. 3a–d,
support this observation, as UVFP particles appeared smaller
and more shrunken compared to FP particles.

The owability of powdered products is an important indi-
cator of how easily particles move or ow. The Hausner ratio is
a key indicator of owability; powders with a ratio below 1.25
are considered to have adequate owability, while ratios above
1.25 indicate poor owability.31 Both FP and UVFP demon-
strated adequate owability of 1.21 and 1.19, respectively.
However, the UVFP exhibited a signicantly lower Hausner ratio
than the FP (p < 0.05), indicating improved owability. Addi-
tionally, Carr's compressibility index (CI), another measure of
owability, was lower in the UVFP (16.02) than in the FP (17.52).
The CI measures the resistance and stability of powder particles
in contact with each other, providing insight into powder
owability. Powders with a CI greater than 25 are considered to
have low owability, while those with a CI below 25 are
considered to have acceptable owability.20 Although the
difference in CI was not signicant (p > 0.05), the UVFP
exhibited better owability and lower compressibility compared
to the FP powder. Although the differences were marginal, the
UVFP appeared to be more owable than the FP, despite its
higher density which contrasts with what is typically observed
in the literature. Particle size plays a crucial role in determining
the owability of a powder, with a decrease in particle size
typically leading to increased cohesion and reduced ow-
ability.32 As shown in Fig. 3, the UVFP particles were smaller
than those of the FP. This would suggest that the owability of
the UVFP should have been lower than that of the FP; however,
this was not the case.

A possible explanation for this observation is that UV-C
treatment altered the surface chemistry of the powdered parti-
cles, reducing cohesion and agglomeration despite the small
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electron microscope images of FP (1 and 2 at 110× and 655× respectively) and UVFP (1 and 2 at 110× and 885× respectively).
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size. Wu and Li (2024) reported similar ndings in UV-
irradiated Al2O3 powder, where irradiation reduced agglomer-
ation.33 They attributed this to surface oxidation caused by high-
energy photons, which generated oxygen vacancies through the
oxidation of surface hydroxyl and carboxyl groups. This reduced
the polarity of the powder particles and weakened inter-particle
hydrogen bonding, leading to less agglomeration and improved
owability.

Another explanation for the observed difference in ow-
ability between the freeze-dried powders may be attributed to
their varying hygroscopic properties. Hygroscopicity refers to
a powder's ability to absorb moisture from the air, depending
on its physical and chemical structure.34 Typically, an increase
in water content correlates with a decrease in powder owability
due to the caking and agglomeration of particles.34 As shown in
Table 1, the FP exhibited signicantly higher (p < 0.05) hygro-
scopicity (14.76%) compared to the UVFP (1.92%). This
substantial difference could explain the variation in owability
between the two powders. The FP, with its greater affinity for
ambient moisture, was more susceptible to humidity, likely
leading to particle agglomeration and reduced owability. In its
natural state, beetroot contains high moisture content and
soluble components, which upon freeze drying, readily absorb
moisture from the surrounding environment. On the other
© 2025 The Author(s). Published by the Royal Society of Chemistry
hand, UV-C treatment alters the structure of intramembranous
proteins, affecting their ability to interact with moisture.35 This
structural change likely explains why the UVFP exhibited
reduced hygroscopicity and consequently improved owability.
The signicantly lower hygroscopicity shown with the UVFP
made it more stable and less prone to moisture uptake and may
result in better storage stability, as lower moisture absorption
can prevent clumping and dehydration.

The dissolving properties of the powders were assessed
through solubility and wettability tests. Solubility is a key factor
in how easily powders can be rehydrated, which is particularly
importance for consumer use, as it inuences how well the
powders integrate into various food applications. In this study,
the solubility of both FP (80.52%) and UVFP (81.69%) was not
signicantly different (p > 0.05) and was higher than that of
similar freeze-dried fruit and vegetable powders reported in the
literature. For example, freeze-dried mango powder has a solu-
bility of 45.90%, while dragon fruit powder, shows a solubility of
around 60%.36,37

While solubility values were similar, a signicant difference
(p < 0.05) was observed in the wettability of the powders.
Wettability refers to a powder's ability to overcome the surface
tension between its particles and a liquid, allowing it to
submerge.38 Particle size is oen a good indicator of the
Sustainable Food Technol., 2025, 3, 1365–1375 | 1369
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wettability, as larger particles typically have more space between
them, making it easier for water to penetrate these gaps.38 The
SEM images indicated that the FP particles appeared slightly
larger than the UVFP particles, so it was expected that the FP
would have a faster wettability time. However, this was not the
case. As shown in Table 1, the UVFP had a signicantly shorter
wettability time it can be seen that the wettability time (7.47 s)
compared to the FP (15.36 s), indicating that the UVFP had
much better wettability, possibly due to changes in particle
structure or surface characteristics that make the powder more
hydrophilic. This is a benecial characteristic, especially in
applications where rapid dispersion of the powder in liquids is
required and is an advantageous trait for applications in liquid
Fig. 4 Comparison of colour parameters of the freeze-dried beetroot po
and the total colour difference, (DE) between day 0 and day 20 (e). FP = u
dried beetroot powder. *Values are reported as average ± standard dev
significantly different (p < 0.05).

1370 | Sustainable Food Technol., 2025, 3, 1365–1375
formulations. This observation aligns with the ndings Taskin
et al. (2021) who studied the wettability of freeze-dried cranberry
bush powder at different particle sizes. Their results indicated
that the powder with the smallest particle size had the fastest
wettability time.39
Quality assessment of powders

Colour stability. The colour parameters of both freeze-dried
beetroot powders over the 20 day storage period are presented
in Fig. 4a–e. The results indicate that both powders darkened
during storage, as evidenced by the slightly lower L* values at
day 20 (Fig. 4a). Additionally, the UV-C treated freeze-dried
powder (UVFP) consistently exhibited lower L* values than the
wders over a 20 day period using L*a*b* values (a–c), chroma values (d)
ntreated freeze-dried beetroot powder, UVFP = UV-C treated freeze-
iation and different superscript letters in a column indicate values are
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Table 2 Analytical assessment results of freeze-dried beetroot
powdersa

Analysis performed FPb UVFPb

Powder yield [%] 18.86 � 0.02 —
Water activity 0.31 � 0.01a 0.31 � 0.01a

Moisture content [%] 3.88 � 0.76a 4.86 � 0.04a

Crude bre content [%] 4.44 � 0.18a 4.68 � 0.20a

Ash/Mineral content [%] 6.96 � 0.03a 5.81 � 0.02b

Total carbohydrate content [%] 21.05 � 0.02a 33.89 � 0.02b

Total soluble solids (°Brix) 35.67 � 0.6a 34.33 � 0.6b

pH 6.25 � 0.02a 6.05 � 0.02b

Betaxanthin content [mg g−1 DM] 16.03 � 0.06a 18.11 � 0.05b

Betacyanin content [mg g−1 DM] 49.13 � 0.06a 49.08 � 0.05a

Total betalain content [mg g−1 DM] 62.81 � 0.35a 65.23 � 0.32b

Total phenolic content [%] 12.78 � 0.01a 12.96 � 0.02a

Total avonoid content [%] 7.69 � 0.01a 9.58 � 0.01b

Ascorbic acid content [%] 31.85 � 0.02a 38.49 � 0.02b

Total antioxidant capacity [%] 70.11 � 0.05a 70.45 � 0.06a

a FP = untreated freeze-dried beetroot powder, UVFP = UV-C treated
freeze-dried beetroot powder, and different superscript letters in
a column indicate values are signicantly different (p < 0.05). b Values
are reported as average ± standard deviation.
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untreated freeze-dried powder (FP) throughout the storage
period, with a slightly greater overall decrease observed by day
20 compared to the FP (2.56 vs. 2.25, respectively). This nding
aligns with the results of Ramirez-Fajardo et al. (2024) who re-
ported a reduction in L* values in dehydrated tomatoes
following UV-C treatment.40

Regarding the a* values, both powders had similar values at
day 0 (p > 0.05). However, by day 20, the UVFP exhibited
a signicant decrease, with values signicantly lower (p < 0.05)
than the FP (Fig. 4b). A similar trend was observed with for the
b* values. Although the UVFP had a signicantly higher b* value
at day 0 (p < 0.05), by day 20, it was signicantly lower than the
FP (p < 0.05) (Fig. 4c). Furthermore, although no signicant
difference in chroma values was observed at day 0 (p > 0.05), by
day 20, the FP had signicantly higher chroma values than the
UVFP (p < 0.05) (Fig. 4d). Chroma values represent the satura-
tion or intensity of colour in a sample.41 Betalains, the pigments
responsible for the red-purple colour of beets, contain aromatic
rings and multiple double bonds that can degrade upon UV
exposure.42,43 Thus, the UV-C treatment applied to the UVFP in
this study likely induced structural changes in betalain
compounds, resulting in lower chroma values compared to the
untreated FP.

Consistent with these observations, the total colour differ-
ence (DE) between day 0 and day 20 (Fig. 4e), was signicantly
greater in the UVFP, at DE = 4.30, compared to DE = 1.97 in the
FP. This nearly two-fold increase suggests that UV-C irradiation
substantially reduced colour stability during storage. Given that
colour retention is critical for the use of beetroot powder as
a natural colorant, particularly in the food and beverage appli-
cations, this decline in visual quality may limit the commercial
viability of UVFP in its current form. To mitigate this issue,
strategies such as encapsulation and modied atmosphere
packaging (MAP) may be effective. Encapsulation of betalains
using carriers like maltodextrin and other biopolymers has
been shown to improve pigment stability and extend shelf life,
potentially preserving the initial colour characteristics of UV-C
treated powders during storage.44 Similarly, reducing oxygen
exposure through MAP can help minimize oxidative degrada-
tion, further enhancing colour retention and overall product
consistency.

Proximate analysis of powder. The results presented in Table
2 show that both the FP and UVFP had similar moisture content
and water activity levels, with no signicant differences
observed (p > 0.05). These ndings were expected, as UV-C
treatment is a non-thermal form of irradiation and would not
be anticipated to cause moisture loss in the samples. No
signicant difference was observed in the crude bre content of
the powders. However, regarding the ash content, the UVFP
exhibited a signicantly lower value than the FP, suggesting that
the UV-C treatment negatively affected the total mineral content
of the beetroot powder. This nding is consistent with the study
by Adetuyi et al. (2019) which reported that UV-C exposure as
a post-harvest treatment to Clerodendrum volubile leaves caused
notable change in the mineral composition.45 Their results
showed that minerals such as phosphorous, manganese,
sodium and calcium increased following UV-C exposure, while
© 2025 The Author(s). Published by the Royal Society of Chemistry
potassium levels decreased. This is of particular interest, as
potassium is the most abundant mineral present in beetroot
(260–407mg/100 g).46 Thus, it is possible that the UV-C exposure
in this study led to a reduction in potassium levels of the UVFP.
Since potassium is typically the predominant mineral in beet-
root, this decrease could explain the lower mineral content
observed in UVFP compared to the untreated FP.

Additionally, the effect of the UV-C treatment was evident in
the carbohydrate content of the powders. The UVFP exhibited
a signicantly higher carbohydrate content (33.89%) compared
to the FP (21.05%) (p < 0.05), suggesting that UV-C exposure
enhanced the availability of total carbohydrates. Similar nd-
ings were reported by Djaoud et al. (2024), who observed that
UV-C irradiation increased the soluble carbohydrate content in
dates (Phoenix dactylifera L.) depending on the exposure time.47

The observed increase in carbohydrate content in the UVFP can
be attributed to the UV-C-induced breakdown of complex
polysaccharides in the beetroot powder. Rodŕıguez-Rodŕıguez
et al. (2019) reported a similar effect, where UV-C irradiation
hydrolyzed polysaccharides and oligosaccharides in Aloe vera
gel, leading to an increase measurable glucose content.48 Since
the total carbohydrate content in this study was measured using
the phenol-sulfuric acid method with glucose as the standard,
the enhanced release of glucose subunits likely contributed to
the signicantly higher carbohydrate values in the UVFP
compared to the untreated FP. The UV-C treatment also led to
a signicantly lower (p < 0.05) total soluble solid content in the
UVFP (34.33 ± 0.06) compared to the FP (35.67 ± 0.06). This
trend was also reported by Pelaic et al. (2022) who showed that
increasing UV-C exposure, led to a decrease in total soluble
solids in potato.49 They suggested that the degradative effects of
UV-C irradiation on the conjugated bonds in some of the
soluble solids led to an alteration of their chemical composi-
tion, resulting in a lower total soluble solid content.
Sustainable Food Technol., 2025, 3, 1365–1375 | 1371
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Bioactive compounds. Betalains, consisting of betacyanins
and betaxanthins are water-soluble nitrogenous pigments
derived from betalamic acid that give beetroot its characteristic
deep purple-red colour. These pigments are primary respon-
sible for the bioactive properties of beetroot, as research has
shown they are directly linked to a reduction of oxidative stress,
a decrease in bad cholesterol, and the protection of DNA from
damage.50 The total betalain content of a sample represents the
sum of both of the betacyanin and betaxanthin contents. In this
study, although there was no signicant difference (p > 0.05) in
the betacyanin contents, the betaxanthin content of the UVFP
was signicantly higher (p < 0.05) than the FP. This resulted in
the UVFP displaying a signicantly higher total betalain content
(65.23 mg per g DM) compared to the FP (62.81 mg per g DM) (p
< 0.05). While some studies have indicated that photons from
UV-C exposure can be absorbed by the aromatic rings of beta-
lains, potentially causing structural changes to the molecule,
other studies suggest that controlled UV-C exposure can actually
enhance betalain content.51 It was found that while extended
UV-C irradiation (30 min) decreased betalain content in fresh
beetroot, a 10 minutes exposure resulted in the highest betalain
levels.52 Previous research has also shown that postharvest UV-C
irradiation can increase the total phenolic and total avonoid
content of produce.53 It was proposed that this effect is likely
due to the increased activity of the phenylalanine ammonia
lyase (PAL) enzyme.26 PAL is a key enzyme in the phenolic
compound synthesis pathway, catalysing the conversion of L-
phenylalanine to trans-cinnamic acid.41 Furthermore, betalains
are more stable at lower, acidic pH levels, as they can become
hydrolysed at higher, more alkaline pH levels.54 Although the
values were still relatively close, the pH levels of the FP were
signicantly higher than the UVFP, which may explain why the
betalain content was higher in the UVFP than in the FP.

In this study, UV-C treatment had a more pronounced effect
on the total avonoid content (TFC) than on the total phenolic
content (TPC). Although the difference was not statistically
signicant (p > 0.05), the UVFP exhibited a slightly higher total
phenolic content (TPC) than the untreated FP. This marginal
increase may be attributed to the UV-C-induced reduction in
particle size (Fig. 3), which could enhance the release and
extractability of phenolic compounds. Since phenolics are oen
bound to cell wall components such as cellulose, pectin, and
structural proteins, disruption of cellular structures could
increase their accessibility.55 Supporting this, Yu et al. (2024)
reported that microstructural preservation in ultrasonic
osmotic dehydrated lotus root was key to retaining phenolic
content, implying that structural alterations observed in the
UVFP, may facilitate greater phenolic release.56 However, the
lack of statistical signicance suggests that the UV-C exposure
applied in this study may not have been sufficient to induce
a substantial release of phenolic compounds from the cell wall.

Nevertheless, the TFC of the UVFP was signicantly higher (p
< 0.05) than that of the FP showing a 1.9% increase. This
indicated that UV-C treatment promoted the synthesis of
avonoid compounds in the beetroot powder. Flavonoids are
synthesized in plants as a response to various stresses,
1372 | Sustainable Food Technol., 2025, 3, 1365–1375
including UV exposure, heat, and water. Studies have shown
that UV-C exposure can enhance the activity of key avonoid-
synthesis enzymes such as phenylalanine ammonia lyase
(PAL) and chalcone synthase.57 Although enzymatic activity
typically decreases during drying, PAL activity was retained in
freeze-dried wheat seedlings even aer three months of
storage.58 Given that avonoids are well known for their anti-
oxidant, anti-inammatory and antiviral properties, the
increased TFC in the UVFP suggests that UV-C radiation may be
an effective processing step for producing more bioactive
powders.

Regarding ascorbic acid content, the UVFP exhibited
a signicantly higher value (38.49%) compared to the FP
(31.85%) (p < 0.05). UV-C irradiation stimulates the L-galactono-
1,4-lactone dehydrogenase (GalDH) enzyme, which catalyses the
nal step of ascorbic acid synthesis.59 It has been reported that
UV-C treatment minimized the breakdown of ascorbic acid
during storage in acerola fruit.59 In contrast, while another
study found no effect of UV-C on ascorbic acid content in lemon
pomace powder, this study showed that UV-C treatment
signicantly increased ascorbic acid content in freeze-dried
beetroot powder.26 Numerous studies have shown that UV-C
irradiation, by increasing antioxidant compounds like phenols
and avonoids, also enhances the overall antioxidant capacity
of produce.60 A recent study reported that antioxidant enzymes
such as superoxide dismutase, remain active even aer freeze-
drying. Similarly, another study found that moderate UV-C
treatment of lemon pomace powder led to a signicant
increase in antioxidant activity.26,61 Despite the higher ascorbic
acid content and avonoid content in the UVFP, no signicant
differences were observed between the antioxidant capacities of
the UVFP and FP in this study, which contradicts some litera-
ture ndings. One possible explanation is that the DPPH anti-
oxidant assay used in this study may not have been sensitive
enough to detect differences. In support of this, Zhou et al.
(2024) demonstrated that the DPPH assay exhibited lower
detection efficiency and responsiveness compared to the ABTS
assay in the antioxidant evaluation of Manuka honey.62

Furthermore, similar ndings were reported by Papoutsis et al.
(2016) where UV-C treated lemon pomace powder showed
signicantly improved antioxidant properties with the FRAP
and CUPRAC assays, but no signicant effect in the DPPH
assay.26

Conclusions

This study investigated the effect of UV-C irradiation as a post-
processing treatment on freeze-dried produce, specically
freeze-dried beetroot powder. The results showed that UV-C
treatment did not cause signicant moisture loss, as expected
from a non-thermal treatment nor did it signicantly affect the
solubility of the freeze-dried beetroot powder. On the other
hand, UV-C treated powder exhibited signicantly higher
wettability, loose and tapped bulk densities than untreated
powder, most likely due to differences in particle size, making
the powder more hydrophilic, dense and less airy. Additionally,
UV-C treatment signicantly reduced hygroscopicity (p < 0.05),
© 2025 The Author(s). Published by the Royal Society of Chemistry
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which contributed to slightly improved owability, despite its
higher density and reduced compressibility compared to the
untreated powder. The signicantly lower hygroscopicity shown
with the UVFP made it more stable and less prone to moisture
uptake which is important for product shelf life. UV-C treatment
also led to a signicant reduction (p < 0.05) in ash content and
an increase in carbohydrate content in the treated powder.
Regarding bioactive compounds in the freeze-dried beetroot
powder, UV-C exposure signicantly increased (p < 0.05) the
total betalain content by 3.9%, total avonoid content by 1.9%
and ascorbic acid content by 6.6%. These ndings highlight the
potential of UV-C irradiation to enhance the bioactive prole of
freeze-dried powders. Since freeze-dried powders are stable
when stored properly and can be easily reconstituted, the
results of this study suggest that perishable fresh produce can
be converted into stable powders with enhanced bioactivity
through a combination of freeze-drying and UV-C treatment.
However, given the limited scope of this study, further research
is warranted to explore the potential applications of UV-C
treated freeze-dried produce powders in functional food
formulations. In particular, as this study employed only the
DPPH assay to assess antioxidant capacity, future investigations
should incorporate a broader range of antioxidant assays to
comprehensively evaluate the enhanced antioxidant properties
of these powders.
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