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elf life of red chilies (Capsicum
annuum): exploring steam, microwave, and pulsed
light treatments under different storage
conditions†

Kosana Pravallikaa and Snehasis Chakraborty *ab

Red chilies face significant challenges inmaintaining quality and safety during storage, thus necessitating effective

preservation strategies to extend their shelf life under varying environmental conditions. In this study, the effects

of steam (ST) (120 °Cj300 s), microwave (MW) (540 kJ), and pulsed light (PL) (2.59 J cm−2) conditions on the shelf

life of 0.6 and 0.35 aw red chillies were examinedwhile packed in polypropylene (PP) pouches under ambient (28

°C) and refrigerated storage (4 °C) conditions. Post-treatment, steam-treated red chillies retained 26.0% and

22.0% fewer phenolics, 37.4% and 36.2% fewer flavonoids, 13.3% and 9.4% fewer antioxidants, 34.6% and

35.0% fewer ascorbic acid, and 13.7% and 24.1% fewer carotenoids than MW and PL treated chillies,

respectively. Based on the microbiological limit of 6 log10 CFU g−1, steam-treated red chillies had a shorter

shelf life compared to even untreated samples, i.e., 22 days and 59 days for 0.60 and 0.35 aw chillies, whereas

untreated chillies had 35 days and 101 days for respective aw under ambient storage. Meanwhile, the shelf life

of microwave and pulsed light-treated red chillies was more than 150 days at both aw and storage

temperatures. There was a significant colour change in steam-treated samples with an E* value of 7.85

compared to MW (2.15) and PL (2.30). Even after 210 days, PL-treated red chilies retained >80% of their

bioactive compounds. The first-order kinetic model confirmed that the retention of bioactive compounds is

greater in MW- and PL-treated samples than in steam-treated chillies at both aw and storage temperatures.

The red chillies treated with MW showed almost similar shelf life to the PL treated chillies in terms of all the

quality attributes, but there was an increase (3.3% to 24.9%) in enzyme activity after PL treatment. Hence, MW

and PL can be used as alternative sterilization techniques to extend the shelf life of red chillies.
Sustainability spotlight

Food preservation is crucial for reducing waste and promoting sustainability. While conventional steam sterilization effectively inactivates microorganisms and
enzymes, it requires prolonged high-temperature exposure, leading to nutrient loss and diminished sensory quality. Emerging technologies, such as microwave
heating (novel-thermal) and pulsed light treatment (non-thermal), are revolutionizing food processing by ensuringmicrobial safety and enzymatic stability while
preserving phytochemical content and sensory appeal. These advanced methods operate with shorter processing times, reducing energy consumption and
minimizing thermal damage. With high energy efficiency, quality retention, and minimal maintenance, they support UN Sustainable Development Goal 12
“Responsible Consumption and Production”, which can sustainably enhance the shelf life of fresh produce. Embracing these innovations is key to a sustainable,
efficient food supply chain.
1 Introduction

Chilli has a prominent place amongst the major spices across
the globe with the cultivation of over 400 different varieties. Red
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chillies (Capsicum annuum), belonging to the family Solanaceae,
are classied as fruit-vegetables and are widely valued for their
exceptionally high content of vitamin C, phenolics, and anti-
oxidants, surpassing many other vegetables in nutritional
richness.1 These are used in a variety of foods in several forms
due to their unique avour (heat), aroma and colour, which
result from the presence of capsaicinoids and carotenoids,
respectively.2 Spices have been used not only for seasoning but
also as medicines, cosmetics, and perfumes. Therefore, the
market for spices has been increasing tremendously. In 2022–
23, the global production of dried red chillies was 5.06 mT,
which costs $1.3 billion. The top producer and exporter
© 2025 The Author(s). Published by the Royal Society of Chemistry
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countries of chillies were India (2.78 mT), Bangladesh (0.63
mT), and Ethiopia (0.33 mT) in 2022–23.3 The largest exported
spices from India in 2023–24 were chilli (0.6 mT), cumin (0.17
mT), turmeric (0.16 mT), and ginger (0.06 mT) products. In
2022, India exported 1.53 mT, marking a 9.63% increase in
volume and a 12.49% rise in annual revenue.4 Spice exporters
face challenges in assuring consumers of the safety and hygiene
of their products.

Freshly harvested red chillies have a limited shelf life of 3 to
5 days under ambient conditions due to their high moisture
content and respiration rates, making them highly susceptible
to microbial spoilage and quality deterioration.5 Post-harvest
losses of chillies contribute to 25–35% of agricultural
produce, posing signicant economic and sustainability chal-
lenges by reducing farmer incomes, disrupting market effi-
ciency, and increasing costs for consumers. To mitigate these
losses, advanced storage techniques, improved processing
methods, and effective preservation strategies are essential.6

Drying is one of the most effective techniques for extending the
shelf life of chillies by reducing moisture content, thereby
inhibiting microbial growth and enzymatic degradation.
However, dried chillies stored at ambient temperatures (25–30 °
C) deteriorate rapidly, experiencing substantial weight loss,
discolouration, and loss of bioactive compounds.7,8 The appli-
cation of preservation technologies, controlled storage condi-
tions, and modied packaging can further enhance the shelf
life of dried chillies.9 While traditional methods like sun drying
and air drying are widely used, they are always combined with
other hurdles such as low temperatures; chemical treatment
such as application of edible coatings, ozone and chlorine
dioxide treatment; thermal treatments such as drying, steam
sterilization, microwave, infrared, and ohmic heating; non-
thermal treatments such as irradiation,5,8 pulsed light,10 ultra-
sound,11 cold plasma,12 and high hydrostatic pressure.13 The use
of chemical treatments and irradiation on spices is not readily
accepted by consumers because of the residue presence on the
nal product, which might be carcinogenic; hence, these are
banned in a few countries.14 Among the preservation technol-
ogies, the most popular and conventional technique is thermal
treatment, which completely inactivates microorganisms and
enzymes but causes a huge loss of essential bioactive
compounds, but in some cases, it still does not completely
inactivate even spoilage microorganisms at 60–80 °C.6 There are
some literature studies available on the thermal processing of
dried red pepper;6 paprika;15 black peppercorns;16 green and red
chillies;17 and the activity of bioactives in chillies.18 Microwave
(MW) treatment is a novel thermal technology, which is a form
of electromagnetic radiation that lies between infrared and
radio waves in the electromagnetic spectrum. In the United
States, federal regulations designate two specic frequencies,
915 MHz and 2450 MHz, for industrial applications. Conse-
quently, microwave radiation presents a viable alternative for
pasteurizing or even sterilizing food at lower temperatures in
a shorter time compared to conventional methods.19 In previous
studies, microwave treatment has been used as a pretreatment
prior to drying20 and as a drying technology21 but not as a tech-
nique alternative to pasteurization or sterilization.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Nonthermal technologies like pulsed light (PL) have shown
greater efficiency in inactivating microorganisms and enzymes
while preserving the nutritional quality of food. Pulsed light
generates short, high-intensity pulses with wavelengths ranging
from 100 to 1100 nm, encompassing ultraviolet (UV), visible
(Vis), and infrared (IR) light. Several studies have evaluated the
effectiveness of PL treatment on spices, including fresh-cut red
bell peppers,10 green chillies,22 red chillies,23,24 and red pepper
powder.25 These studies highlight that PL technology offers
signicant potential for producing microbially safe and enzy-
matically stable chillies, outperforming conventional thermal
methods.

The shelf life of spices is crucial for manufacturers and
retailers as it impacts product quality, food safety, inventory
management, and overall protability. A thorough evaluation of
shelf life is essential to ensure that products align with
customer expectations while supporting long-term business
success. Besides, no study has examined the quality changes in
dehydrated red chillies during storage. The existing literature
reveals limited studies on shelf-life extension of chillies through
edible coatings1 or irradiation,14 with no research addressing
the impact of thermal or microwave processing on their shelf
life. Additionally, Rybak et al.10 demonstrated that pulsed light
(PL) treatment on fresh-cut red bell peppers effectively
preserved bioactive compounds such as phenolics, ascorbic
acid, and carotenoids, enhanced antioxidant activity, and
signicantly reduced microbial load, particularly at uence
levels exceeding 16 J cm−2. Similarly, Rico et al.6 investigated the
shelf life of red chilli powder treated with steam and irradiation
over six months. Pravallika and Chakraborty23,24 explored the
potential of the PL technique to decontaminate whole red
chillies. Another study by the same group reported that PL can
decontaminate whole and dehydrated green chillies while
retaining maximum phytochemicals.22 However, the shelf life of
PL-treated samples has not been explored. According to Kalathil
et al.26 non-thermal, light-based techniques like UV-C, blue
LEDs, and atmospheric plasma effectively reduce aatoxin
contamination in red chilli pods while enhancing their bioac-
tive properties. Short-term red and far-red light irradiation,
along with low temperatures, can regulate phytochromes in
Capsicum annuum L., enhancing carotenoid and alkaloid
biosynthesis.27 Pulsed light plasma (PLP) treatment effectively
inactivates microbial contaminants in red pepper akes
without altering their quality.28 Far-infrared radiation-assisted
microwave-vacuum drying (FIR-MVD) improved drying effi-
ciency and preserved the quality of red chillies better than
microwave-vacuum drying (MVD).29 Microwave rotary drying at
2000 W and a 60° chamber angle optimized red chili drying,
enhancing moisture diffusivity, pungency, and vitamin A
retention while improving drying efficiency.20 Microwave drying
signicantly accelerates chilli drying compared to sun drying,
preserving quality while achieving higher moisture diffusivity
and efficiency.30 However, no prior research has assessed the
potential of steam, microwave, or pulsed light treatments in
preserving whole dehydrated red chillies, thus fullling the
critical gap. This research is the rst to systematically evaluate
the inuence of steam treatment (ST), microwave (MW)
Sustainable Food Technol., 2025, 3, 776–798 | 777
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processing, and pulsed light (PL) processing on the microbio-
logical safety, enzymatic stability, and phytochemical retention
of dehydrated red chillies. By directly comparing untreated and
treated samples, the study will provide valuable insights into
optimizing storage conditions, ultimately beneting producers,
retailers, and consumers by enhancing product stability and
quality.

2 Materials and methods
2.1 Experimental design and selection of process conditions

The process conditions of steam (ST), microwave (MW), and
pulsed light (PL) treatment used for the red chillies to be stored
were chosen based on microbial and enzymatic inactivation.
Due to the presence of enzymes inside the chillies, higher
process conditions were used to achieve enzymatic stability
(achieving >99% inactivation of PPO and POD). The minimum
process intensity required to achieve microbial safety and
enzymatic stability (99% inactivation of PPO and POD) along
with the maximum retention of bioactive compounds was 0.2
MPa/120 °C/300 s (ST), 540 kJ (MW), and 2.59 J cm−2 (PL). The
selected process conditions ensured the microbial safety of the
red chillies, i.e., >8 log cycle reduction of all the microorgan-
isms. Full factorial design was employed with three indepen-
dent variables: two water activity levels (0.60 and 0.35 aw), four
treatments (untreated, steam treatment, microwave treatment,
and pulsed light treatment), and two different storage temper-
atures (28 and 4 °C). The storage stability of sixteen samples, for
instance, 0.60 aw/UT/28 °C; 0.60 aw/UT/4 °C; 0.60 aw/ST/28 °C;
0.60 aw/ST/4 °C; 0.60 aw/MW/28 °C; 0.60 aw/MW/4 °C; 0.60 aw/
PL/28 °C; 0.60 aw/PL/4 °C and 0.35 aw/UT/28 °C; 0.35 aw/UT/4 °C;
0.35 aw/ST/28 °C; 0.35 aw/ST/4 °C; 0.35 aw/MW/28 °C; 0.35 aw/
MW/4 °C; 0.35 aw/PL/28 °C; 0.35 aw/PL/4 °C, was evaluated for
210 days6 (Table 1).

2.1.1 Drying of fresh chillies to different water activity
levels. Fresh red chillies (s17 Teja variety) were procured from
a local supplier in Matunga, Mumbai, Maharashtra, India. The
moisture content and water activity (aw) of the chillies were 76.7
± 4.5% and 0.85 ± 0.01, respectively, immediately aer harvest
(Table 2). The average length and diameter of fresh red chillies
were 8.03 ± 0.5 cm and 0.81 ± 0.06 cm, respectively. The L*, a*,
and b* values were 38.69 ± 2.31, 42.84 ± 0.37, and 24.16 ± 1.26,
respectively. The red chillies were rinsed with potable running
water, and any excess water was wiped away with a tissue. Fresh
red chilies with an initial water activity (aw) of 0.85 were dried to
reduce their water activity to 0.60, as this level is classied as
intermediate moisture. According to previous literature, the
water activity of dried red chilies typically ranges from 0.28 to
0.39. To maintain an equal interval from 0.60, a target water
activity of 0.35 was selected. The selected water activity levels of
0.60 and 0.35 help ensure both microbiological stability and the
preservation of bioactive compounds.22,31 Red chilies (1 kg per
batch, with a layer thickness of 0.6–0.9 cm; water activity of 0.85)
were dried using a tray dryer (Model LSC-38, Labline Equipment
Pvt. Ltd, Mumbai, India). The tray drying assembly comprised
12 trays (8.1 cm × 4.1 cm × 0.3 cm) with an electric heating
mechanism to regulate temperature and an axial airow of
778 | Sustainable Food Technol., 2025, 3, 776–798
2 m s−1 to ensure uniform drying. However, rapid surface water
evaporation under elevated treatment conditions (100–240 °C
for 1–30 min) resulted in exocarp hardening, leading to uneven
moisture removal. To address this challenge, a sequential
drying strategy was employed to achieve moisture equilibrium
while preserving the texture, minimizing colour degradation,
and retaining bioactive compounds. The initial moisture
content of the chillies reduced from 76.7% to 31.5% (aw = 0.60)
and 11.2% (aw = 0.35), by two different sets of drying: 60 °C/5 h
+ 40 °C/2 h (set I) and 70 °C/11 h + 55 °C/4 h + 40 °C/2 h (set II),
respectively, to extend the shelf life.

2.1.2 Decontamination treatments. The present study
follows a hurdle technology approach by integrating multiple
preservation steps to ensure the microbiological safety and
quality of dehydrated red chillies. Drying serves as the initial
step to remove free water, limiting microbial growth. However,
it does not fully inactivate microbial contaminants or quality-
deteriorating enzymes. Therefore, additional decontamination
treatments, pulsed light, microwave, or steam exposure, were
applied to inactivate microorganisms and enzymes that could
compromise product stability. The nal step involves high-
barrier packaging to restrict microbial re-entry and maintain
product integrity. The process ow is presented to better justify
the inclusion of these processing steps and their role in product
quality and safety.

2.1.2.1 Steam treatment (ST). The steam treatment was
conducted using a portable stainless steel vertical steam auto-
clave (LSC-05, Labline, Vadodara, Gujarat, India) with a capacity
of 20 L and a working pressure of 20 psi. Dehydrated red chillies
(1 kg), packed in a sterile polypropylene pouch, were placed in
a basket (3.6 × 3.6 m) inside the autoclave and treated at 120 °C
for 300 s (pressure was 0.2 MPa with 2706 kJ kg−1 enthalpy).6

The temperature and pressure of the autoclave are controlled to
reach the desired temperature of 120 ± 0.1 °C. The steam-
treated chillies pouches were kept in a laminar air ow to
remove the condensed water on the lm surface and then stored
at the desired storage temperature. Microbes and quality-
degrading enzymes were evaluated under steam treatment
conditions of 120 °C for 300 s. The selection of these conditions
was based on achieving complete inactivation of the most
thermoresistant microorganisms, as well as key quality-
degrading enzymes such as polyphenol oxidase (PPO) and
peroxidase (POD). The sample, enclosed in pouches, was placed
within an autoclave chamber under atmospheric pressure. The
steam temperature was monitored and conrmed to reach 120 °
C as the internal pressure increased to 15 psig. The duration
required for the pressure to rise from 0 to 15 psig was recorded
as the come-up time, which is 11.5 min. Preliminary trials
validated that these processing parameters effectively ensured
microbial inactivation and enzymatic stability, rendering them
suitable for subsequent storage stability investigations.

2.1.2.2 Microwave (MW) treatment. A continuous microwave
processing unit (4.2 m × 0.65 m × 1.9 m) was used to carry out
the treatment of red chillies. The processing unit consists of
a MW processing cavity (1.18 m × 0.5 m × 0.4 m) with
a conveyor belt made of Teon and thermocouples at the inlet
and outlet. There are two magnetrons, each bearing a power (Po,
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fb00380b


T
ab

le
1

E
xp

e
ri
m
e
n
ta
ld

e
si
g
n
fo
r
th
e
st
o
ra
g
e
st
u
d
y
o
f
re
d
ch

ill
ie
s
af
te
r
st
e
am

,m
ic
ro
w
av
e
an

d
p
u
ls
e
d
lig

h
t
tr
e
at
m
e
n
ts

T
re
at
m
en

t
ST

(°
C
)

Pa
ck
ag

in
g
m
at
er
ia
l

Sa
m
pl
in
g
da

y
R
es
po

n
se
s

0.
60

a w
C
on

tr
ol

28
°C

Pr
op

yl
en

e
po

uc
h

0,
10

,2
0,

30
,3

5,
40

�A
er
ob

ic
m
es
op

h
il
es

�Y
ea
st

an
d
m
ou

ld
co
un

t
�P

ol
yp

h
en

ol
ox
id
as
e
ac
ti
vi
ty

�P
er
ox
id
as
e
ac
ti
vi
ty

�T
ot
al

ph
en

ol
ic

co
n
te
n
t

�T
ot
al


av
on

oi
d
co
n
te
n
t

�A
n
ti
ox
id
an

t
ca
pa

ci
ty

�A
sc
or
bi
c
ac
id

�C
ap

sa
ic
in
oi
d
co
n
te
n
t

�C
ar
ot
en

oi
d
co
n
te
n
t

�P
un

ge
n
cy

�T
ot
al

ex
tr
ac
ta
bl
e
co
lo
ur

�T
ot
al

co
lo
ur

ch
an

ge
�W

ei
gh

t
ch

an
ge

�W
at
er

ac
ti
vi
ty

�M
oi
st
ur
e
co
n
te
n
t

�T
ex
tu
re

pr
o

le

4
°C

Pr
op

yl
en

e
po

uc
h

0,
10

,2
0,

30
,4

0,
50

,6
0,

70
,8

0,
90

,1
00

St
ea
m

tr
ea
te
d
(1
20

°C
/3
00

s)
28

°C
Pr
op

yl
en

e
po

uc
h

0,
10

,2
0,

25
4
°C

Pr
op

yl
en

e
po

uc
h

0,
10

,2
0,

30
,3

5,
40

,4
5,

50
,5

5,
60

,6
5,

70
M
ic
ro
w
av
e
tr
ea
te
d
(5
40

kJ
)

28
°C

Pr
op

yl
en

e
po

uc
h

0,
10

,2
0,

30
,4

0,
50

,6
0,

70
,8

0,
90

,1
00

,
11

0,
12

0,
13

0,
14

0,
15

0,
16

0,
17

0,
17

5
4
°C

Pr
op

yl
en

e
po

uc
h

0,
10

,2
0,

30
,4

0,
50

,6
0,

70
,8

0,
90

,1
00

,
11

0,
12

0,
13

0,
14

0,
15

0,
16

0,
17

0,
18

0,
19

0,
20

0,
21

0
Pu

ls
ed

li
gh

t
tr
ea
te
d
(2
.5
9
J
cm

−2
)

28
°C

Pr
op

yl
en

e
po

uc
h

0,
10

,2
0,

30
,4

0,
50

,6
0,

70
,8

0,
90

,1
00

,
11

0,
12

0,
13

0,
14

0,
15

0,
16

0,
17

0,
18

0,
19

0,
20

0,
21

0
4
°C

Pr
op

yl
en

e
po

uc
h

0,
10

,2
0,

30
,4

0,
50

,6
0,

70
,8

0,
90

,1
00

,
11

0,
12

0,
13

0,
14

0,
15

0,
16

0,
17

0,
18

0,
19

0,
20

0,
21

0
0.
35

a w
U
n
tr
ea
te
d

28
°C

Pr
op

yl
en

e
po

uc
h

0,
15

,3
0,

45
,6

0,
70

,7
5

4
°C

Pr
op

yl
en

e
po

uc
h

0,
15

,3
0,

45
,6

0,
75

,9
0,

10
5,

12
0,

12
5,

13
0

St
ea
m

tr
ea
te
d
(1
20

°C
/3
00

s)
28

°C
Pr
op

yl
en

e
po

uc
h

0,
10

,2
0,

30
,3

5,
40

,4
5,

50
,5

5,
60

,6
5,

70
4
°C

Pr
op

yl
en

e
po

uc
h

0,
10

,2
0,

30
,3

5,
40

,4
5,

50
,5

5,
60

,6
5,

70
M
ic
ro
w
av
e
tr
ea
te
d
(5
40

kJ
)

28
°C

Pr
op

yl
en

e
po

uc
h

0,
15

,3
0,
45

,6
0,
75

,9
0,
10

5,
12

0,
13

5,
15

0,
16

5,
18

0,
19

5,
21

0
4
°C

Pr
op

yl
en

e
po

uc
h

0,
15

,3
0,
45

,6
0,
75

,9
0,
10

5,
12

0,
13

5,
15

0,
16

5,
18

0,
19

5,
21

0
Pu

ls
ed

li
gh

t
tr
ea
te
d
(2
.5
9
J
cm

−2
)

28
°C

Pr
op

yl
en

e
po

uc
h

0,
15

,3
0,
45

,6
0,
75

,9
0,
10

5,
12

0,
13

5,
15

0,
16

5,
18

0,
19

5,
21

0
4
°C

Pr
op

yl
en

e
po

uc
h

0,
15

,3
0,
45

,6
0,
75

,9
0,
10

5,
12

0,
13

5,
15

0,
16

5,
18

0,
19

5,
21

0

© 2025 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2025, 3, 776–798 | 779

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 7
:0

0:
36

 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fb00380b


Table 2 Physiochemical properties of red chillies

Properties Fresh red chillies (0.85 aw) Intermediate moisture chillies (0.60 aw) Dried red chillies (0.35 aw)

Moisture content (%) 76.7 � 3.2 31.5 � 1.2 11.2 � 0.9
Water activity (aw) 0.85 � 0.01 0.60 � 0.01 0.35 � 0.01
Colour Deep red Maroon to deep red Deep maroon
L* 38.7 � 2.3 37.6 � 0.6 35.7 � 0.5
a* 42.8 � 0.4 41.3 � 1.1 39.3 � 0.2
b* 24.2 � 1.3 24.1 � 1.4 22.3 � 1.26
Shape Long and slender Long and slender Long and curved
Length × diameter (cm) 7.4 × F0.8 7.1 × F0.7 6.8 × F0.4
Weight 1.5 to 3 g 0.8 to 1.5 g 0.2 to 0.6 g
Surface/texture Smooth and glossy Slightly wrinkled and rough Wrinkled and brittle
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W) of 1000 W and producing microwaves at a frequency of
2450 Hz.32 Dehydrated red chillies were placed on a conveyor
belt that was disinfected with 70% ethanol and were treated at
270 s while maintaining a conveyor belt speed of 11 rpm and
a microwave power of 2.0 kW. A digital infrared thermometer
(Agilent, USA) was used to measure the surface temperature
(±0.1 °C) of the product. Microwave treatments delivered a total
microwave intensity (Po, kJ) of 540 kJ (microwave power ×

treatment duration = 2 kW × 270 s). Hence, the microwave
intensity of 540 kJ achieved >8 log inactivation of microbes and
>99% inactivation of PPO and POD, thus ensuring both
microbiological safety and enzyme stability of red chillies. This
microwave treatment at 540 kJ was considered for the storage
study.

2.1.2.3 Pulsed light (PL) treatment. Pulsed light (PL) pro-
cessing of red chillies was conducted using a benchtop batch PL
system (X-1100, Xenon Corporation, USA). A xenon ash lamp
(F2.54 × 40.6 cm, model LH-840, mercury-free, B-type) oper-
ating at a maximum voltage of 3 kV emitted high-intensity, non-
collimated white light with wavelengths ranging from 190 to
1100 nm. The PL setup included a capacitor, a lamp support
system, an air blower (to prevent lamp overheating), and
a treatment chamber. Prior to treatment, the sample holder was
sanitized with 70% ethyl alcohol to avoid environmental
contamination.33

Red chillies (1000 g) were placed in an open-lid glass
container (100 mm × 15 mm) on the sample holder at a 90°
angle to the lamp, maintaining a distance of 3.6 cm. The
samples were treated with PL for 360 s at 2.2 kV, delivering
a uence rate of 12.00 ± 0.34 W cm−2 and a total effective u-
ence of 2.59 J cm−2. These treatment conditions achieved
a complete microbial reduction (>6 log cycle) and enzymatic
inactivation (>99%), ensuring microbiological safety and enzy-
matic stability. The uence rate per pulse on the sample surface
was measured using a pyroelectric energy sensor (PE 50, Ophir
Optronics Solutions Ltd, Singapore), while a digital infrared
thermometer (Raytek, MT4, USA) monitored the product's
surface temperature (±0.1 °C).

For red chillies with water activities of 0.60 and 0.35 aw, the
temperature increased by 16.8 ± 0.4 °C and 13.6 ± 0.3 °C,
respectively, from an initial temperature of 25.2 ± 0.1 °C.
Following steam, microwave, and pulsed light treatments, the
0.60 and 0.35 aw red chilli samples were packed in sterile
780 | Sustainable Food Technol., 2025, 3, 776–798
polypropylene pouches and stored according to the experi-
mental design.

2.1.3 Storage and experimental design. The control (0.60
and 0.35 aw) and treated (steam, microwave, and PL-treated) red
chillies were aseptically transferred into sterile polypropylene
(PP) pouches with dimensions of 15 cm × 20 cm and 50 mm
thickness. The PP lm had an oxygen transmission rate (OTR)
of 89 g mm (m2 d)−1 and a water vapor transmission rate
(WVTR) of 1 g (m2 d)−1.34 The polypropylene pouch provided
superior sealing and moisture barrier properties, while it offers
excellent oxygen barrier capabilities. This lm was selected due
to its usability, high oxygen barrier, and water resistance,
making it an ideal commercial packaging material for dried
chillies. Prior to use, the pouches underwent a 24 h UV-C
decontamination process. Each pouch was lled with 100
grams of red chilli samples and stored under two conditions:
refrigerated (4.0 ± 0.2 °C, 85% RH) and ambient (28.0 ± 0.2 °C,
70% RH). The storage conditions were selected based on
various parameters such as the microbial activity and temper-
ature sensitivity of the sample. Refrigeration was included as
a variable to examine its impact on quality retention and
microbial stability, recognizing that while low water activity
limits microbial proliferation, oxidative and enzymatic degra-
dation can still affect product quality. Given that chilling injury
is typically a concern for high-moisture products, our study
carefully evaluated whether dehydration mitigates this risk
while still beneting from lower-temperature storage condi-
tions.34 The sequential integration of these preservation tech-
niques aims to achieve an extended shelf life by simultaneously
inhibiting microbial growth, inactivating microorganisms and
enzymes, and preventing external contamination. During
storage, samples were regularly analyzed for microbiological
and enzymatic activity as well as physicochemical properties.
Storage analysis continued for up to 210 days, until samples
exceeded the acceptable limits of microbial growth (>6 log10
CFU g−1)34 or experienced excessive browning (DE* > 12).35 The
samples were discarded upon reaching either of these thresh-
olds. In the case of 0.6 aw chillies, sampling intervals for
untreated samples were 10 days initially and have been reduced
to 5 days, while treated samples were analysed at intervals of 10
days, depending on the observed changes in key parameters as
mentioned in Table 1.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2 Determination of quality attributes

2.2.1 Moisture and water activity analysis. The moisture
content (MC) of the samples was analyzed using the standard
oven-drying technique as described by Monisha et al.36 Water
activity (aw) was measured at 25.2 ± 1.0 °C using a water activity
analyzer (Decagon Devices, Pullman, WA) following the method
outlined by Eliasson et al.19

2.2.2 Enumeration of microorganisms. Microbial enumer-
ation of naturally occurring microorganisms, including aerobic
mesophiles (AMs) and yeasts and moulds (YMs), in chillies
during storage was conducted using standard microbiological
techniques. Serial dilution and the spread plate method were
performed following the protocol of Pravallika and Chakraborty
et al.24 Aerobic mesophiles were enumerated on plate count agar
aer incubation at 37 °C for 24 h, while yeasts and moulds were
cultured on yeast and mould agar and incubated at 25 °C for
48 h. Colonies within the range of 10–300 were counted, and the
microbial load was expressed as the logarithm of colony-
forming units per gram (log10 CFU g−1). The detection limit
for microbial enumeration was set at 10 CFU g−1, equivalent to
1 log10 CFU g−1.37

2.2.3 Enzyme activity. Polyphenol oxidase (PPO) and
peroxidase (POD) activities were quantied using the method
outlined by Dhawan and Chakraborty.38 The POD activity was
assessed using guaiacol and hydrogen peroxide (H2O2) as
substrates, while pyrocatechol was employed to measure PPO
activity. Spectrometric measurements for PPO and POD were
performed at wavelengths of 420 nm and 470 nm, respectively.
Enzyme activity was expressed as residual activity (%) relative to
the activity (A, U mL−1) of the untreated sample, which served as
the reference.

2.2.4 Bioactive compounds. The quantication of total
phenolic compounds (TPC), total avonoids (TFC), antioxidants
(AOX), and ascorbic acid (AA) in red chillies on a dry weight
basis was performed using the spectrophotometric methods
described by Pravallika and Chakraborty.23 Capsaicinoids (CAP)
and total carotenoid content (TCC) were determined from
acetone extracts as per the method of Rybak et al.10 Pungency
and total extractable colour were expressed in terms of Scoville
heat units (MSHU) and American Spice Trade Association
(ASTA) units, respectively. The reference compounds used for
the analysis included capsaicin for CAP (mg g−1), quercetin for
TFC (mg quercetin per g), gallic acid for both TPC (mg GAE per
g) and AOX (mg GAEAC per g), L-ascorbic acid for AA (mg g−1),
and b-carotene for total carotenoids (mg g−1).

2.2.5 Colour analysis. The colour prole of the red chillies
was assessed using a Hunter Lab colorimeter (LabScan XE,
Hunter Associates Laboratory, USA) in reection mode (D65/
10°) as described by Dhawan and Chakraborty.38 The colour
parameters CIE L* (lightness), a* (green to red), and b* (blue to
yellow) were used to calculate the overall colour difference (DE*)
using the following equation (eqn (1)). In this context, ‘1’ and ‘0’
denote the colour measurements taken on ‘day t’ and ‘day 0’,
respectively. The untreated red chillies sample from day 0 was
used as the control for calculating the colour difference (DE*).
© 2025 The Author(s). Published by the Royal Society of Chemistry
DE* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L*

1 � L*
0

�2 þ ða*1 � a*0Þ2 þ
�
b*1 � b*0

�2q
(1)

2.2.6 Kinetic data modelling. Most studies have employed
either a zero-order or a rst-order kinetic model to describe the
degradation of bioactive compounds.33,34 The changes in
phenolics, avonoids, antioxidants, ascorbic acid, cap-
saicinoids, and carotenoids in the samples during storage were
analyzed using both zero-order (eqn (2)) and rst-order (eqn (3))
kinetic models.

Ct

C0

¼ �kt (2)

ln

�
Ct

C0

�
¼ �kt (3)

In the equations, C0 and Ct represent the concentrations of the
bioactive compound on day ‘0’ post-treatment and day ‘t’ during
storage, respectively. The rate constant, k, is expressed in the
units of mol g−1 s−1 for the zero-order model and d−1 for the
rst-order model. The k-value reects the degradation rate of
the bioactive compound during storage, with a higher k indi-
cating a faster degradation rate. Consequently, the remaining
concentration of the bioactive will be lower at a given time point
if the k-value is high. For bioactive compounds that are sensitive
to degradation, such as vitamin C or carotenoids, a lower k-
value is preferred to preserve higher concentrations at the end
of the storage period. The best-tting model for each attribute
was determined by selecting the model with the highest adj R2

(>0.9) from the two kinetic models.
2.2.7 Statistical analysis. All experiments and analyses were

conducted in triplicate. Kinetic model tting was executed
using OriginPro 10.0 (OriginLab Corporation, Northampton,
Massachusetts, USA). One-way analysis of variance (ANOVA)
followed by Tukey's HSD test was performed using SPSS so-
ware (IBM, SPSS v16, Chicago, USA), with statistical signicance
determined at p # 0.05. Multivariate analysis of variance
(MANOVA) was used for principal component analysis (PCA),
conducted in OriginPro soware. Pearson's correlation coeffi-
cients were calculated to compare pairs of responses.

3 Results and discussion
3.1 Effect of sequential drying on quality attributes of the
red chillies

The fresh red chillies had AM and YM counts of 5.37 ± 0.08 and
5.46 ± 0.37 log10 CFU g−1, respectively. Reducing the water
activity to 0.60 and 0.35, there was a 1.87 and 1.44 log cycle
reduction in the AM population. On a similar note, there was
a 2.65 and 2.39 log reduction in the YM population in 0.60 and
0.35 aw red chillies. In a study on green and red chilies, Pra-
vallika and Chakraborty22,23 observed a similar reduction in the
populations of AM and YM. These ndings align with the
results reported by Pravallika and Chakraborty.22 In green
chillies, lowering the water activity (aw) to 0.60 resulted in
a reduction of 1.95 log10 CFU g−1 in AM and 2.10 log10 CFU g−1

in YM. Similarly, a thermal treatment at 100 °C for 960 s in dried
Sustainable Food Technol., 2025, 3, 776–798 | 781
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red pepper reduced AM by 1.00 log10 CFU g−1 and YM by 2.66
log10 CFU g−1.6 Aer sequential drying, red chillies stored at
room temperature (25.9 ± 2.0 °C) for several days exhibited
microbial regrowth. Aer 15 days, AM and YM counts increased
to 4.13 ± 0.14 log10 CFU g−1 and 4.50 ± 0.26 log10 CFU g−1 at
0.60 aw, and to 3.72 ± 0.37 log10 CFU g−1 and 3.64 ± 0.70 log10
CFU g−1 at 0.35 aw. The observed microbial growth can be
attributed to the tendency of chilies to absorb moisture from
the surrounding environment, even though their aw values
remained largely unchanged. Microorganisms can reemerge
under favourable conditions, posing signicant challenges for
export, particularly when moisture content exceeds 11%, which
heightens the risk of mould proliferation.16 Although dried
chillies have low water activity (<0.6), which inhibits bacterial
growth, certain fungi can still proliferate under storage condi-
tions, particularly if residual moisture or oxygen is present
within the packaging. Studies have reported the presence of
mycotoxigenic Aspergillus species in dried spices, posing food
safety risks.31 Localized variations in moisture distribution
within the food matrix can create microenvironments that
support microbial growth. Additionally, packaging materials
with high oxygen and water vapor barrier properties may not
entirely prevent microbial contamination, as spores can remain
dormant and become active due to uctuations in storage
conditions.16 In our previous study by Pravallika and Chakra-
borty,24 there was signicant microbial contamination in whole
red chillies post-drying, highlighting the need for improved
microbial control strategies. This trend is also supported by
reports documenting microbial persistence in dried spices and
herbs.34 Thus, further research is needed to assess the effec-
tiveness of processing technologies, such as steam, microwave,
and pulsed light treatments, in improving the microbiological
safety of dehydrated red chillies. An increase in drying
temperature and a decrease in water activity (aw) from 0.85 to
0.60 resulted in a decrease in polyphenol oxidase (PPO) activity
to 58.1% and peroxidase (POD) activity to 70.3%. In red chillies
with 0.35 aw, the activities of PPO and POD were further reduced
to 28.3% and 39.7%, respectively. PPO exhibited slightly greater
sensitivity to temperature compared to POD. Similar ndings
were reported by Castro et al.39 in their study on pepper.

The concentrations of TPC, TFC, AOX, and CAP in fresh red
chillies prior to drying were 21.71 ± 0.23 mg GAE per g, 4.40 ±

0.03 mg quercetin per g, 17.16 ± 0.47 mg GAEAC per g, and
13.45 ± 0.32 mg g−1 (dry basis), respectively. Sequential drying
positively inuenced the quality attributes of red chillies. For
instance, there was an increase in TPC by 4.9%, TFC by 2.4%,
AOX by 3.1%, and CAP by 5.8%, respectively, with a decrease in
aw from 0.85 to 0.60. On a similar note, there was an increase of
9.0%, 8.9%, 6.3%, and 14.3% in TPC, TFC, AOX, and CAP in 0.35
aw red chillies, respectively. The observed increase is likely
attributed to the thermal depolymerization of cell structures
during elevated drying temperatures, which enhances the
extractability of phenolic compounds, avonoids, and cap-
saicinoids. Similar ndings have been reported for red chilli
peppers.17,40 The rise in AOX levels may result from the alkyl-
ation and glycosylation of phenolic and avonoid compounds
into simpler, more bioavailable molecules.41 Additionally, the
782 | Sustainable Food Technol., 2025, 3, 776–798
capsaicin content, responsible for the pungency of red chillies,
increased with lower water activity and it was further enhanced
by elevated drying temperatures. This improvement is likely due
to the enhanced extractability of capsaicin caused by cell
rupture.17 The initial pungency of fresh red chillies, measured
as 157.9 ± 2.0 MSHU, increased to 161.6 ± 1.9 MSHU at 0.60 aw
and 171.9 ± 2.8 MSHU at 0.35 aw. This improvement in cap-
saicinoid content is primarily attributed to the enhanced
extractability facilitated by cell disruption during drying.2 In
contrast, the concentrations of ascorbic acid (AA) and caroten-
oids decreased as drying temperature increased. Specically, AA
levels decreased by 9.4% and 18.7%, while total carotenoid
content (TCC) decreased by 11.3% and 18.7% in red chillies
with 0.60 and 0.35 water activity (aw), respectively. Deng et al.40

and Kamal et al.17 observed similar trends, reporting AA losses
of 66.6% and 54.7% when red pepper and green chillies were
dried at 70 °C. This degradation occurs as AA breaks down into
Maillard intermediates, such as furfural and 2-furoic acid,
under the inuence of heat, light, and oxygen.23 Similarly,
carotenoids undergo isomerization and oxidation, leading to
a loss of bioactivity. Total extractable colour also declined,
decreasing from 66.2 ± 3.3 to 58.5 ± 1.9 and 52.7 ± 3.3 ASTA
units as aw was reduced to 0.60 and 0.35, respectively.

The L*, a*, and b* values, which were initially 38.69 ± 2.31,
42.84 ± 0.37, and 24.16 ± 1.26, respectively, also dropped
signicantly (p < 0.05) with decreasing aw. This indicates
a noticeable colour shi from red to maroon, primarily attrib-
uted to the Maillard reaction.17 Such changes suggest that the
dried chillies become maroon as a result of non-enzymatic
browning, consistent with ndings by Chitravathi et al.42 and
Kamal et al.17 Similar reductions were reported in red peppers
dried at 70 °C.40 The decline in carotenoids can be linked to
surface heating, which induces oxidation and non-enzymatic
degradation. The total colour difference (DE*) values recorded
were 4.25 ± 1.70 at 0.60 aw and 6.81 ± 2.28 at 0.35 aw. For
comparison, drying in a cabinet dryer at 60 °C and a hot air
dryer at 70 °C resulted in DE* values of 10.8 and 31.7, respec-
tively.31 Additional processing steps are required to ensure a >6
log reduction in microbial counts and >99% inactivation of PPO
and POD, thereby ensuring microbiological safety and enzy-
matic stability.
3.2 Effect of processing techniques on microbiological,
enzymatic, and quality attributes of red chillies

Steam treatment of red chillies with water activity (aw) levels of
0.60 and 0.35 at 120 °C for 300 s effectively reduced AM and YM
populations to below the detection limit of 1 log10 CFU g−1.
Comparable results were observed in paprika, where a 2.48 and
1.11 log reduction in AM and YM populations, respectively, was
achieved at 125 °C for 120 s.15 Similarly, a 1.00 and 2.66 log
reduction in the population of aerobic mesophiles and yeasts
and moulds was reported in dried red pepper treated at 100 °C
for 960 s.6 Steam treatment is particularly effective due to its
volumetric heating mechanism, which disrupts membrane
integrity, damages cell walls, and denatures proteins and
nucleic acids, causing irreversible loss of cell integrity and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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microbial death.43 However, microbes in lower aw samples
exhibit greater thermal resistance, as reduced water content
stabilizes bacterial protein structures and prevents heat-
sensitive proteins from denaturing.44

Similarly, microwave treatment at 540 kJ (2 kW/270 s) ach-
ieved target inactivation levels of AM and YM as the temperature
reached 75.7 °C and 68.8 °C in 0.60 and 0.35 aw chillies,
respectively. On a similar note, black pepper treated with 497.3
kJ of microwave radiation achieved a 4.31 and 4.17 log reduc-
tion in AM and YM populations, respectively.45 Similarly,
paprika powder with an aw of 0.88 treated at 39 kJ achieved a 4.8
log reduction in the AM population.19 Microwave treatment
exerts both thermal and nonthermal effects on microbial cells,
contributing to their inactivation. The deep penetration of
microwave energy generates intense heating, leading to the
leakage of essential cellular components such as proteins,
nucleic acids, purines, and pyrimidines. However, beyond its
thermal impact, microwaves also induce nonthermal effects
that enhance microbial destruction. The high electromagnetic
eld strengths generated during microwave exposure disrupt
microbial cell membranes, causing alterations in permeability,
pore formation, and structural damage. These nonthermal
mechanisms compromise the integrity of the cell, leading to
irreversible physiological stress and eventual cell death. As
a result, microwave processing offers an efficient means of
microbial inactivation, leveraging both heat-induced damage
and electromagnetic eld interactions to enhance food safety
and stability.46 However, the microbial inactivation mechanism
of microwave radiation is not yet fully understood.

Pulsed light (PL) treatment with a uence of 2.59 J cm−2 (2.2
kV/360 s) caused complete inactivation of AM and YM pop-
ulations. The temperature increased from 28 °C to 42.1 °C and
38.9 °C in 0.60 and 0.35 aw chillies, respectively, at 2.59 J cm−2.
The highest microbial inactivation efficiency is observed for
high aw samples, as demonstrated by a 4.1 log reduction in the
AM population in red pepper powder treated at 9.1 J cm−2.25 For
tomatoes, a PL uence of 4 J cm−2 resulted in a 1 log reduction
in the AM population.47 The effectiveness of pulsed light (PL)
treatment is primarily attributed to UV-C-induced photochem-
ical effects, which trigger conjugated dimer formation in
nucleic acids, leading to cell lysis. The combined photochem-
ical and photothermal actions create photophysical changes
that ultimately result in microbial cell death. Additionally,
repeated pulsations exert mechanical stress on microbial cells,
causing internal collapse and further enhancing inactivation.
PL treatment, on the other hand, faces challenges in low aw
samples due to uneven surfaces and wrinkles, which create
shadow effects that hinder light distribution and require high
uence for complete inactivation.24,28

Enzymes such as polyphenol oxidase (PPO) and peroxidase
(POD), which contribute to quality deterioration, are completely
inactivated (>99%) in red chillies subjected to steam treatment.
Complete PPO inactivation has been observed at 80 °C for 600 s,
while 90% POD inactivation was achieved at 100 °C for 300 s in
chillies and paprika pods, respectively.48 Similarly, parsley
leaves treated at 80 °C for 600 s demonstrated 70% and 80%
inactivation of PPO and POD, respectively.49 The inactivation
© 2025 The Author(s). Published by the Royal Society of Chemistry
mechanism of these enzymes is primarily attributed to irre-
versible denaturation caused by steam treatment, leading to
changes in apoenzyme conformation, degradation of prosthetic
groups, and a loss of enzymatic activity. This process disrupts
weaker bonds such as disulde and hydrogen bonds, resulting
in the unfolding of proteins and alterations in their secondary
and tertiary structures.50

At 540 kJ microwave intensity, the PPO and POD levels
reached target inactivation, i.e., >99%. In red bell peppers
treated at 90 kJ, PPO and POD inactivation reached 90.2% and
83.6%, respectively.50 Similarly, in potatoes subjected to
a microwave energy of 2160 kJ, 50% PPO inactivation was
observed.51 Microwave treatment is particularly effective due to
its ability to cause irreversible denaturation by cell decom-
partmentalization, exposing enzymes to external environments
and leading to apoenzyme conformational changes and pros-
thetic group degradation.50

Similarly, PL treatment (2.59 J cm−2) has also demonstrated
substantial enzyme inactivation. For instance, a PL uence of
128 J cm−2 led to a 95% reduction in peroxidase (POD) activity
in horseradish,52 while a 90% reduction in polyphenol oxidase
(PPO) was noted in mushrooms treated at 3.96 J cm−2.53 The
mechanism for PL-induced enzyme inactivation involves
structural deformation caused by disrupting protein confor-
mations and altering enzyme functionality. This may include
conformational changes in apoenzymes and degradation of
prosthetic groups from holoenzymes. Despite these ndings,
the precise mechanisms underlying enzyme inactivation in red
chillies remain complex and challenging to interpret due to the
intricate interplay of structural and functional changes in
enzyme systems.54

In steam-treated red chillies, bioactive compound retention
varied across different water activity levels. At 0.60 and 0.35 aw,
total phenolic content (TPC) was retained at 70.3% and 69.1%,
total avonoid content (TFC) at 55.9% and 56.2%, antioxidant
activity (AOX) at 79.5% and 80.6%, and capsaicin (CAP) at
102.4% and 101.9%, respectively. However, there was a loss of
45.5% and 34.5% in ascorbic acid (AA) and 30.3% and 25.1% in
total carotenoid content (TCC) at the respective aw levels. These
ndings align with previous studies. For example, a TPC
retention of 56.2% was reported in parsley treated at 100 °C for
300 s.49 In litchi pericarp, TFC degraded by 45.5% at 80 °C for
120 min.55 Red pepper treated at 95 °C for 900 s retained 80%
TPC, 69.5% AOX, and 87.5% TCC.56 In serrano red bell peppers,
only 17.5% AA was retained aer treatment at 150 °C for 20min,
while a 1.2% increase in capsaicin was noted in habanero bell
peppers under the same conditions.18 Steam treatment involves
high temperatures that provide energy exceeding the activation
energy of chemical bonds in bioactive compounds, leading to
the breakdown of covalent bonds and the formation of smaller,
inactive molecules.56 Temperatures around 120 °C can induce
conformational changes, altering the molecular geometry of
these bioactives. Additionally, oxidation during steam treat-
ment results in the formation of free radicals, which can poly-
merize into insoluble and inactive compounds.18 Elevated
temperatures, in combination with sugars, can also trigger
Maillard reactions, resulting in browning and potential loss of
Sustainable Food Technol., 2025, 3, 776–798 | 783
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bioactivity. Furthermore, certain bioactive compounds, due to
their volatile nature, may be lost along with vapor during the
process.57

Microwave treatment resulted in higher retention rates. For
0.60 aw red chillies, TPC, TFC, AOX, AA, CAP, and TCC were
retained at 95.0%, 89.3%, 91.7%, 83.4%, 84.3%, and 80.7%,
respectively. At 0.35 aw, the retention levels were 96.3%, 94.8%,
96.8%, 82.4%, 95.9%, and 95.8%, respectively. In hot peppers
treated at 45 kJ, TPC, TFC, and AOX losses were 11%, 14%, and
7.5%, respectively.58 In the case of microwave treatments,
paprika treated at 480 kJ retained 91% AA,15 and chili extracts
retained 89% and 92% CAP in water- and oil-based systems,
respectively, at 42 kJ.53 A carotenoid retention of 79.5% was
observed in red bell peppers treated at 90 kJ (MW).50 Microwave
treatment generates heat by inducing dipole rotation and
interactions in polar molecules such as water, sugars, and
bioactives. This process leads to rapid heating and localized
temperature increases, which can cause bond cleavage and
molecular breakdown.50 Heat-sensitive compounds, such as
ascorbic acid and carotenoids, are particularly prone to oxida-
tive degradation under these conditions. The enhanced move-
ment of water molecules during microwave treatment also
promotes hydrolytic breakdown of esters, glycosides, and
amides. Additionally, rapid heating triggers Maillard reactions,
leading to browning in products like chilies and hot peppers.58

Microwaves can disrupt hydrogen bonds and alter hydrophobic
interactions in bioactive compounds, affecting their stability.
Furthermore, the uneven distribution of microwave energy
oen results in localized overheating, degrading bioactives in
those zones, while some compounds remain stable in areas of
lower energy absorption.53

Pulsed light (PL) treatment also preserved bioactive
compounds effectively, with 90.2%, 87.8%, 87.7%, 83.8%,
89.9%, and 91.8% in 0.60 aw; 90.2%, 89.0%, 91.7%, 87.1%,
93.0%, and 93.7% in 0.35 aw red chillies of TPC, TFC, AOX, AA,
CAP, and TCC, respectively. Similar trends have been observed
in previous studies. For instance, fresh cut red bell peppers
exhibited a 28.5%, 5%, and 19.2% reduction in total phenolic
content (TPC), antioxidant activity (AOX), and carotenoid levels,
respectively, aer pulsed light treatment of 32 J cm−2. In
contrast, ascorbic acid (AA) content increased by 9.1% under
the same treatment conditions.10 In another study, Pataro
et al.59 reported only a 5% loss in TPC in tomatoes aer exposure
to a uence of 1 J cm−2. Similarly, spinach treated with a uence
of 4 J cm−2 exhibited a decrease in TPC.60 Furthermore, studies
on red chilies showed 83.8% and 87.2% retention of ascorbic
acid (AA); 87.8% and 91.8% retention of antioxidant capacity
(AOX); 89.9% and 93.0% retention of capsaicinoids (CAP); and
91.8% and 93.7% retention of total carotenoid content (TCC)
aer PLT at 2.59 J cm−2 in red chilies with water activities (aw) of
0.6 and 0.35, respectively.24 The reduction in bioactive
compounds during processing is primarily due to adverse
photochemical reactions. Structural alterations, such as the
repositioning of functional groups within benzoic rings, can
decrease their reactivity. Pulsed light (PL) processing disrupts
cellular structures, including vacuoles and cell walls, breaking
covalent bonds in complex bioactive compounds. This
784 | Sustainable Food Technol., 2025, 3, 776–798
breakdown triggers oxidation and metabolic reactions, further
contributing to the decline in bioactive levels.10,40 Increased
pulsed light (PL) uence can lead to partial degradation,
oxidative modications, polymerization, and condensation of
certain compounds, resulting in a reduction of antioxidant
activity (AOX).10 Bioactive compounds may compromise their
functionality due to photo-oxidation and trans–cis isomeriza-
tion, as the chromophore absorbs visible and UV light. In
samples with a water activity of 0.35, reduced light penetration
due to the thicker pericarp and limited oxygen interaction
(caused by the absence of free water) contributes to the greater
retention of bioactives.

The surface colour of red chillies showed notable changes
following treatment. Specically, decreases in L*, a*, and
b* values were observed in steam-treated (ST) and pulsed light-
treated (PL) samples. For microwave-treated (MW) chillies,
there was a decrease in L* and b* values, while the a* value
increased at both water activity levels. The total colour change
(DE*) values were 6.19 ± 0.45 and 4.97 ± 0.7 in steam-treated
chillies; 6.84 ± 0.79 and 4.27 ± 0.26 in MW-treated chillies;
and 5.54 ± 0.21 and 4.63 ± 0.38 in PL-treated chillies,
depending on water activity. Weight loss also varied signi-
cantly with treatment. Weight losses of 7.5% and 5.6% were
observed in steam-treated samples, 28.1% and 9.2% in MW-
treated samples, and 3.3% and 0.02% in PL-treated samples
at 0.60 and 0.35 aw, respectively. These results align with
previous studies reported by Rico et al.,6 Monisha et al.,36 and
Dittrich et al.61
3.3 Effect of steam, microwave and pulsed light treatments
on microbiological, enzymatic, and bioactive compounds
during storage

The untreated, steam-treated, microwave-treated, and pulsed
light-treated red chilies were stored under both ambient (28 °C)
and refrigerated (4 °C) conditions. Signicant alterations in
microbial growth, enzyme activity, and bioactive concentrations
were observed, with the extent of these changes varying
according to the treatment method applied. The shelf life of the
dehydrated products was assessed using a microbial safety
threshold of 6 log10 CFU g−1 and a colour change of >12,
providing essential criteria for evaluating the effectiveness of
each treatment in preserving product quality and safety.62

3.3.1 Microbial enumeration. In untreated 0.60 aw red
chillies, the AM and YM populations are 4.13 ± 0.14 and 4.50 ±

0.26 log10 CFU g−1, respectively. Meanwhile, in 0.35 aw red
chillies, the AM and YM populations are 3.72 ± 0.37 and 3.64 ±

0.70 log10 CFU g−1, respectively. The AM and YM counts
increased to 6.61 ± 0.16 and 6.68 ± 0.35 in 0.60 and 0.35 aw red
chillies on the 36th day of storage. In 0.35 aw red chillies, the
population of AM and YM increased to 6.31 ± 0.27 and 6.14 ±

0.05 log10 CFU g−1 on the 102nd day of storage, respectively. This
leads to spoilage and limits the shelf life of red chilies with 0.60
and 0.35 aw to 35 and 101 days, respectively, when stored under
ambient (28 °C) conditions. This shorter shelf life for 0.60 aw
samples is likely due to higher moisture content (>12%), which
promotes mould growth. On a similar note, the AM and YM
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fb00380b


Table 3 Microbial safety and enzymatic stability of red chillies during storage at 28 °C and 4 °C after steam, microwave and pulsed light
treatmentsa

Water activity Treatment Storage temperature Shelf life (days) AMC (log10 CFU g−1) YMC (log10 CFU g−1) PPO (%) POD (%)

0.60 Untreated 4.1 � 0.1a 4.5 � 0.3a 58.1 � 0.9a 70.3 � 1.1a

28 °C 35 6.6 � 0.2b 6.7 � 0.4c 74.0 � 1.8c 85.3 � 3.2b

4 °C 70 6.2 � 0.1c 6.1 � 0.3b 67.4 � 0.9b 85.5 � 2.3c

Steam treated <DL <DL <1 <1
28 °C 22 6.5 � 0.4a 7.3 � 0.6a <1 <1
4 °C 67 6.4 � 0.3a 7.6 � 0.4b <1 <1

Microwave treated <DL <DL <1 <1
28 °C 172 6.1 � 0.1a 6.8 � 0.56a <1 <1
4 °C >210 <DL <DL <1 <1

Pulsed light treated <DL <DL <1 <1
28 °C >210 <DL <DL 24.9 � 3.3b 20.9 � 2.3b

4 °C >210 <DL <DL 7.7 � 1.7a 8.8 � 0.2a

0.35 Untreated 3.7 � 0.4a 3.6 � 0.7a 28.3 � 2.3a 39.8 � 1.3a

28 °C 101 6.3 � 0.3b 6.1 � 0.1b 46.1 � 0.9c 53.8 � 1.5c

4 °C 126 6.3 � 0.3b 6.6 � 0.5c 32.6 � 1.5b 50.5 � 1.4b

Steam treated <DL <DL <1 <1
28 °C 59 6.0 � 0.3a 6.3 � 0.4ab <1 <1
4 °C 66 6.3 � 0.2b 6.2 � 0.1a <1 <1

Microwave treated <DL <DL <1 <1
28 °C >210 <DL <DL <1 <1
4 °C >210 <DL <DL <1 <1

Pulsed light treated <DL <DL <1 <1
28 °C >210 <DL <DL 9.0 � 1.1b 8.3 � 0.6b

4 °C >210 <DL <DL 3.7 � 0.7a 3.3 � 1.1a

a AMC: aerobic mesophilic count; YMC: yeast andmould count; PPO: polyphenol oxidase; POD: peroxidase. Different superscript letters (a, b, and c)
within one column indicate signicant (p # 0.05) differences among means determined by ANOVA and Tukey's test.
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counts in refrigerated samples increased to 6.22± 0.06 and 6.07
± 0.29 log10 CFU g−1 (0.60 aw red chillies) on the 71st day; 6.28±
0.27 and 6.61 ± 0.47 log10 CFU g−1 (0.35 aw red chillies) on the
127th day of storage, respectively. It restricts the shelf life to 70
and 126 days in 0.60 aw and 0.35 aw red chillies, respectively
(Table 3). The shelf life of a product depends upon a variety of
factors, i.e., temperature, type of packaging material, water
activity, etc. According to Rico et al.,6 there was no signicant
change in microbial growth in untreated and steam treated (100
°C/960 s) red chilli powder with 10% moisture content aer six
months storage at 4 and 20 °C. The shelf life of dried chillies
(10%) packed in LDPE is estimated to be 60 days.63 The shelf life
of green chillies increased to 28 days aer applying modied
atmospheric packaging.42

The populations of aerobic mesophiles (AM) and yeasts and
moulds (YM) were below the detection limit (DL = 1 log10 CFU
g−1) immediately aer steam, MW, and PL treatments. In
steam-treated red chillies, the AM and YM populations started
growing from day 10 and exceeded the limit on the 23rd day in
0.60 aw red chillies, while in 0.35 aw red chillies, AM and YM
counts started increasing from day 15 and exceeded the limit on
the 60th day of storage. Hence, ambient stored steam-treated red
chillies have a shelf life of 22 days and 59 days in 0.60 and 0.35
asw red chillies, respectively (Fig. 1). Similarly, refrigerated
steam-treated chillies, the AM and YM counts exceeded the
limit on the 68th day and 67th day in 0.60 and 0.35 aw red chil-
lies, respectively. Therefore, the shelf life is 67 days and 66 days
for 0.60 and 0.35 aw red chillies, respectively. The shelf life of
© 2025 The Author(s). Published by the Royal Society of Chemistry
steam treated chillies was comparatively even shorter than that
of untreated chillies. Although the chilies were packed, some
moisture may still remain trapped inside, providing a condu-
cive environment for microbial growth. The polypropylene (PP)
packaging material may permit limited transmission of water
vapor and oxygen, which can support microbial growth. Steam
treatment also raises the humidity within the packaging. If the
packaging does not allow for adequate air exchange, the
elevated humidity can persist, creating an ideal environment for
microbial growth, particularly moulds.

On the other hand, the AM and YM counts did not start
growing till 165 days in MW treated 0.60 aw red chillies stored
under ambient conditions. The AM and YM populations
exceeded the limit on the 173rd day; therefore, the shelf life is
restricted to 172 days. In a similar study, the shelf life of ground
nuts increased to 120 days when treated at 5 W g−1 for 60 s and
stored in a PP pouch.64 Under both storage conditions, the MW
treated 0.35 aw red chillies did not experience microbial growth
till 210 days (Fig. 1). It might be the evaporation of water during
MW treatment from the red chillies that reduced the moisture
content to below 8%, which helps to prevent the growth of
microorganisms.

PL preserved 0.60 and 0.35 aw red chillies for >210 days with
microbial growth of 1 log10 CFU g−1. When fresh cut bell
peppers were treated at 32 J cm−2, the AM and YM counts
remained at 1 log10 CFU g−1 till 7 days of storage at 4 °C.10 Onion
shreds treated at 2208 J cm−2 exceeded the microbial limit aer
30 days, 27 days, and 19 days at 25 °C, 30 °C, and 37 °C,
Sustainable Food Technol., 2025, 3, 776–798 | 785

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fb00380b


Fig. 1 Changes in the population of native microorganisms in steam, microwave, and pulsed light treated red chillies during storage; (A) aerobic
mesophilic population at 28 °C; (B) yeast and mould populations at 28 °C; (C) aerobic mesophilic population at 4 °C; (D) yeast and mould
populations at 4 °C. Error bars represent the standard deviation (SD) of triplicate measurements.
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respectively. Pulsed light causes irreversible damage to micro-
bial DNA, RNA, and proteins, leading to cellular dysfunction
and inhibiting the growth of AMC and YMC.When coupled with
unfavourable storage conditions, such as low temperatures,
restricted oxygen availability, and limited nutrients, PL treat-
ment effectively enhances microbial inactivation, leaving any
surviving cells unable to recover or multiply during storage.10

MW and PL treatments were the most effective in extending the
shelf life of dried chillies by maintaining microbial populations
below the detection limit (1 log10 CFU g−1). Under ambient
storage, untreated chillies lasted 35 to 101 days depending on
water activity (aw), while MW-treated chillies lasted up to 210
days, and PL-treated chillies had the longest shelf life of 210
days for both 0.60 and 0.35 aw. Refrigeration extended the shelf
life of untreated and steam-treated chillies but provided no
additional benet for MW- and PL-treated samples, which
remained stable for 210 days.

3.3.2 PPO and POD activity. The activity of enzymes plays
a vital role in maintaining the quality and consumer acceptance
of red chilies. The inactivation of PPO and POD is oen used as
an indicator of processing effectiveness. In untreated red chilies
with a water activity (aw) of 0.6, PPO and POD activities
increased from 58.1% and 70.3% to 74% and 85.3%, respec-
tively, under ambient storage. In contrast, under refrigerated
storage, PPO and POD activities increased to 67.3% and 85.5%,
786 | Sustainable Food Technol., 2025, 3, 776–798
respectively, at respective water activity levels. Similarly, in red
chilies with a lower water activity (0.35 aw), PPO and POD
activities increased from 28.3% and 39.8% to 46.1% and 53.8%
at 28 °C and to 32.6% and 50.5% at 4 °C, respectively. The rate of
enzyme activity increase was signicantly slower in samples
stored under refrigeration compared to those stored at ambient
temperatures. This difference is primarily attributed to the
lower storage temperature, which induces a reduction in enzy-
matic activity as enzymes adjust to the cooler conditions.37

During refrigeration, enzyme conformation becomes more
exible due to altered substrate interactions, which facilitates
adaptation to the lower temperature. Furthermore, the decrease
in system entropy at lower temperatures contributes to the
stabilization of the enzyme structure, thereby slowing down
enzymatic processes.65

Complete inactivation of these enzymes was observed in red
chilies treated with steam, microwaves, and pulsed light at the
beginning of storage. During the storage period, the steam
treated chillies exhibited no detectable PPO or POD activity.
This is because enzymes, being proteins, are exposed to higher
temperatures typically above the threshold required for dena-
turation. It also causes unfolding of enzymes, which might be
due to disruption of covalent, hydrogen, and hydrophobic
bonds, leading to irreversible denaturation of the enzyme.37
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Changes in the activity of enzymes in steam, microwave, and pulsed light treated red chillies during storage; (A) polyphenol oxidase at 28 °
C; (B) peroxidase at 28 °C; (C) polyphenol oxidase at 4 °C; (D) peroxidase at 4 °C. Error bars represent the standard deviation (SD) of triplicate
measurements.
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Additionally, steam treatment causes breakdown of substrates
that are necessary for enzyme activity.50

Microwave treated red chillies did not show PPO and POD
activity throughout the storage of 210 days. The rapid heating
during microwave treatment disrupts the three-dimensional
structure of these enzymes by damaging their secondary and
tertiary structures at the active site, thus rendering them inac-
tive. Additionally, microwave treatment alters the composition
of substrates, further limiting the potential for enzyme
activity.66 Wang et al.50 reported a reduction in b-sheet content
accompanied by an increase in b-turns and random coils,
signifying structural reorganization.

In contrast, the activity of PPO and POD increased in PL
treated red chilies during storage, suggesting that PL causes
reversible denaturation. Structural or chemical changes
induced by PL treatment may have reverted over the course of
storage.38 In ambient-stored PL-treated samples, PPO and POD
activity began to increase on the 80th day for both enzymes at
a water activity (aw) of 0.60. At a lower water activity (0.35 aw), the
increase was delayed, beginning on the 160th day for PPO and
the 150th day for POD. In refrigerated PL-treated samples, PPO
and POD activity started increasing later: on the 110th and 130th

days, respectively, at 0.60 aw, and on the 190th and 200th days,
respectively, at 0.35 aw. Notably, in refrigerated storage, PPO
and POD activity remained below 8% throughout the storage
period (Fig. 2). These enzymes play a key role in the degradation
© 2025 The Author(s). Published by the Royal Society of Chemistry
of phenolic compounds and the formation of brown pigments.
In this study, PL treatment completely inactivated these
enzymes by causing denaturation and aggregation. PP lm,
although resistant to moisture penetration, exhibits moderate
permeability to oxygen and other gases. This characteristic can
enhance enzyme activity by facilitating oxidative and degrada-
tive processes. The resulting oxygen transfer and associated
oxidation may further impact enzyme stability.

Steam-treated chilies demonstrated 99% enzymatic stability,
with a shelf life of 22 days at 0.60 aw and 59 days at 0.35 aw. In
contrast, microwave treatment signicantly prolonged the shelf
life, maintaining stability for 172 days at 0.60 aw and 210 days at
0.35 aw. Pulsed light (PL) treatment resulted in a shelf life of 79
days at 0.60 aw and 149 days at 0.35 aw under ambient storage
conditions, while refrigerated PL-treated chilies lasted 109 days
at 0.60 aw and 189 days at 0.35 aw. Overall, steam andmicrowave
treatments exhibited superior enzymatic stability across both
storage temperatures, whereas PL treatment led to a gradual
increase in enzyme activity throughout the storage period.

3.3.3 Bioactive compounds. Red chilies contain a variety of
bioactive compounds that play a signicant role in their nutri-
tional, medicinal, and functional attributes. The concentration
of phenolics, avonoids, antioxidants, ascorbic acid, cap-
saicinoids, and carotenoids in 0.60 aw red chillies is 21.7 ±

0.23 mg GAE per g, 4.40 ± 0.03 mg quercetin per g, 17.16 ±

0.00 mg GAEAC per g, 5.77 ± 0.02 mg g−1, 13.45 ± 0.00 mg g−1,
Sustainable Food Technol., 2025, 3, 776–798 | 787
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Fig. 3 Changes in the concentration of bioactives in steam, microwave, and pulsed light treated red chillies during storage at 28 °C; total
phenolic content; total flavonoid content; antioxidant capacity; ascorbic acid content; total capsaicinoid content; total carotenoid content. Error
bars represent the standard deviation (SD) of triplicate measurements.
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and 2.37 ± 0.00 mg b-carotene, respectively. Similarly, the
concentration of TPC, TFC, AOX, CAP, AA, and TCC in 0.35 aw
red chillies increased to 22.55 ± 0.03 mg GAE per g, 4.67 ±

0.01 mg quercetin per g, 17.78 ± 0.10 mg GAEAC per g, 5.18 ±

0.02 mg g−1, 14.51 ± 0.12 mg g−1, and 2.17 ± 0.02 mg b-caro-
tene, respectively. The TPC reduced to 85.30% (35th day) in 0.60
aw red chillies and 89.38% (101st day) in 0.35 aw red chillies in
ambient stored samples (Fig. 3). At 4 °C, the TPC reduced to
89.34% (70th day) and 96.1% (125th day) in 0.60 and 0.35 aw red
chillies, respectively (Fig. 4). Similarly, the TFC, AOX, and CAP
reduced to 87.8%, 98.2%, and 85.1% in 0.60 aw untreated red
chillies, while in 0.35 aw red chillies, the TFC, AOX, and CAP
reduced to 82.7%, 94.8%, and 70.5%, respectively, under
ambient storage conditions. The refrigerated samples showed
better retention in the respective bioactive compounds, i.e.,
80.3%, 96.5%, and 85.5% in TFC, AOX, and CAP, respectively.
Fig. 4 Changes in the concentration of bioactives in steam, microwave, a
content; total flavonoid content; antioxidant capacity; ascorbic acid co
represent the standard deviation (SD) of triplicate measurements.
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The untreated fresh cut red bell peppers showed no signicant
difference in TPC and a 19.4% increase in AOX, while it showed
97.6% retention of TCC and 63.9% retention of AA aer 7 days
of storage at 4 °C.10 In a similar study, the refrigerated sample
showed better retention than red chilli powders stored at
ambient temperature aer six months.6 For instance, capsaicin
retention was 85.7% and 92.9% and capsanthin retention was
61.7% and 87.3%, respectively, in untreated red pepper powder
samples stored at 20 °C and 4 °C aer six months.6

Steam-treated red chillies showed a better retention of 91.6%
and 79.0% of TPC; 79.7% and 69.3% of TFC; 96.8% and 96.0%
of AOX; 91.0% and 86.0% of CAP in 0.60 and 0.35 aw red chillies,
respectively, under ambient storage conditions (Fig. 3). At 4 °C,
steam treated red chillies caused a loss of 25.3% and 17.2%
TPC; 14.0% and 11.1% TFC; 6.7% and 3.6% AOX; 24.6% and
21.5% CAP in 0.60 and 0.35 aw red chillies, respectively. The
nd pulsed light treated red chillies during storage at 4 °C; total phenolic
ntent; total capsaicinoid content; total carotenoid content. Error bars

© 2025 The Author(s). Published by the Royal Society of Chemistry
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antioxidant capacity and capsaicinoid content did not degrade
aer treatment but decreased during storage.6 There was 92.9%
retention of capsaicin in steam treated red pepper powder
samples at 4 °C, while at 20 °C, there was 83.9% in steam
treated samples aer six months.6 Steam treatment triggers
degradation processes that persist during storage, potentially
causing oxidation, hydrolysis, and isomerization, which reduce
the stability of bioactives. The PP lm may permit oxygen
transmission, allowing it to react with bioactives exposed due to
cellular structure disruption.34 Additionally, steam treatment
releases sugars, amino acids, and other compounds that can
interact with bioactives, leading to the formation of insoluble or
inactive complexes.10

Microwave-treated red chillies showed better retention
(>85%) of bioactives under both ambient and refrigerated
storage, but the CAP content was reduced to 75.1% and 88.5%
in 0.60 and 0.35 aw red chillies, respectively. Microwaves may
disrupt cellular integrity and expose these bioactives to oxygen,
which might lead to oxidative degradation. Microwaves
generate reactive oxygen species that degrade sensitive
bioactives.67

PL-treated red chillies showed better retention (>85%) of
bioactives under both ambient and refrigerated storage, but the
CAP content was reduced to 82.3% and 83.8% in 0.60 and 0.35
aw red chillies, respectively. The pungency also decreased, as it
is directly correlated to the content of total capsaicinoids.2 The
concentration of CAP in PL treated chillies showed >88%
retention at both aw levels under refrigerated storage. When
fresh cut bell peppers were treated at 16 J cm−2 PL-uence, they
retained 96.5% TPC and 96.2% AOX aer 7 days of storage at 4 °
C.10 The TPC and TFC were retained at 45.7% and 19.6% on the
30th day; 44.8% and 22.4% on the 27th day; 47.6% and 26.1% on
the 19th day of storage at 25, 30, and 37 °C, respectively.34 The
infrared (IR) and ultraviolet-C (UV-C) components of pulsed
light contribute to the breakdown and photo-oxidation of
phenolic compounds. Several bioactive substances possess
inherently unstable structures and are highly susceptible to
environmental factors such as temperature, oxygen, light, and
free radicals. Although unlikely, bioactive compounds may
degrade during storage if there is continuous oxygen exposure
through the polypropylene (PP) lm.34 Limited research exists
on the degradation of bioactive compounds, but available
studies suggest that phenolics, avonoids, and antioxidants
decrease over time due to the formation of complex polymeric
structures with proteins, leading to their precipitation.10

Among all the bioactive compounds, ascorbic acid and
carotenoids were the most sensitive to the treatments. The
retention of AA and TCC at 28 °C is 84.8% and 95.5% in 0.60 aw
(untreated); 84.2% and 90.6% in 0.35 aw (untreated); 89.6% and
74.6% in 0.60 aw (steam-treated); 84.7% and 86.4% in 0.35 aw
(steam-treated), respectively. The refrigerated storage caused
comparatively better retention of AA and TCC, which was >75%
and >90% in untreated samples and >85% and >75% in steam-
treated samples, respectively. Similarly, capsanthin retention
was 87.2% and 82.6% at 4 °C and capsanthin retention was
61.7% and 63.0% at 20 °C in untreated and steam treated red
pepper powder.6
© 2025 The Author(s). Published by the Royal Society of Chemistry
MW treatment preserved 67.2% AA and 86.7% carotenoids in
0.60 aw, while in 0.35 aw, there is 58.9% and 87.3% retention of
AA and TCC, respectively, at 28 °C. For instance, in MW treated
samples, there was >80% retention of AA and >90% retention of
carotenoids at 4 °C. The rapid generation of heat and uneven
heating of MW develop hotspots, which disturb the stability of
AA, leading to its degradation. Once the disruption of the food
matrix occurs, the bioactive molecules are exposed to the
external environment such as water, oxygen and light, which
promotes oxidation and degradation of ascorbic acid to
ascorbyl radicals.62

PL treatment showed better preservation of AA and TCC. For
instance, the loss of AA and TCC is only 18.7% and 16.2% in
0.60 aw and 5.9% and 12.9% in 0.35 aw at 28 °C, respectively. It
preserved >90% of AA and >80% of carotenoids were preserved
at 4 °C. The extractable colour (ASTA) was directly proportional
to the concentration of carotenoids. A similar trend has been
reported by Jalgaonkar et al.2 (Table 4). When fresh cut bell
peppers were treated at 16 J cm−2

uence, they retained 32.7%
AA and 89.2% of TCC aer 7 days of storage at 4 °C.10 The
ascorbic acid was retained at 13%, 15%, and 24% aer 30, 27,
and 19 days of storage at 25, 30, and 37 °C, respectively.34

Reactive oxygen species generated in PL treatment can persist
and initiate oxidative degradation of ascorbic acid during
storage. Carotenoids are more prone to photobleaching when
exposed to UV and visible light, both of which are part of PL.
The unsaturated bonds of carotenoids were broken down by PL,
which leads to structural degradation.23 The generation of
reactive oxygen species (ROS) and free radicals, which react with
carotenoids, causes the breakdown of conjugated double bonds
of carotenoids, limiting their activity.10

Temperature and light accelerate the reaction, leading to
a greater reduction in bioactive compounds when stored at
ambient temperature. As phenolic compounds undergo
browning and colour degradation, these changes can serve as
indicators of quality loss. The stability of these bioactives in red
chillies was compromised by the minimal activity of POD and
PPO during storage. However, the loss of bioactives was
signicantly lower in microwave (MW) and pulsed light (PL)
treatments compared to steam treatment. This could be due to
the leaching and degradation caused by prolonged exposure to
high temperatures.37 Natural antioxidants such as AA, TPC, and
CAP might also degrade due to changes in the food matrix
caused by treatments that may also expose them to oxygen,
light, or other degrading factors, which accelerate oxidative
processes.10 Oxygen and moisture migration during storage can
create favourable conditions for bioactive degradation, espe-
cially because the treated red chillies have a disrupted or
compromised barrier system.

The degradation kinetics of bioactives followed rst order
kinetics with adj R2 > 0.85, which describes the potential tting
of the model. The k values ranged from 0.49 ± 0.01 to 5.02 ±

0.22 × 10−3 d−1, 0.72 ± 0.01 to 12.03 ± 0.05 × 10−3 d−1, 0.20 ±

0.00 to 2.27 ± 0.06 × 10−3 d−1, and 0.13 ± 0.00 to 0.94 ± 0.01 ×

10−3 d−1 in untreated, steam-treated, MW-treated, and PL-
treated red chillies, respectively, under ambient storage (Table
4). The rate of bioactive degradation highly varied with the
Sustainable Food Technol., 2025, 3, 776–798 | 789
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Table 5 Estimated parameters from first-order kinetic model fitting for various bioactive compounds in red chilli samples during storagea

Treatment
Water
activity

Bioactive
compounds

Model tting parameters from the rst-order kinetic
model for red chillies during storage at 28 °C

Model tting parameters from the rst-
order kinetic model for red chillies during
storage at 4 °C

Rate constant k
(10−3) d−1 � CI Adjusted R2

Reduced chi-square
(10−3)

Rate constant k
(10−3) d−1 � CI Adjusted R2

Reduced
chi-square

Untreated 0.60 TPC 4.29 � 0.21d 0.93 0.2098 1.75 � 0.07c 0.93 0.1052
TFC 3.60 � 0.10c 0.98 0.0504 1.94 � 0.06d 0.97 0.0638
AOX 0.49 � 0.01a 0.99 0.0004 0.29 � 0.01a 0.96 0.0019
AA 5.02 � 0.22f 0.93 0.2262 3.48 � 0.10f 0.97 0.1802
CAP 4.61 � 0.07e 0.99 0.0212 2.57 � 0.07e 0.97 0.1064
TCC 1.38 � 0.03b 0.98 0.0046 1.07 � 0.03b 0.96 0.0240

0.35 TPC 1.03 � 0.02b 0.98 0.0226 0.33 � 0.01ab 0.96 0.0061
TFC 1.93 � 0.02e 0.99 0.0160 1.79 � 0.04e 0.97 0.1408
AOX 0.51 � 0.01a 0.99 0.0018 0.29 � 0.01a 0.96 0.0049
AA 1.76 � 0.02d 0.99 0.0213 2.02 � 0.04f 0.98 0.1515
CAP 3.73 � 0.07f 0.98 0.2491 1.29 � 0.03d 0.97 0.0753
TCC 1.13 � 0.05c 0.88 0.1173 0.65 � 0.02c 0.97 0.0224

Steam treated 0.60 TPC 4.06 � 0.06b 0.99 0.0071 4.22 � 0.08d 0.99 0.1502
TFC 9.16 � 0.05e 0.93 0.5693 2.31 � 0.05b 0.98 0.0578
AOX 1.46 � 0.03a 0.99 0.0019 1.07 � 0.03a 0.98 0.0150
AA 4.96 � 0.08d 0.99 0.0158 2.48 � 0.05c 0.98 0.0604
CAP 4.37 � 0.05c 0.99 0.0048 4.20 � 0.08d 0.99 0.1421
TCC 12.03 � 0.05f 0.96 0.4536 3.60 � 0.07e 0.98 0.1200

0.35 TPC 4.58 � 0.24d 0.91 0.5588 3.03 � 0.08e 0.98 0.1099
TFC 7.22 � 0.18e 0.99 0.3064 1.88 � 0.05b 0.97 0.0448
AOX 0.72 � 0.01a 0.99 0.0009 0.59 � 0.02a 0.97 0.0045
AA 3.00 � 0.07c 0.98 0.0512 2.05 � 0.05c 0.97 0.0535
CAP 2.85 � 0.10b 0.96 0.1044 3.94 � 0.09f 0.98 0.1600
TCC 2.86 � 0.16b 0.88 0.2671 2.64 � 0.06d 0.98 0.0766

Microwave treated 0.60 TPC 0.63 � 0.01c 0.97 0.0350 0.82 � 0.00e 0.99 0.0027
TFC 0.54 � 0.02b 0.89 0.1109 0.29 � 0.00b 0.99 0.0001
AOX 0.15 � 0.01a 0.99 0.0007 0.14 � 0.00a 0.99 0.00004
AA 2.13 � 0.03f 0.98 0.2656 1.03 � 0.00f 0.99 0.0080
CAP 1.47 � 0.04e 0.95 0.4349 0.61 � 0.00d 0.99 0.0012
TCC 0.83 � 0.01d 0.99 0.0141 0.48 � 0.00c 0.99 0.0004

0.35 TPC 0.38 � 0.01b 0.98 0.0173 0.37 � 0.00d 0.99 0.0001
TFC 0.83 � 0.03e 0.88 0.2431 0.16 � 0.00a 0.99 0.000001
AOX 0.20 � 0.00a 0.99 0.0005 0.23 � 0.00b 0.99 0.00001
AA 2.27 � 0.06f 0.96 1.2400 0.71 � 0.00f 0.99 0.0018
CAP 0.58 � 0.01c 0.99 0.0075 0.30 � 0.00c 0.99 0.0001
TCC 0.63 � 0.00d 0.99 0.0032 0.43 � 0.00e 0.99 0.0002

Pulsed light treated 0.60 TPC 0.47 � 0.00b 0.99 0.0041 0.72 � 0.00d 0.99 0.0014
TFC 0.78 � 0.02c 0.98 0.0805 0.86 � 0.00e 0.99 0.0028
AOX 0.13 � 0.00a 0.99 0.0008 0.11 � 0.00a 0.99 0.00001
AA 0.94 � 0.01d 0.99 0.0293 0.33 � 0.00b 0.99 0.0001
CAP 0.93 � 0.01d 0.98 0.0521 0.45 � 0.00c 0.99 0.0003
TCC 0.82 � 0.00c 0.99 0.0033 0.92 � 0.02f 0.93 0.1766

0.35 TPC 0.22 � 0.00c 0.99 0.0024 0.52 � 0.00c 0.99 0.0010
TFC 0.14 � 0.00a 0.99 0.00001 0.14 � 0.00a 0.99 0.00002
AOX 0.16 � 0.00b 0.99 0.0003 0.17 � 0.00ab 0.99 0.00001
AA 0.28 � 0.00d 0.99 0.0008 0.34 � 0.00b 0.99 0.0001
CAP 0.83 � 0.00f 0.99 0.0016 0.10 � 0.00a 0.99 0.000001
TCC 0.65 � 0.00e 0.99 0.0013 0.55 � 0.00d 0.99 0.0010

a TPC: total phenolic content; TFC: total avonoid content; AOX: antioxidant capacity; AA: ascorbic acid; CAP: capsaicinoids; TCC: total carotenoid
content. CI: 95% condence interval of the mean values. Dissimilar small alphabets (a to f) recognize that the mean k-values (d−1) belong to
different statistical subsets across the column at p < 0.05.
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treatment performed. For instance, the highest k (× 10−3) value
was found for AA, which is 5.02± 0.22 d−1, followed by CAP with
a k (× 10−3) value of 4.61 ± 0.07 d−1 and TPC with a k (× 10−3)
© 2025 The Author(s). Published by the Royal Society of Chemistry
value of 4.29 ± 0.21 d−1 in 0.60 aw/untreated red chilli samples.
Meanwhile in 0.35 aw, the highest k (× 10−3) value was found for
CAP, which is 3.73 ± 0.07 d−1 (Table 5). Similarly, the k (× 10−3)
Sustainable Food Technol., 2025, 3, 776–798 | 791
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value for TCC is 12.03 ± 0.05 d−1 followed by TFC with a k (×
10−3) value of 9.16 ± 0.05 d−1 in 0.60 aw/steam-treated red
chillis. The rate of degradation of TFC was found to be higher
with a k (× 10−3) value of 7.22 ± 0.18 d−1 in 0.35 aw/steam-
treated samples. AA was found to be the most sensitive bioac-
tive compound towards microwave treatment with k (× 10−3)
values of 2.13± 0.03 d−1 and 2.27± 0.06 d−1, in 0.60 and 0.35 aw
red chillies, respectively. The higher the k value, the greater the
degradation of bioactive compounds and vice versa. A similar
study was conducted on PL treated onion shreds and the rate of
degradation of bioactives followed zero order kinetics.34 In PL
treated chillies, the k values for all the bioactive compounds are
almost in the homogeneous range, indicating little higher
values for capsaicinoids and carotenoids. The higher k values
were found in 0.60 aw red chillies and 0.35 aw red chillies irre-
spective of the treatment due to the presence of PPO and POD.
Similarly, the k values of refrigerated samples were lower than
those of the samples stored under ambient storage conditions.
Polypropylene (PP) is sensitive to oxygen transmission, which
affects its ability to allow oxygen to pass through. To mitigate
this issue, it can be coextruded with another material to reduce
the rate of oxygen transmission through the PP lm.

3.3.4 Surface colour and change in the weight of red chil-
lies during storage. The colour of red chilies plays a crucial role
in consumer perception and market value, as it directly inu-
ences the appeal, quality assessment, and overall consumer
experience. During storage, the L*, a*, and b* values decreased
due to the development of brown pigments that could be due to
loss of carotenoids. The total colour change during ambient
storage ranged from 1.35 ± 0.47 to 67.00 ± 0.89, with the
highest value observed at 0.35 aw/ST/28 °C and the lowest at 0.35
aw/PL/28 °C. Under refrigerated conditions (4 °C), the color
change varied between 1.16 ± 0.06 and 4.50 ± 0.97, with the
maximum at 0.60 aw/ST/4 °C and theminimum at 0.35 aw/PL/4 °
C (Table 4). In untreated chillies, the colour change might be
due to an increase in PPO and POD activity, which leads to
browning and colour loss. The total colour changes were less
predominant in microwave and PL treated chillies. Steam
treated chillies showed a huge colour difference due to loss of
carotenoids. Although a minimal increase in enzyme activity in
PL-treated samples, it may not lead to any signicant browning
reaction. There was an increase in L*, a*, and b* values aer
steam treatment of 100 °C/960 s aer six months when stored at
4 °C.6 In a similar study by Kubra and Rao,68 there was
a decrease in the L* value from 53.9 to 49.8 and the b* value
from 29.7 to 24.2, while an increase in the a* value from 1.3 to
5.3 was observed in ginger when treated at 800 W microwave
power. Savitha, Chakraborty, and Thorat34 observed similar
results aer pulsed light treatment on dehydrated onion shreds.

As per the categorization by Cserhalmi et al.35 the total colour
change (DE*) can be unnoticeable (0–0.5), slightly noticeable
(0.5–1.5), noticeable (1.5–3.0), well-visible (3.0–6.0) and greatly
visible (6.0–12.0). The shi of colour in MW and PL treated
chillies was in the “slightly noticeable to noticeable range” or
close to it. The untreated and steam treated chillies fall into the
categories of “well-visible” and “greatly visible” respectively at
the end of the storage. The total colour change (CoC) > 12 can be
792 | Sustainable Food Technol., 2025, 3, 776–798
considered as completely unacceptable.34,35 In a similar study,
there was a total colour change of 0.19 and 0.03 in untreated
and steam treated red chillies stored at 4 °C, while there was
a total colour change of 1.05 and 0.84 in untreated and steam
treated red chillies stored at 20 °C aer six months.10 On
a similar note, the total colour change of 50.1 was observed in
garlic aer microwave treatment at 800 W.64 PL treatment of
2208 J cm−2 dehydrated onion shreds with a water activity of 0.6
resulted in total colour changes of 5.8, 7.2 and 8.6 on the 30th,
27th, and 19th days of storage at 25 °C, 30 °C, and 37 °C.29 The
colour of treated red chillies might be lost due to the conversion
of carotenoids to their cis form, apocarotenoids, ionone, epox-
ides, carbonyl compounds, alcohols, etc.23 The decline in the L*
value over the storage period led to an increase in DE* for the
steam-treated samples. The colour change of red chillies may
arise from various factors, such as the reduction of AA and TCC,
the breakdown of phenolics, antioxidants, and the partial
reactivation (9–10%) of the PPO and POD enzymes.67 The high
levels of bioactives retained in red chilies treated with PL
suggest that the reduced browning in these samples is due to
the preservation of these compounds. However, the perme-
ability of water vapour and oxygen through polypropylene (PP)
packaging contributes to losses in carotenoid content, along
with degradation of natural antioxidants such as phenolics,
antioxidants, and ascorbic acid, leading to more signicant
colour loss.34 Most PL studies do not extensively address the
shelf-life impacts on the colour of red chillies. For optimal
retention of phenolics, antioxidants, and colour in red chilies,
microwave MW and PL treatments are promising approaches.

3.3.5 Shelf life of steam, microwave, and pulsed light red
chillies. A microbial count of 6.0 log10 CFU g−1 or higher was
considered unsafe for consumption, as it indicated signicant
microbial contamination and potential spoilage.62 In untreated
red chillies, the shelf life is increased to 35 days and 101 days in
0.60 and 0.35 aw, respectively. Steam treated, microwave treated,
and pulsed light treated red chillies preserved chillies for 22
days and 59 days; 173 days and 210 days; and 210 days and 210
days, at 0.60 and 0.35 aw, respectively, under ambient storage.
Under refrigerated storage, the shelf life increased to 67 days
and 66 days; 210 days and 210 days in 0.60 and 0.35 aw red
chillies aer steam treatment, microwave treatment, and pulsed
light treatment, respectively (Tables 3 and 4). There is very
limited literature on the estimation of the shelf life of red
chillies. The shelf life of fresh cut red bell peppers increased to 7
days aer PL treatment at 16 J cm−2, where AM and YM counts
exceeded the limit.10 Although the chillies were microbiologi-
cally safe, their sensory appeal could pose a challenge. The
sample's storage limit was dened by a minimum total colour
change score of >12.35 However, the colour of red chillies did not
exceed the limit under all treatment conditions during storage
(Table 4). As a result, the physical appearance and microbial
safety of the red chillies were in alignment.

3.3.6 Principal component analysis. The quality attributes
of red chillies are inuenced by their interrelationships,
including total phenolic content (TPC), avonoid content (TFC),
antioxidant capacity (AOX), ascorbic acid (AA), capsaicinoids
(CAP), carotenoids (TCC), and total colour change (CoC) during
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Principal component analysis of different quality attributes of 0.60 and 0.35 aw red chillies packed in PP pouches during storage at 28 °C.
In the plot, labels UT represents untreated; ST represents steam treatment (120 °C/300 s); MW represents microwave treatment (540 kJ); and PL
represents pulsed light treatment (2.59 J cm−2), respectively; and different numbers indicate the respective sampling days, where 0 stands for day
0 and 210 is for day 210.
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storage. Fig. 5 and 6 illustrate the variability of these seven
dependent variables using two principal components (PC1 and
PC2). The quality attributes were analyzed for each sampling
day during storage at temperatures of 28 °C and 4 °C in the
orthogonal, bi-rotated space of PC1 and PC2.
Fig. 6 Principal component analysis of different quality attributes of 0.60
the plot, labels UT represents untreated; ST represents steam treatment
represents pulsed light treatment (2.59 J cm−2), respectively; and differen
0 and 210 is for day 210.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The two principal components (PC1 and PC2) accounted for
more than 80% and 85% of the total variability in the dataset at
28 °C and 4 °C, respectively. At 28 °C, PC1 explained 65.3% of the
variability, while PC2 accounted for 15.0%. In contrast, at 4 °C,
PC1 explained 70.3% of the variability, and PC2 explained 14.2%.
and 0.35 aw red chillies packed in PP pouches during storage at 4 °C. In
(120 °C/300 s); MW represents microwave treatment (540 kJ); and PL
t numbers indicate the respective sampling days, where 0 stands for day
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Table 6 Correlation matrix obtained after multivariate analysis of different quality attributes of red chillies during storagea

Storage temperature Bioactive compounds

Correlation coefficient

TPC TFC AOX AA CAP TCC CoC

28 °C TPC 1.00
TFC 0.98 1.00
AOX 0.90 0.89 1.00
AA 0.60 0.67 0.51 1.00
CAP −0.02 −0.03 0.19 −0.04 1.00
TCC 0.79 0.85 0.75 0.81 0.07 1.00
CoC −0.64 −0.67 −0.41 −0.48 −0.11 −0.59 1.00

4 °C TPC 1.00
TFC 0.95 1.00
AOX 0.95 0.92 1.00
AA 0.72 0.74 0.67 1.00
CAP 0.41 0.35 0.47 0.06 1.00
TCC 0.88 0.86 0.85 0.89 0.31 1.00
CoC −0.54 −0.57 −0.38 −0.61 −0.39 −0.56 1.00

a TPC: total phenolic content; TFC: total avonoid content; AOX: antioxidant capacity; AA: ascorbic acid; CAP: capsaicinoids; TCC: total carotenoid
content; CoC: total colour change.
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From the loading plot at 28 °C (Fig. 5), it is evident that CAP,
AOX, and TCC aligned positively with both PC1 and PC2, while
TPC, TFC, and AA aligned positively with PC1 but negatively
with PC2. In contrast, CoC aligned negatively with both PC1 and
PC2. This indicates that CAP, AOX, and TCC exhibit behaviour
opposite to other bioactives. During storage at 4 °C (Fig. 6), TPC,
AOX, and CAP aligned positively with both PC1 and PC2,
whereas TFC, TCC, and AA aligned positively with PC1 but
negatively with PC2. CoC again aligned negatively with both PC1
and PC2.

The correlation values of these quality attributes are pre-
sented in Table 6. Phenolic content, avonoid content, and
antioxidant capacity showed strong correlations of over 90%
and 95% at 28 °C and 4 °C, respectively, indicating a slower rate
Fig. 7 Proposed preservation strategy for dehydrated red chillies.

794 | Sustainable Food Technol., 2025, 3, 776–798
of degradation during storage. Additionally, AA and TCC were
positively correlated, with correlation values of 81% and 89% at
28 °C and 4 °C, respectively. These compounds are heat, light,
and oxygen-sensitive, resulting in a faster rate of degradation
compared to other bioactives during storage. The negative
correlation between total colour change (CoC) and other
bioactive compounds suggests that the extent of colour change
is dependent on the degradation of phenolics, avonoids,
antioxidants, ascorbic acid, capsaicinoids, and carotenoids.
These ndings align with previous studies on pulsed light-
treated pomegranate juice, as reported by Pravallika, Shaik,
and Chakraborty.37

3.3.7 Optimized preservation strategy for extended shelf
life. Based on the ndings, an optimized preservation strategy
© 2025 The Author(s). Published by the Royal Society of Chemistry
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for dehydrated red chillies can be proposed (Fig. 7). Among the
tested treatments, microwave (540 kJ) and pulsed light (2.59 J
cm−2) demonstrated superior efficacy in preserving bioactive
compounds and extending shelf life to more than 210 days,
particularly at lower water activity (0.35 aw) and under refrig-
erated storage (4 °C). Steam treatment (120 °C/300 s), while
effective for microbial reduction, resulted in signicant bioac-
tive degradation and colour loss, making it a less favourable
option for long-term preservation. The study highlights the
benets of a combined hurdle approach, where drying (70 °C/
11 h + 55 °C/4 h + 40 °C/2 h) to 0.35 aw minimizes microbial
growth and enzymatic activity, followed by microwave (540 kJ)
or pulsed light treatment (2.59 J cm−2) for microbial decon-
tamination and enzyme inactivation while retaining nutritional
quality. Storage at 4 °C further slows degradation processes
without the risk of chilling injury, while high-barrier packaging
prevents moisture uptake and microbial re-entry, ensuring
product stability. This sequential strategy optimizes the shelf
life and quality of dehydrated red chillies, providing valuable
insights for industrial application.

4 Conclusions

The shelf life of 0.35 aw red chillies treated with steam (120 °C/
300 s), microwaves (540 kJ), and pulsed light (2.59 J cm−2) was
66 days, 210 days, and 210 days at 4 °C. Steam treated red
chillies with 0.60 aw had a shelf life of 22 days at 28 °C with
inferior bioactive compounds and huge colour loss, limiting its
appeal and consumer acceptance. Weight loss was not signi-
cant (p > 0.05) in any of the samples during storage. MW treated
red chillies preserved 83.8% phenolics, 94.00% avonoids,
97.0% antioxidants, 80.1% ascorbic acid, 88.4% capsaicinoids,
and 90.2% carotenoids in 0.60 aw red chillies at 4 °C. While PL
preserved 85.7%, 83.2%, 97.7%, 93.3%, 91.0%, and 83.4% of
phenolics, avonoids, antioxidants, ascorbic acid, cap-
saicinoids, and carotenoids, respectively. The rate of bioactive
degradation followed a rst-order kinetic model (adj R2 > 0.9).
MW and PL treated chillies are 3.1 to 9.5 times better preserved
than steam-treated chillies. The shelf life of untreated, ST
treated, MW treated and PL treated 0.60 and 0.35 aw red chillies
at 4 °C was 70 and 126 days, 67 and 66 days, 210 and 210 days,
and 210 and 210 days, respectively. Microwave and pulsed light
treatments exhibited superior efficacy in preserving bioactive
compounds and extending the shelf life of red chillies
compared to steam treatment, particularly at lower water
activity (0.35 aw). This highlights the importance of selecting
appropriate post-drying treatments to ensure both microbial
safety and bioactive retention. The substantial retention of
phenolics, avonoids, antioxidants, and carotenoids in MW
and PL-treated samples underscores their potential in main-
taining both nutritional and sensory attributes during storage.
An optimized strategy involves drying to 0.35 aw, applying
microwaves or pulsed light for microbial and enzymatic inac-
tivation, and storing under refrigeration with high-barrier
packaging to ensure long-term stability and quality. The
degradation kinetics of bioactive compounds followed a rst-
order model (adj R2 > 0.9), emphasizing the need for further
© 2025 The Author(s). Published by the Royal Society of Chemistry
optimization to enhance long-term stability. Future research
should explore the scalability of these methods, validate their
efficacy in commercial settings, and include comprehensive
sensory evaluations to assess consumer acceptance and indus-
trial feasibility.
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