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t storage conditions on the quality
attributes of sweet lime juice subjected to pulsed
light and thermal pasteurization

Lubna Shaik and Snehasis Chakraborty *

The primary issue of the sweet lime juice processing industry is its limited stability. The aim of this study is to

examine the shelf life of pulsed light (PL) treated sweet lime juice at 4, 15, and 25 °C while packed in two

different packaging materials (coextruded ethylene vinyl alcohol copolymer [EVOH] and multi-layered

polyethylene terephthalate [ML PET] films). The PL-treated (3000 J cm−2) juice was analyzed for

microbial count, enzyme activity, bioactive compound degradation, and sensory attributes for up to 46

days. Different packaging materials and storage temperatures had a significant effect (p < 0.05) on the

microbial, enzyme inactivation, and biochemical attributes but had no significant influence (p > 0.05) on

pH, acidity, and soluble solids in the samples. The juice treated under equivalent thermal conditions (95 °

C/5 min) and PL-treated juice possessed sensory scores of 5.8 and 7.2, respectively. The PL-treated juice

preserved 23% more antioxidants, 12.6% more phenolics, and 35.3% more vitamin C than the thermally

pasteurized beverage after 46 days of storage (at 4 °C). The juice stored in ML-PET had a better shelf life

and nutrient retention than that in the EVOH pouch. Interestingly, the sensory score and vitamin C

profile were above the allowable limit even after 46 days of storage at 4 °C. However, the microbial

count (>6 log cfu mL−1) restricted the shelf life up to 46, 30, and 13 days, at 4, 15, and 25 °C, respectively

for the juice packed in the ML-PET pouch. To conclude, PL can be a great non-thermal technology to

extend the shelf life of sweet lime juice from 6 to 46 days during refrigerated storage (4 °C).
Sustainability spotlight

This research examines the shelf life of PL-treated sweet lime juice at 4, 15, and 25 °C and in various packaging materials (coextruded ethylene vinyl alcohol
copolymer [EVOH] and multi-layered polyethylene terephthalate [ML PET] lms). Microbiological count and enzymatic activity were analyzed on untreated, PL-
treated, and thermal-treated juices. Batch-processed PL and thermal sample treatment intensities were assessed as lethality, or the lowest intensity necessary to
inactivate natural or inoculated microbiota by 5 log10 cycles, and juice spoiling enzyme activity by 90%. The physicochemical and nutritional attributes of the
untreated, PL-treated, and thermal-treated juice samples were also investigated. The study hopes to satisfy all stakeholders, including the manufacturer, retailer,
and consumers by providing the shelf life of PL and thermal pasteurized sweet lime juice. Further, by exploring new juice processing technologies while keeping
sustainability in mind, we can reduce the adverse impact of food production and processing on the environment and promote food sustainability.
1. Introduction

Fruit juices contribute to human nutrition and wellness.
Consumers want fruit juices that are convenient, fresh-like,
fairly priced, functional, healthy, and long-lasting.1 Sweet lime
juice has been chosen as a research material. The mild palat-
able avor, unique aroma, and color make the juice more
refreshing, and it is highly preferred among other juices. Fresh
sweet lime juice at room temperature contains various disease-
causing and spoilage microorganisms. Due to fruits' sugar
content and enzyme activity, their shelf life might be shortened
ology, Institute of Chemical Technology,
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by microbiological, chemical, and enzymatic changes if juice
production is not managed appropriately. Thermal processing
is commonly used to avoid fruit juice degradation, however the
harmful effects of applied temperatures on juice nutrition have
encouraged research into non-thermal food processing alter-
natives. Non-thermal procedures may preserve the nutritional
and functional characteristics of juice, inactivate microorgan-
isms, and increase shelf life. Fruit juices stored at 4 °C have
a longer shelf life.2

Pulsed light (PL) may be used to non-thermally pasteurize
fruit juices using short bursts of light pulses (100–1100 nm) to
inactivate bacteria and enzymes that cause spoilage.3–6 The shelf
life of pulsed light treated fruit juices depends on the juice type,
initial microbial load, pulse intensity, processing time, and
storage conditions. Pulsed light treatment may increase the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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shelf life of fruit juices by weeks or months. Thermal and PL
treatments may be useful for ensuring microbiological safety
and enzymatic stability in juices, but their long-term storage
effects must be explored. Stability relates to the microbiological,
enzymatic, physicochemical, and sensory qualities of juice
throughout its storage period. The effect of PL on fruit juice
shelf life isn't well studied. Palgan et al.7 studied the shelf life of
PL-treated apple-cranberry juice blends. Similarly, Basak et al.8

attempted shelf-life extension of apple ber, carambola, and
black table grape juice blends by PL treatment. However, the
shelf life of pulsed light-treated juices, notably sweet lime juice,
is under-studied.

This research examines the shelf life of PL-treated sweet lime
juice at 4, 15, and 25 °C and in various packaging materials
(coextruded ethylene vinyl alcohol copolymer [EVOH] and
multi-layered polyethylene terephthalate [ML PET] lms).
Microbiological count and enzymatic activity were analyzed on
untreated, PL-treated, and thermal-treated juices. Batch-
processed PL and thermal sample treatment intensities were
assessed as lethality, or the lowest intensity necessary to inac-
tivate natural or inoculated microbiota by 5 log10 cycles, and
juice spoiling enzyme activity by 90%. The physicochemical and
nutritional attributes of the untreated, PL-treated, and thermal-
treated juice samples were also investigated. By providing the
shelf life of PL and thermal pasteurized sweet lime juice, the
study hopes to satisfy all stakeholders, including the manu-
facturer, retailer, and consumers.
2. Materials and methods
2.1. Preparation of the sample

Greenish to light yellow colored sweet lime (Citrus limetta var
Phule mosambi) was selected for juice extraction. The fruits were
decontaminated using 100 ppm sodium hypochlorite before
being peeled and put through a centrifugal juicer (HR 1863/20
Philips India). The light yellowish colored juice had a total
soluble solid (TSS) content of more than 11 °Bx with an acidity
ranging between 2.2 and 2.4% w/w equivalent citric acid. The
pH of the resultant juice was 3.5 ± 0.01.
2.2. Experimental design and selection of processing
conditions

The PL intensity selected for the treatment was the minimum
intensity (3000 J cm−2) required to achieve 5 log cycle reduction
in natural microbiota and complete inactivation of the spoilage
enzymes such as pectin methyl esterase (PME), polyphenol
oxidase (PPO), and peroxidase (POD). This indicates that the
intensity below 3000 J cm−2 cannot guarantee complete
microbial safety and enzyme stability in the sweet lime juice.
Shaik and Chakraborty5 reported that among the natural
microorganisms (aerobic mesophiles [AM] and yeasts and
molds [YM]), and inoculated microorganisms (E. coli, S. cer-
evisiae, L. monocytogenes), the YM group in the sweet lime juice
was most resistant to PL treatment. Moreover, PPO was the
most resistant spoilage enzyme among PPO, POD, and PME.
Eventually, a PL treatment of 3000 J cm−2 was sufficient to
© 2023 The Author(s). Published by the Royal Society of Chemistry
reduce the YM count by 5 log cycles and inactivate the PPO by
99%. Therefore, the juice was treated at 3000 J cm−2 and stored
in two different packaging materials at 3 different storage
temperatures (4, 15, and 25 °C). Similarly, the effect of thermal
processing on the microbial, enzymatic inactivation, and
biochemical attributes of sweet lime juice has been studied and
95 °C/5 min are the conditions at which the microbial safety (5
log reduction in S. cerevisiae), enzymatic stability (99.9% inac-
tivation in PPO enzyme), and nutritional quality (90% retention
in vitamin C) were achieved. Therefore, the storage studies were
conducted under these conditions. The samples were asepti-
cally transferred to sterile EVOH and ML pouches aer the PL
and thermal treatments. The untreated samples were also
packed accordingly in EVOH andML pouches. The two separate
packaging materials employed for the storage research were
multilayered (ML) polyethylene terephthalate (PET) lm (12 mm/
oriented nylon 15 mm/aluminum foil 12 mm/polypropylene 70
mm) and coextruded ethylene vinyl alcohol (EVOH) lms (poly-
propylene 28 mm/nylon-6 13 mm/EVOH 8 mm/nylon-6 17 mm/
polypropylene 34 mm). The multi-layer PET lm and EVOH
lms had a thickness of 109 mm and 100 mm, respectively. The
specications of the packaging materials were provided by the
manufacturer. The lms' mechanical and high-barrier proper-
ties were considered.9 Coextruded EVOH lms are the most
preferred fruit packaging material. This lm's hydrophilic ethyl
vinyl alcohol monomer blocks oxygen, while the nylon/
polypropylene layer enhances the sealability and moisture
barrier.10 The ML-PET lm blocks oxygen and moisture better.11

The surface of the pouch was exposed to UV light for 24 h before
usage. In these pouches, 200 mL of juice samples were heat
sealed and kept in an incubator at 4.0 ± 0.5 °C, 15.0 ± 0.5 °C,
and 25.0 ± 0.5 °C with 85% relative humidity (RH). Prior to the
storage, the incubator was decontaminated with ethanol and
100 ppm hypochlorite solution before being dried by air. Up to
the 47th day of storage, the juice samples were examined for
microbiological quality and enzyme stability.
2.3. Pulsed light and thermal treatments

Treatment of sweet lime juice was conducted using pulsed light
equipment (X-1100 system, Xenon Corporation, Wilmington,
MA, USA), which works in batch mode. The PL equipment
consists of a capacitor, air blower (which prevents overheating),
lamp supporting system, and treatment chamber (Fig. 1).
Radiometers or optical sensors measure uence intensity at the
same height as the sample. 200 mL juice was poured horizon-
tally 2.4 cm beneath the lamp's surface into a top-open glass
cylinder (3.5 cm × 37.5 cm; 1 Hz frequency, 400 ms pulse width;
PL conditions 3000 J cm−2, average 10.0 ± 0.01 W cm−2). The
maximum temperature increase was 24.1 ± 0.2 °C. Further, for
thermal treatment, the juice was packaged in 200 mL trans-
lucent multi-layer PET and EVOH lms which had a thickness
of 109 mm and 100 mm, respectively. The samples were treated at
95.0 ± 0.5 °C for 5 min in a thermostatic water bath (Lab-
lineTM, USA). Two different treatments were implemented to
achieve microbial and enzymatic stability in the juice. The non-
thermal pasteurization was achieved by pulsed light (PL)
Sustainable Food Technol., 2023, 1, 722–737 | 723

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fb00023k


Fig. 1 Schematic representation of the pulsed light system used for the study.
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treatment at 3000 J cm−2. A separate thermal treatment was
conducted in a batch mode when the juice was packed inside
the pouch. The thermal pasteurization conditions were 95 °C/
5 min. A K-type thermocouple was used to detect the sample
core temperature while maintaining a dummy pouch in the
same location. The sample center took 137 seconds to heat up
to 95 °C, then 25 seconds to cool down to 4 °C. Each of the
thermal and PL pasteurized juices were packed in two different
packaging materials viz. EVOH and ML-PET. Each pouch was
stored at 3 different storage temperatures. Besides, untreated
samples were also packed in both packaging materials and
stored at 3 different temperatures. Thus, there were 3 × 2 × 3 =

18 pouches of juice on day zero of storage considering all the
treatments (untreated, PL and thermal), packaging materials
(EVOH and ML-PET), and storage temperatures (4, 15, and 25 °
C). All these samples were stored at the respective temperatures
and analyzed aer a specic time interval of up to 47 days.
Maintaining aseptic conditions while performing thermal
pasteurization in a thermostatic water bath is difficult. Hence, it
is prepacked to maintain sterile conditions during treatment.
Meanwhile, for pulsed light, the treatment is carried out in an
aseptic environment. We have compared package thermal
treatment with direct PL treatment of the juice. A direct thermal
pasteurization may have different treatment time to achieve
equivalent lethality, thus yielding a different dataset. For shelf-
life studies, the thermal treatment was chosen since it caused
a 5 log reduction in aerobic mesophiles (AM), yeast, and molds
(YM). Additionally, no indications of PME, POD, or PPO activity
were seen immediately aer the treatment, indicating complete
inactivation.
2.4. Determination of quality characteristics

2.4.1. Natural microbiota enumeration. Aerobic meso-
philes (AM) and yeast and molds (YM) were quantied in
724 | Sustainable Food Technol., 2023, 1, 722–737
untreated, PL-treated, and thermal treated juice samples during
storage. Plate count agar (HIMEDIA® M091-500G) and yeast &
mold agars (HIMEDIA®M424-500G) fromHiMedia laboratories
were used. The enumeration of aerobic mesophiles (AM) and
yeast and molds (YM) was performed as per the protocol fol-
lowed.5 The serial dilution pour plate method was followed.12

Suitable dilutions were made from the inocula (sample) and
one mL of diluted inoculum was transferred into a sterile agar
plate followed by liquid (#45 °C) agar, and vigorously mixed.
AM plates were incubated at 37 °C for 24 h, while YM plates were
incubated at 30 °C for 48 h. Themicrobial detection limit was 10
cfu mL−1 of juice.

2.4.2. Enzyme activity. The extraction and quantication of
POD and PPO and PME extraction and analysis were conducted
as reported by Shaik and Chakraborty.5 The enzyme's residual
activity is given relative to the untreated sample (assuming
100% activity).

2.4.3. Measurement of pH, total soluble solids, titratable
acidity, and color prole. The total soluble solids (TSS), pH,
titratable acidity (TA), and color prole of the juice sample were
calculated using the methods described in Shaik and
Chakraborty.5

2.4.4. Estimation of total phenolics, antioxidant capacity,
and vitamin C. Total phenolic content, antioxidant capacity,
and vitamin C were determined using the spectrophotometric
technique reported by Shaik & Chakraborty.5 Total phenolic
content (TPC) was measured in gallic acid equivalents per liter
(g GAE per L). Antioxidant capacity (AOX) was quantied as g
GAEAC per L of sample. L-Ascorbic acid was used as a reference
compound to estimate vitamin C as g AA per L.
2.5. Sensory analysis

The sensory prole was analyzed for the microbially safe juices
during storage. The study was reviewed, approved by the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Institutional Review Board (IRB) at the Institute of Chemical
Technology, Mumbai and informed consent was obtained from
each subject prior to their participation in the study. A panel of
25 semi-trained people (16 males and 9 females aged 23 to 35)
from the Institute of Chemical Technology, Mumbai evaluated
aroma, taste, color, consistency, mouthfeel, and aertaste. The
panel was trained for 12 days (1.5 h per day) till evaluation
ndings became repetitive.8 50 mL juice was served in a 100 mL
sterile transparent glass container (coded with alpha-numeric
digits) for sensory evaluation. Low-salt crackers and lukewarm
water eliminated taste bias between two samples. The panelists
rated the juice sample from 1 (extreme dislike) to 9 (extreme
like). In addition to the hedonic score (9-point scale), they
assessed signicance (I) to each sensory trait from 1 to 5,
meaning not important to extremely important. The overall
acceptability (OA) of the individual juice sample was calculated
using eqn (1)

OA ¼ 1

na
�

P ðS � IÞP
I

(1)

where na is the number of attributes, S is the hedonic score (1 to
9 scale), and I is the importance score (scale of 1 to 5).
2.6. Kinetic data modelling

The bioactive compound degradation was tted and described
by either a zero-order model or a rst-order model in the
thermal and pulsed light-treated sweet lime juices. Both zero-
order kinetic (eqn (2)) and rst-order kinetic (eqn (3)) models
were used to t the changes in total phenolic compounds,
antioxidant capacity, and ascorbic acid that occurred in the
juice during storage.

Ct

C0

¼ �kt (2)

ln

�
Ct

C0

�
¼ �kt (3)

where C0 and Ct represent the concentration of the bioactive
attribute analyzed at day ‘0’ aer treatment and at day ‘t’ of
storage, respectively; k is the rate constant (mol L−1 s−1 for zero-
order and per day for rst order). Based on adjusted R2 > 0.9, the
best-tting model from these two models was selected for each
attribute.
2.7. Principal component analysis

The datasets of six attributes in sweet lime juice, including
changes in TPC, AOX, Vit-C, DE*, BI, and OA, aer storage at
different temperatures were subjected to principal component
analysis (PCA) so that the variability could be explained by
a smaller number of components. For this, Origin Pro 10.0
(Origin Soware, USA) was employed with a multivariate anal-
ysis of variance (MANOVA) methodology. Any two responses
were compared using Pearson's correlation coefficients.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.8. Statistical analysis

Three treatments and three replications were used to analyze
each sample, yielding nine data points for each set of treatment
conditions of each processing technique. All the results were
expressed as a mean of nine parallel readings along with
a standard error except for sensory analysis. Using one-way
analysis of variance (ANOVA) and the Tukey's HSD test using
the SPSS programme (IBM, SPSS v16, USA), the 95% condence
interval was used to test for signicant changes in mean values.
3. Results and discussion
3.1. Changes in quality characteristics during storage

3.1.1. Natural microbiota enumeration. Microbial stability
is the key to fruit juice safety during storage. The untreated
sweet lime juice had AM and YM count of 5.4± 0.2 and 5.1± 0.2
respectively. The untreated sample had AM count <6.0 log10 cfu
mL−1 on day 2 at 25 °C (Table 1). At 15 and 4 °C, AM and YM
counts in untreated juice sample were below 6.0 log10 cfu mL−1

for 5 and 6 days, respectively. Untreated juice packed in either
EVOH or ML-PET showed AM and YM populations of >6.0 log10
cfu mL−1 on days 3, 6, and 7 when stored at 25, 15, and 4 °C,
respectively. Those spoiled samples (AM and YM populations
>6.0 log10 cfu mL−1) bulged due to gas production in the course
of fermentation. In PL-treated samples, the AM and YM pop-
ulations were below the detection limit (1 log10 cfu mL−1) from
day 0 to day 35 when stored at 4 °C. However, AM and YM
populations were > 1.5 log10 cfumL−1 aer 5 days at 25 °C (Fig. 2
and 3). The AM and YM counts on the 47th day were >6 log cfu
mL−1, but they were less than 6 log cfu mL−1 on day 46.
Therefore, the shelf life of PL-treated sweet lime juice packed in
ML lm was 46 days at 4 °C. AM and YM in PL-treated samples
were affected by packing material aer 35 days at 4 °C. The AM
and YM counts were 5.6 and 4.2 log cfu mL−1 at 15 °C for 30
days in EVOH pouches. The samples packed in ML lm
possessed a lowermicrobial load than EVOH samples. ML lm's
increased barrier qualities (water vapor permeability [WVP] of
0.037 g mm2 m−2 h−1 kPa−1) may have limited the oxygen
migration needed for microbial growth. Studies have shown
a similar pattern for high-pressure processed sugarcane juice
that is stored in EVOH and ML-PET packaging at both ambient
and refrigerated temperatures.13,14 This is reected in the AM
and YM counts in the PL-treated sweet lime juice packed in the
EVOH and ML-PET pouches. The oxygen transmission rates for
EVOH and ML-PET are 0.62 and 0.54 cm3 (m2 per day$per atm),
respectively. The oxygen barrier properties of EVOH are
compromised when exposed to high-moisture foods like juice,
and the oxygen permeability of coextruded EVOH increases at
RH above 75–80%.15 The type of microbial growth that can occur
in the juice is inuenced by the oxygen barrier properties of the
package, as most molds and yeasts that grow in citrus juice are
aerobic, meaning that higher levels of oxygen inside the juice
can lead to slightly higher levels of microbial growth.16

Further, the AM and YM count for thermal treated juice
remained below the detection limit for 35 days at 4 °C,
regardless of packaging material. At 15 and 25 °C, the microbial
Sustainable Food Technol., 2023, 1, 722–737 | 725
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population of below detection limit (<1 log cfu mL−1) was only
for the initial 5 days in thermal treated samples irrespective of
packaging material used. As storage temperature rises, the
inuence of packing material becomes more noticeable. AM
populations in EVOH and ML pouches were 1.6 and 1.1 log cfu
mL−1 in PL-treated samples, and 3.7 and 2.3 log cfu mL−1 in
thermally treated samples on day 20 at 15 °C. YM load had
a similar tendency (Fig. 3).

The photochemical, photothermal, and photophysical
mechanisms contribute to PL inactivation.17,18 UV-C is used to
irradiate liquid foods or chopped fruits in most studies. For
instance, aer 3 days, untreated apple juice had AM count >1
log cfu mL−1 while the UV-C treated apple juice didn't increase
YM, AM, or lactic acid bacteria for 5 days. A 4.1 kJ m−2 UV-C
exposure decreased the fresh-cut watermelon bacteria pop-
ulation by >1 log cycle in 8 days.19 Cao et al.20 found no YM
population increase in PL-treated blueberries for 7 days at 4 °C
and 3 days at 25 °C. Alginate-coated and PL-treated cantaloupes
had 28 and 24 day refrigerated shelf lives. Repeated PL pro-
cessing of 0.9 J cm−2 every 48 h delayed AM and YM to the shelf
life limit of 6 log10 cfu mL−1. In the literature, there are studies
depicting a wide range of shelf life for PL treated fruit juices. For
instance, Unluturk & Atilgan21 determined the shelf-life of white
grape juice treated with UV-C irradiation. The shelf-life was 14
days because the AM population reached 6 log10 cfu mL−1 aer
day 14. Ferrario et al.17 examined yeast growth in PL-treated
apple juice (71.6 J cm−2). Aer 15 days, S. cerevisiae increased
by 2.4 log10 cfumL−1, whereas A. acidoterrestris spores remained
steady and 15 day shelf life was determined. PL (71.6 J cm−2)
stabilized orange, apple, and strawberry liquids at 5 °C for 8–10
days. When stored at 5 °C in glass bottles, PL treated (71.6 J
cm−2) apple, orange, and strawberry juices were microbiologi-
cally safe for 8 to 10 days.22 The PL + US-treated mulberry juice
has a shelf-life of 120 days at 25 °C and 180 days at 5 °C in
a screw-top plastic container.23 According to Preetha et al.24

a maximum log reduction of 5.2 in S. cerevisiae was achieved
using the pulsed light technology when a uence of 19.2 J cm−2

was applied to tender coconut water. Further, Kaya et al.25 re-
ported that in verjuice beverage PL could inactivate 0.96 ± 0.27
log cfu mL−1 in S. cerevisiae even aer delivering a dose of 34 J
cm−2 and being placed 5 mm away from the lamp. Preetha
et al.26 reported a maximum log reduction of 5.54 cfu mL−1 of
APC populations observed in tender coconut water followed by
pineapple and orange juice with 5.38 and 5.24 log reductions by
treating themwith higher energy of 729 J cm−2. The inactivation
of microbes depended on the properties of light absorption by
the fruit juices. In the current study, PL-treated and thermal-
processed juice survived 46 days, whereas untreated juice las-
ted 6 days at 4 °C. Due to delayed metabolic responses at colder
temperatures, 4 °C may prolong shelf life.27

3.1.2. Enzyme activity. Enzyme activity affects the sensory
quality and acceptance of juices. All enzymes (PPO, POD, and
PME) were inactivated at the outset of storage in PL and thermal
treated samples. The 25th and 30th day revival in PPO and POD
activity for the PL-treated juice packed in the EVOH pouch shows
reversible denaturation. PME activity in the juice was not detect-
able till 47 days of storage at 4 °C, but activity increased as the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of different storage temperatures (A) 4 °C, (B) 15 °C, and (C) 25 °C and packaging materials (EVOH and ML) on the aerobic
mesophiles of PL and thermal treated sweet lime juice.

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
7/

20
25

 1
2:

15
:0

7 
A

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
storage temperature rose. PPO (Fig. 4), POD (Fig. 5), and PME
(Fig. 6) activity remained the same for 20 days in pulsed light and
thermal-treated samples at 4 °C. PPO, POD, and PME enzyme
activity increased with time at 15 and 25 °C, with greater activity at
25 °C. In the untreated sample, PPO, POD, and PME activity
decreased with storage time and temperature (Table 1). This is
© 2023 The Author(s). Published by the Royal Society of Chemistry
due to the shi in temperature, from ambient to refrigerated
storage, which causes the enzyme to lose activity. Once cold
adaptation is established, substrate interactions modify the
enzyme conformation.18 The decrease in system entropy at low
temperatures stabilizes the enzyme, explaining a revival in enzyme
activity during storage at 4 °C.28 47 days aer PL treatment, PPO
Sustainable Food Technol., 2023, 1, 722–737 | 727
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Fig. 3 Effect of different storage temperatures (A) 4 °C, (B) 15 °C, and
(C) 25 °C and packaging materials (EVOH and ML) on the yeasts and
molds of PL and thermal treated sweet lime juice.
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activity was 7.2%. PPO activity did not recover in the thermal
samples during storage. PL treatment may have modied chem-
ical or structural alterations in enzyme conformation. Untreated
728 | Sustainable Food Technol., 2023, 1, 722–737
samples had 68.3% POD activity aer 6 days. POD activity was
insignicant for the rst 25 days of storage, but increased to 6.1%
on the 47th day at 4 °C. Throughout storage, the thermal treated
samples showed no POD activity. PPO and POD cause phenolic
breakdown and browning. In our research, PL and thermal
treatments completely inactivated PPO, POD and PME. Despite
inactivation, POD and PPO activity increased to some extent
during storage days. Browning index values rose for PL and
thermal treated samples due to POD and PPO activity during
storage (Fig. 4 and 5). The main mechanism for enzyme inacti-
vation in PLT is a combination of individual or collective effects of
various phenomena such as protein unfolding with or without
aggregation, the dissociation of prosthetic or non-protein groups,
oxidation of proteins, loss of a-helix content, disulde or peptide
bond breakage, and site-sensitive fragmentation.27,29,30 In order to
prevent unwanted browning and cloud instability, these quality
damaging enzymes must be inactivated.31

PL treatment generated an enzyme conformational change,
which was reversed during storage. This reversible conforma-
tional shi, however, was found to result in an additional rise
throughout storage time. The enzyme's proximity has been
discovered to favour a specic conformation, which is one of the
important elements affecting the enzyme's stability. PPO
photoreaction with surrounding chemicals affects enzyme
aggregation or unfolding.32

Enzymes may be inactivated by irreversible active site changes.
Wang et al.33 discovered decreased b-sheet composition and
increased b-turns and random coils. PL unfolds and aggregates
enzymes. Packaging material inuenced enzyme activity at all
temperatures. The ML-stored juice demonstrated lower enzyme
activity than the EVOH-stored juice. ML lm blocked oxygen and
moisture, improving enzyme stability.34 The activity of enzymes
such as PPO and POD in juice is affected by the amount of oxygen
present. At storage temperatures of 4 and 15 °C, the enzyme
activity remained below 10% throughout the storage period, as
observed in studies of PL-treated mixed fruit beverage stored in
EVOH pouches at 4 °C.8 However, at 25 °C, PPO and POD activity
increased to a maximum of 21% and 15%, respectively. In all
cases, juice packed in ML-PET showed lower enzyme activity than
juice packed in EVOH pouches, possibly due to the compromised
oxygen transmission rate in ML-PET compared to coextruded
EVOH lms. The oxygen transmission rates for EVOH and ML-
PET are 0.62 and 0.54 cm3 per m2 per day$per atm, respectively.
The slow diffusion of oxygen inside the juice promotes the action
of oxidoreductases, resulting in slightly higher residual enzyme
activity compared to ML-PET packed juices. This has a direct
impact on the total phenolic content, ascorbic acid degradation,
and browning index of the juice. Higher enzyme activity in the
juice leads to a higher browning index and lower ascorbic acid
content.18 Overall, PL ensures enzymatic stability (<10% residual
activity) in refrigerated juices till the end of the microbiological
shelf life on the 46th day.

3.1.3. pH, titratable acidity, and total soluble solids.
Untreated juice pH was 3.5 ± 0.05 and the changes during
storage weren't signicant (p > 0.05) in EVOH and ML pouches
(Table 1). On day 6 at 4 °C, the ML pouch sample pH was 3.54 ±

0.03. The control sample's titratable acidity (TA) followed the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Effect of different storage temperatures (A) 4 °C, (B) 15 °C, and (C) 25 °C and packaging materials (EVOH and ML) on the poly-
phenoloxidase of PL and thermal treated sweet lime juice.

Fig. 5 Effect of different storage temperatures (A) 4 °C, (B) 15 °C, and (C) 25 °C and packaging materials (EVOH and ML) on the peroxidase of PL
and thermal treated sweet lime juice.
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trend for pH (Table 1). TA levels did not rise signicantly (p >
0.05) with storage time for any sample. Untreated sample TSS
was 11.8 °Brix. Maximum TSS of the untreated juice was 11.92 °
Brix on day 2 at 25 °C in EVOH and ML pouches (Table 1).
Untreated sample TSS variations may be attributed to the
enzymatic or biochemical breakdown of complex carbohydrates
during storage. Different packaging materials and storage
temperatures had no signicant inuence on pH, TA, and TSS
in all samples. The ranges of pH, TSS and TA values for pulsed
light and thermal treated samples during the corresponding
storage period at each temperature (15 °C/25 °C) were 3.48–3.54,
11.8–11.9 and 2.2–2.3, respectively. The physicochemical
parameters of the untreated juice are summarized in Table 1. PL
and thermal treatment intensities used in this study may not be
enough to dissociate ions. Kwaw et al.23 observed a similar effect
at 14 J cm−2 for PL-treated mulberry juice. Gooseberry juice12

showed slight changes in acidity and TSS with PL treatment.
Light pulses could not disrupt covalent bonds, which are
needed for decomposition processes that change pH, TA, and
TSS.8 Thus, the treated samples exhibited similar pH, TSS, and
TA levels to the control. Due to the hydrolysis of complex sugars
© 2023 The Author(s). Published by the Royal Society of Chemistry
into simple sugars, the microbes start growing utilizing the
simple sugars keeping pH stable. Similarly, the processing
temperature, together with the infrared and ultraviolet spectra,
could not dissociate any of the sugar molecules into soluble
fragments in the juice.12 The storage temperature up to 25 °C
and water vapor permeability of 0.042 and 0.037 g mm2m−2 h−1

kPa−1 for EVOH and ML lms did not alter these parameters
considerably.

3.1.4. Vitamin C content. Vitamin C is a common fruit
quality indicator. The untreated, pulsed light treated, and
thermal treated samples had 2.76 g L−1, 2.22 g L−1, and 1.64 g
L−1 ascorbic acid (AA) respectively on day 0. AA content in all
samples dropped with storage time (Fig. 7). Aer 46 days of
storage at 4 °C, 73.4% of 0th day AA was preserved in PL-treated
and EVOH packed juice, whereas 25.2% and 32.5% of it had
deteriorated aer 30 and 13 days, respectively. The AA in the PL
treated sample packed in the ML-PET pouch degraded by 19.8%
and 18.9% at 4 °C and 15 °C aer 46 days, and 27.9% at 25 °C
aer 2 days (Fig. 7; Table 1), while the AA in the thermal treated
sample packed in EVOH stored at 25 °C degraded quickly. AA
degraded by 39% aer 13 days at 25 °C. The vitamin C
Sustainable Food Technol., 2023, 1, 722–737 | 729
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Fig. 6 Effect of different storage temperatures (A) 4 °C, (B) 15 °C, and (C) 25 °C and packaging materials (EVOH and ML) on the pectinme-
thylesterase of PL and thermal treated sweet lime juice.
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degradation followed rst-order kinetics (Table 2). The rate
constant (k) at 4 °C ranged from 7.27 to 9.97× 10−3 per day, and
4.65 to 6.65 × 10−3 per day for thermally treated and pulsed
light-treated samples, respectively. Meanwhile, at 15 °C, the
corresponding values were 8.22 to 12.78 × 10−3 per day and 7.0
to 9.64× 10−3 per day respectively. Likewise, at 25 °C, the values
were 38.60 to 55.05 × 10−3 per day and 23.0 to 33.43 × 10−3 per
day respectively. Among all the k values, the highest value was
obtained for the thermally treated EVOH sample stored at 25 °C.
This indicates that thermal treatment had a higher impact on
degradation of vitamin C at 25 °C. Between EVOH and ML-PET
lms, there was a signicant difference in the k values for
vitamin C (p < 0.05). Due to the high oxygen and moisture
barriers found in ML-PET lms, a higher retention of vitamin C
is seen in these materials.15 This reduces oxygen diffusion thus
preventing aerobic oxidation.16 A higher k value is obtained for
the EVOH thermal treated sample because of its poor moisture
resistance, which results in dissolved oxygen that causes the
oxidation reaction. The oxygen barrier properties make the PL/
ML-PET the most stable sample. ML lm's improved oxygen
barrier may cause reduced aerobic AA oxidation into dehydro-
Fig. 7 Effect of different storage temperatures (A) 4 °C, (B) 15 °C, and (C) 2
thermal treated sweet lime juice.

730 | Sustainable Food Technol., 2023, 1, 722–737
ascorbic acid. Only anaerobic AA degradation with a modest
response rate was feasible.35 The PL-treated juice preserves
ascorbic acid better than thermal and untreated samples.
Minimal oxygen transfer may have caused aerobic oxidation
during refrigeration. Metal-catalyzed aerobic oxidation of
ascorbic acid by dissolved oxygen in juices may have reduced
vitamin C during storage. Temperature and dissolved oxygen
concentration affect juice ascorbic acid breakdown during
storage.

3.1.5. Total phenolics. The presence of phenolic
compounds is observed as an indication of the nutritional
signicance of sweet lime juice. PL retains 95.7% of total
phenolics, while thermal pasteurization degrades 15% of the
initial phenolics. During storage, thermal-treated samples lost
more phenolics than PL-treated ones. This may be because the
photochemical reactions induced by UV radiation are less
powerful than the high temperatures of thermal treatments.
During refrigerated storage till the 25th day, the total phenolic
content (TPC) in the PL treated juice packed in the EVOH pouch
reduced from 24.6 ± 0.5 to 22.4 ± 0.4 g GAE per L, which was
signicant. Similarly, thermal treated juices had a TPC of 19.3±
5 °C and packagingmaterials (EVOH andML) on the vitamin C of PL and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Estimated parameters from first-order kinetic model fitting for various bioactive compounds in PL and thermal treated sweet lime juice
samples during storage in different packaging materials

Treatment
Bioactive
compounds

Packaging
material

Model tting parameters from the rst-order kinetic model
for sweet lime juice during storage

Rate constant k (10−3) per day � CI

Adjusted R2

Reduced
chi-
square

Storage temperature

4 °C 15 °C 25 °C

Thermal TPC EVOH 6.2 � 0.004 9.22 � 0.002 18.96 � 0.002 0.98 0.0001
ML-PET 4.11 � 0.002 5.29 � 0.002 14.45 � 0.003 0.96 0.0002

AOX EVOH 7.97 � 0.005 11.17 � 0.004 24.97 � 0.003 0.93 0.0002
ML-PET 5.0 � 0.003 8.96 � 0.003 20.39 � 0.004 0.95 0.0003

Vit-C EVOH 9.97 � 0.004 12.78 � 0.002 55.05 � 0.005 0.96 0.0003
ML-PET 7.27 � 0.003 8.22 � 0.001 38.60 � 0.004 0.97 0.0004

Pulsed light TPC EVOH 4.46 � 0.005 7.46 � 0.003 15.32 � 0.006 0.98 0.0003
ML-PET 3.79 � 0.004 5.92 � 0.002 12.64 � 0.003 0.97 0.0005

AOX EVOH 5.41 � 0.004 8.26 � 0.005 17.77 � 0.005 0.95 0.0006
ML-PET 3.6 � 0.004 5.59 � 0.004 13.02 � 0.004 0.94 0.0004

Vit-C EVOH 6.65 � 0.003 9.64 � 0.003 33.43 � 0.005 0.98 0.0005
ML-PET 4.65 � 0.002 7.0 � 0.002 23.00 � 0.003 0.96 0.0004
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0.6 g GAE per L on the 25th day. At the 46th day, PL and thermal
treated fruit juices had 80.4% and 70.6% residual TPC,
respectively (Fig. 8). The effect of packaging material on the
degradation of TPC followed a similar trend to that of vitamin C.
TPC degradation rates in EVOH and ML lms differed signi-
cantly (p < 0.05) at any storage temperature. The degradation
kinetics of TPC followed rst-order kinetics with the k values at
4 °C varying from 4.11 to 6.2 × 10−3 per day and 3.79 to 4.46 ×

10−3 per day for the thermally and PL-treated samples (Table 2).
Meanwhile, at 15 °C, the corresponding values were 5.29 to 9.22
× 10−3 per day and 5.92 to 7.46 × 10−3 per day respectively.
Likewise, at 25 °C, the values were 14.45 to 18.96 × 10−3 per day
and 12.64 to 15.32 × 10−3 per day respectively. Between EVOH
and ML-PET lms, there was a signicant difference in the k
values for TPC (p < 0.05). The higher k value was for the ther-
mally treated EVOH sample. This indicates that thermal treat-
ment had a greater impact on phenolic degradation than PL.
Consequently, the PL/ML-PET sample has high retention of
phenolics in sweet lime juice. The enhanced oxygen barrier of
ML lm may have increased TPC retention in ML pouches.
Oxygen passage via EVOH lm may degrade phenolics during
storage. Like vitamin C, total phenolic degradation in juice
during storage is less studied. Basak et al.8 observed a signi-
cant decrease in TPC during storage of a mixed fruit beverage at
4 °C. The reduction in phenolics is due to UV-induced photo-
chemical processes.36 Caminiti et al.37 found that 3.3 J cm−2

reduced TPC by 0.8% in carrot and apple juice. The browning
and haze formation of phenolic compounds might indicate
quality problems. The authors noticed that the loss in TPC was
mainly during storage and not aer PL and thermal treatments.
Negligible POD and PPO activity in the juice during storage
helped stabilize phenolics.

3.1.6. Antioxidant capacity. Untreated fruit juice had anti-
oxidant capacity of 22.4± 1.2 g GAEAC per L. Untreated samples
lost 18.7% antioxidant capacity (AOX) aer 6 days at 4 °C. Aer
© 2023 The Author(s). Published by the Royal Society of Chemistry
thermal treatment, AOX dropped by 24.5%. Aer PL exposure,
91.5% of AOX was retained. Aer 46 days, the PL-treated sample
in the ML pouch had 17.3 ± 1.4 g GAEAC per L AOX, which is
more than that of the thermal treated juice (16.9 ± 0.7 g GAEAC
per L) on day 0 and nearly equal to the untreated juice aer 6
days (18.2 ± 0.4 g GAEAC per L) at 4 °C. The change in the AOX
capacity of the juice during storage is illustrated in Fig. 8. The
PL-treated samples retained more AOX than the thermal treated
ones. A possible reason could be that the rise in sample
temperature aer PL treatment is less than for the thermal
treated sample. The rise in temperature in PL treatment is due
to the absorption of the IR portion of PL. White light increases
temperature and also the absorption of the light by the juice
which is not transparent. Further, operating the PL's xenon
lamp for a longer periodmay also cause some heat to escape out
to the surroundings and nearby sample. Similar to TPC and
vitamin C, packaging material had a signicant effect on the
degradation of antioxidants. On day 46, the PL treated samples
packed in EVOH andML-PET and stored at 4 °C had 15.6± 1.1 g
GAEAC per L and 17.3± 1.3 g GAEAC per L antioxidant capacity.
The thermal treated samples had 11.5 ± 0.8 and 13.3 ± 1.2 g
GAEAC per L aer 46 days at 4 °C. Hypotheses suggest that
storage temperature increased antioxidant degradation. Higher
humidity makes antioxidants more susceptible to degradation
and increases the rate at which organic acids dissolve, both of
which are detrimental to quality.38 PL treatment degrades AOX
through infrared photothermal action and UV-C photo oxida-
tion of phenolic structures.18 Fruit juices have minimal AOX due
to diminished TPC and vitamin C aer storage. Furthermore,
following 72 °C/26 s thermal treatment of apple-cranberry juice,
91.6% antioxidant retention was recorded.7 Mena et al.39 also
obtained losses of 10% and 20% in TEAC and DPPH values,
respectively, of pomegranate juice due to pasteurization (65 °C/
30 s). The decrease in antioxidant capacity values could be due
to partial loss of ascorbic acid and total avanones. Elez-
Sustainable Food Technol., 2023, 1, 722–737 | 731
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Fig. 8 Effect of different storage temperatures (A) 4 °C, (B) 15 °C, and (C) 25 °C and packaging materials (EVOH and ML) on the total phenolic
content (A) and antioxidant capacity (B) of PL and thermal treated sweet lime juice.
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Mart~ınez et al.40 observed a signicant decrease in the DPPH
value (26.1%) aer thermal treatment (90 °C/1 min) of orange
juice. The loss of AOX during storage followed rst-order
kinetics. The values of the rate constant (k) at 4 °C varied
from 5.0 to 7.97 × 10−3 per day and 3.6 to 5.41 × 10−3 per day
for thermally treated and PL-treated samples. Meanwhile, at
15 °C, the corresponding values were 8.96 to 11.17 × 10−3 per
day and 5.59 to 8.26 × 10−3 per day respectively. Likewise, at
25 °C, the values were 20.39 to 24.97× 10−3 per day and 13.02 to
17.77 × 10−3 per day respectively. The lower k value of the PL/
ML-PET sample indicates the stability and retention of antiox-
idant capacity during storage.39 The k value is higher than TPC
which indicates the thermal sensitivity of AOX.40 At 4 °C, the
lower k value of 3.6 × 10−3 per day for the PL/ML-PET sample
indicates the stability and retention of AOX. However, AOX
content was more effectively retained in PL treatments than in
sweet lime juice that had undergone thermal treatment.

3.1.7. Color and browning index. Besides the nutritional
content of juice, color is a major component in customer
choice. Untreated fresh juice showed L*, a*, and b* values of
64.3, −4.05, and 11.2, and a browning index (BI) of 60.0 ± 1.1.
Untreated juice packed in the EVOH pouch and stored at 4 °C
had a total color change (DE*) of 8.65 ± 0.2 while the corre-
sponding value for the sample stored in the ML pouch was 8.3±
0.1 on the 4th day. Similarly, the same untreated juice when
packed in EVOH and ML PET pouches and stored at 15 °C had
DE* of 8.86 ± 0.2 and 8.5 ± 0.2 on the 3rd day itself. This
indicates that the rise in storage temperature had a signicant
effect on the rate of color change. The PL and thermal treated
samples when stored at 4 °C showed a decreasing trend in the
total color change. For instance, on the 5th day the PL treated
sample stored in the EVOH pouch at 4 °C had DE* of 7.2, while
on the 46th day it was 3.8. The corresponding values for thermal
treated samples are 6.8 and 5.3, respectively. The DE*
decreasing trend was similar for 15 °C stored samples. However,
the samples stored at 25 °C showed an increasing DE* trend
throughout storage days.
732 | Sustainable Food Technol., 2023, 1, 722–737
Color coordinates (L*a*b*) changed intensely for PL and
thermal samples held at different temperatures in two pouches.
For all samples, L* and b* values declined with time and storage
temperature while an increase in a* values was noticed.
However, thermal treated juices brown fromMaillard browning,
ascorbic acid breakdown, and polyphenol degradation.41

Ascorbic acid (R = 0.879) and total phenolics (R = 0.915) loss
corresponded well with thermal treated juice BI values. The
non-thermal treatment preserved ascorbic acid and total
phenolics in the PL-treated juice, which reduced browning. The
sample's overall color change value (DE*) represented all three-
color alterations. PL and heat treatments yielded 7.6 and 8.9
initial DE* values. Due to colorful compounds, intense heat
treatment (95 °C/5 min) raised DE*.42 The change in color (DE*)
rose with storage time and temperature for all samples irre-
spective of packaging material (Fig. 9). The thermal treated
sample packed in the EVOH pouch aer 13 days at 25 °C had the
highest DE* value (9.9). DE* for the PL-treated sample stored at
4 °C in EVOH lm for 46 days is 4.1. The corresponding value
when the juice sample is stored in the ML pouch is 3.7.
Therefore, it is evident that the packaging material has
a signicant effect on the storage life.

The browning index (BI) measures brown color development
in the juice during processing and storage.16 All samples'
browning indices (BI) rose over time. The BI for the PL treated
EVOH pouch sample on the 46th day was 64.7 while for the ML-
PET pouch it was 63.4. The thermal treated sample in EVOH
lm had the greatest BI value (68.3) aer 46 days at 4 °C.

ML-PET lm exhibited a greater barrier property (WVP
0.037 gmm2m−2 kPa−1 and thickness 109mm) than EVOH lm
(WVP 0.042 g mm2 m−2 kPa−1 and thickness 100 mm). The rate
of rise in DE* was highest for the thermal sample packed in
EVOH (Fig. 9) and lowest for the PL sample packed in the ML
pouch. Browning may be caused by residual PPO activity. But
the PPO activity was less than 10% in both samples throughout
the storage period irrespective of the temperature of storage.
These samples may exhibit browning from non-enzymatic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Effect of different storage temperatures (A) 4 °C, (B) 15 °C, and (C) 25 °C and packagingmaterials (EVOH andML) on the total color change
(A) and browning index (B) of PL and thermal treated sweet lime juice.
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browning or ascorbic acid degradation.43 Shelf life is subject to
storage temperature. Storage temperature increased BI. Quality
deterioration and enzyme activity during storage may be the
reason.

The thermal treated samples showed enhanced BI from
Maillard browning. The PL and thermal treated samples
showed L* and b* decreases and a* increases during storage.
Thermal treated samples increased a* values more. Juice
browning is mostly non-enzymatic due to complete inactivation
of enzymes during treatment. But, for PL, there is reactivation of
enzymes aer a specic period of time which results in
a browning reaction. Ascorbic acid (R = 0.879) and total
phenolic (R = 0.915) loss correlated well with juice BI values.
Non-thermal treatment decreased browning because PL-treated
juice retained ascorbic acid and total phenolics. The juice's
shelf life is seldom included in PL research on color. To
conclude, juices typically preserve AOX, TPC, and color aer PL
treatment.

3.1.8. Sensory prole. The customer accepts sweet lime
juice based on its rst sensory appearance; thus, its sensory
assessment is crucial. The overall acceptability (OA) of fresh
juice was 8.3 on a scale of 1 to 9. A lower limit of 5 was deemed
to be undesirable on a 9-point hedonic scale used to measure
overall sample acceptability (OA).8 The control sample's avor
was unacceptably bad the day aer being stored at 25 °C, with
OA values of 4.3 and 4.7 in EVOH and ML-PET pouches,
respectively. For three days, the control sample stayed constant
at 15 °C (OA = 6.3, 6.5 for EVOH and ML). Aer six days at 4 °C,
EVOH and ML samples had scores of 6.7 and 6.9 (Fig. 10). Day
0 results for PL and thermally treated samples packed in EVOH
were 8.1 and 7.8, respectively. A cooked taste and browning
following a prolonged thermal treatment at 95 °C may account
for the initial lower sensory score of 7.8. In Fig. 10, the OA scores
of the treated samples are compared against the packaging
materials and storage temperature. Samples and packaging
materials lost value with time in a consistent manner. For every
sample that was deemed microbially safe (AM and YM count <6
© 2023 The Author(s). Published by the Royal Society of Chemistry
log cfu mL−1), the OA was greater than 5. Taste, color, appear-
ance, avor, and aertaste were all impacted by colour degra-
dation, browning, and bioactive loss during storage. Thermal
sample OA decreased during time relative to PL. Higher
temperatures depleted sensory scores faster. Ketones, alde-
hydes, and other intermediates may generate off-avor and
discoloration at 25 °C because metabolic and biological
processes accelerate.16,44 At 25 °C, enzymatic and non-enzymatic
browning rates rise, decreasing the sample's appearance and
color score. The sample had no off-odor from the packaging
material, and EVOH and ML lms had identical sensory ratings
(p > 0.05). However, extensive heat treatment at 95 °C may alter
the sample's metabolic prole, lowering its sensory score aer
storage.43
3.2. Shelf life of the treated juice

The untreated sweet lime juice lasted 6 days at 4 °C, but the PL
processed juice lasted 46 days. The juice's microbial population
determined its shelf life. The microbial count in the juice was
regarded as highly unacceptable for consumption at or above 6
log10 cfu mL−1, which was deemed to be an indicator of
microbial spoilage.45 Ferrario et al.17 examined yeast growth in
PL-treated apple juice (71.6 J cm−2). Aer 15 days, S. cerevisiae
increased by 2.4 log10 cfumL−1, whereas A. acidoterrestris spores
remained steady and a 15 day shelf life was determined. PL (71.6
J cm−2) stabilized orange, apple, and strawberry liquids at 5 °C
for 8–10 days.22 The AM-based threshold was >7 log cfu mL−1,
whereas the sensory criterion was 25% rejection probability
limit. In this study, sensory and vitamin C proles were at
allowed limits even aer 46 days. But microbiological counts
exceeding 6 log cfu mL−1 reduced shelf life to 46 days at 4 °C. At
its expiry, the EU Association of Juices and Nectars from Fruits
and Vegetables recommended 20 mg 100 mL−1 vitamin C in
orange juice.46 PL-treated juice had 1.78 ± 0.5 g L−1 vitamin C
aer 46 days. Thermal-treated juice has 1.64± 0.3 g L−1 vitamin
Sustainable Food Technol., 2023, 1, 722–737 | 733
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Fig. 10 Effect of different storage temperatures (A) 4 °C, (B) 15 °C, and (C) 25 °C and packagingmaterials (EVOH andML) on the sensory profile of
PL and thermal treated sweet lime juice.
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C. To summarize, PL extended sweet lime juice's shelf life to 46
days.

3.3. Principal component analysis

During the storage period, the quality attributes such as TPC,
AOX, Vit-C, DE*, BI, and OA are affected by their interrelation-
ship with each other. Two principal components were recog-
nized from these six dependent variables using multivariate
analysis such that the most variability could be dened. The two
new variables were principal components 1 and 2 (PC1 and
PC2). In an orthogonally located bi-rotated space of PC1 and
PC2, the related data for each quality attribute on each
sampling day during storage at a given temperature of 4, 15, and
25 °C are shown in Fig. 11. PC1 and PC2 could account for more
than 85%, 95%, and 97% of the data set's variability at 4, 15,
and 25 °C respectively. PC1 is accomplished by explaining 70%,
73%, and 91% variability while 15%, 22%, and 6% variability
was described by PC2 at 4, 15, and 25 °C respectively. The
eigenvalues for PC1 are more than 5 which species that the
determined variability is due to PC1. From the loading plot in
Fig. 11 Loading and scoring plots of two principal components (PC1 and
(PCA) of different quality attributes of sweet lime juice affected during
represent thermal (95 °C/5 min) and pulsed light treatment (3000 J cm−

different numbers indicate the respective sampling days where 0 stands fo
vitamin C; total colour change; browning index; overall acceptability.

734 | Sustainable Food Technol., 2023, 1, 722–737
Fig. 11(A), it is clear that vitamin C, TPC, AOX, BI, and OA are on
the positive side of the PC1. The total color change (DE*) is on
the negative side of PC1. This indicates that the increase in DE*
considerably changes the acceptability of the sample
(Fig. 11(A)). The correlation values of these attributes are pre-
sented in Table 3. The data set for TPC, AOX, and vitamin C
showed more than 95% correlation; as a result, they are in the
same coordinate. It is stated that phenolic compounds have the
capability to nullify free radicals, and in addition, have AOX
activity. The antioxidant activity of vitamin C is also included in
the sample's total AOX capacity. Similarly, there is a 95%
correlation between DE* and BI. During the storage period, the
change in L* and a* signicantly changes the color which is
reected in BI values. The OA data depends on a variety of
factors, including taste, avor, color, and nutritional prole,
rather than just color variation and nutritional prole. Hence,
the correlation among the attributes with OA was in between
51% and 97% (Table 3). At 25 °C, the strongest negative asso-
ciation between DE* and OA (r = −0.97, p < 0.05) indicates that
the color change was the most vital consideration for dening
PC2) in a rotated space originating from principal component analysis
storage at (A) 4 °C, (B) 15 °C and (C) 25 °C. In the plot, labels T and P
2), respectively; E and M stand for EVOH and ML film, respectively; and
r day 0 and 46 is for day 46. Total phenolics; AOX: antioxidant capacity;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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its OA. This could explain why more change shi in juice total
color change (DE*= 9.9) towards brown or darker color resulted
in a lower OA score (5.3 out of 9). These results are in line with
the literature.47–49
4. Conclusion

PL processing (3000 J cm−2) enhanced the storage life of sweet
lime juice signicantly. Throughout storage at 4 °C, the thermal
treated samples showed reduced antioxidant capacity, total
phenolics, and vitamin C compared to the PL-treated samples.
The thermal treated juices have elevated browning indices,
compromising taste. Both PL and thermal treated juices
maintained their pH, titratable acidity, and total soluble solids
throughout storage. Interestingly, the sensory acceptability and
vitamin C content were above the minimum limit (OA of 5 out of
9 and 20 mg mL−1 vitamin C in the juice) aer 46 days of
storage. However, the microbiological count (>6 log cfu mL−1)
limited shelf life. At the end of 46 days, when compared to day 0,
the PL-treated juice retained 83.3% phenolics, 84.3% antioxi-
dant capacity, and 80% vitamin C. The degradation of these
bioactive parameters followed rst-order kinetics with adjusted
R2 > 0.9. Priority research should focus on bioactive degrada-
tion, enzyme stability, or inactivation mechanisms in sweet
lime juice during storage.
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