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Abstract

Postharvest green leafy vegetables are typically stored under cold conditions to preserve their quality during transporta-
tion, marketing, and consumption. This study examined the preservation of parsley in a cold chamber illuminated by
light-emitting diodes (LEDs) and assessed its impact on quality attributes relative to storage in darkness (control). To do
this, parsley was preserved for 25 days under consistent temperature and humidity settings, utilizing five distinct LED
light colors (green, blue, yellow, red, and white) as well as a control compartment in darkness, by partitioning the cold
chamber into six equal sections. An elevation in the significant constituents of parsley relative to the baseline values dur-
ing storage was observed just on the fifth day, representing a key finding of the study. The maximum enhancements in
ascorbic acid (AA), chlorophyll a, and chlorophyll b were recorded at 13.2, 6.32, and 6.31%, respectively, during blue
LED application relative to the baseline measurement. The green LED samples had the greatest increase in antioxidant
capacity at 34.97%, while the control samples demonstrated the biggest decrease at 26.9%. All applications exhibited a
loss of phenolic substances relative to the starting value, with the lowest loss recorded at 0.87% in the green LED sample
and the greatest at 40.33% in the control. LED application yielded superior outcomes compared to the control during the
various storage periods and at the end of storage. LED applications influenced photochemical processes, affecting photo-
synthesis and causing changes in parsley components during cold storage. The findings indicate that blue and green LED
light will aid in preserving the quality of parsley during postharvest cold storage.
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Introduction

Fresh fruits and vegetables (FFVs) are rich in carbohydrates,
vitamins, minerals, amino acids, dietary fibers, organic
acids, polyphenols, carotenoids, and other bioactive com-
ponents, which are essential for human nutrition [1-3]. The
loss rates of FFVs in the food supply chain are reported as
follows: 10% in agricultural production, 9% in post-harvest
transportation and storage, 25% in processing and packag-
ing, 17% in distribution, and 5% in consumption [4]. Post-
harvest, FFVs persist in their metabolic processes, leading
to a rapid decline in freshness and potential spoilage [2, 5].
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The objective of post-harvest activities is to extend the shelf
life of fresh fruits and vegetables till consumption, while
maintaining their physicochemical, nutritional, and sensory
attributes at optimal levels. Both food waste and post-har-
vest losses can be reduced by efficient post-harvest man-
agement [6]. Methods employed to prolong the shelf life of
post-harvest FFVs include modified and controlled atmo-
spheres, ethylene biosynthesis suppression, antimicrobial
nanoparticles, decay-preventing essential oils, intelligent
packaging, and light-emitting diodes (LEDs) in conjunction
with cold storage [7-11].

LED light applications in food are categorized into three
distinct areas: food production, post-harvest storage, and
food safety [12, 13]. Postharvest treatments effectively delay
senescence, prolong shelf life, and preserve visual quality
attributes in fresh produce [14]. Recently, the use of LED
applications has become increasingly important due to their
impact on the storage of post-harvest FFVs through various
mechanisms. Agricultural products undergo photosynthesis
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using natural light sources, such as the sun. In addition to
these processes, plants produce signals and activate photo-
receptors in response to various external factors, including
light intensity, wavelength, ambient temperature, humidity,
carbon dioxide levels, and the duration of exposure [14, 15].
LED sources, known for their high efficiency in photosyn-
thetically active radiation, stimulate the metabolic pathways
of phytochrome, cryptochrome, and phototropins [16]. This
stimulation can lead to an increase in compounds such as fla-
vonoids, quercetin glycosides, and kaempferol. In particular,
light (red and blue) stimulates the absorption of chlorophyll
a and b; blue light plays a significant role in the production
of phenolic compounds by activating biosynthetic metabolic
pathways [17, 18]. Furthermore, light helps increase gene
expression such as MAMYB10 and MdUFGT, resulting in
an increase in the amounts of ascorbic acid, soluble sug-
ars, organic acids, and anthocyanins. Additionally, enzymes
like phenylalanine ammonia-lyase are also responsible for
the production of secondary metabolites [19]. To mitigate
losses due to senescence and infections in fresh tomatoes,
red LED, red-blue-white LED, and UV LED were utilized
in the study; it was shown that light application positively
influences the firmness, size, mass, and total soluble solids
of tomatoes. After 21 days of storage, tomatoes exposed to
red LEDs had a higher ascorbic acid level than those sub-
jected to the other two treatments and the control samples
[9]. Pintos et al. [8] indicated that the most substantial
weight loss occurred at 10 and 80 umol m 2 s~ ! across three
distinct doses of white light (10, 30, and 80 pmol m 2 s )
for broccoli and kale (green and red) stored under cold con-
ditions, with a notable reduction in total color, hue angle,
and lightness values at 30 umol m 2 s~!. Chlorophyll val-
ues in broccoli, florets, and green kale are kept 30% more
effectively at 30 pmol m 2 s~! than when stored in darkness.
Xu et al. [15] reported that strawberries maintained at 5 °C
for 12 days under 40 pmol m2 s™! of blue light exhibited
enhanced color values, respiration rates, ethylene produc-
tion, antioxidant capacity, total phenolic content, ascorbic
acid, total sugar, and titration acidity. Mastropasqua et al.
[20] reported minimal or negligible alterations in the param-
eters examined in the apical and basal regions of green
asparagus maintained at 4 °C in darkness compared to treat-
ments with white, blue, and red light. It was also discovered
that vitamin C, chlorophylls (a and b), and carotenoids are
diminished in both sections of asparagus preserved in light
and darkness, however anthocyanins are only stimulated in
the basal section upon exposure to blue light.

Parsley leaves are considered one of the most use-
ful vegetables due to their biological properties [21]. It is
commonly utilized as a green vegetable, garnish, flavoring
agent, and fragrance, yet it also serves traditional and folk-
loric medicinal purposes due to its diverse compounds from
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various phytochemical groups, including flavonoids, essen-
tial oils, furanocoumarins, carotenoids, minerals, and ascor-
bic acid [22-24]. It may be preserved for 6 to 28 days at
temperatures ranging from 0 to 5 °C within a humidity level
of 50-95% in cold storage. Chlorophyll in leaves degrades
in prolonged storage and dark conditions, resulting in a
color change from green to yellow or even white [25-28].

Despite numerous studies in the literature on LED appli-
cations for the cold storage of various fruits and vegetables,
there are only a limited number of studies specifically
focusing on cold storage using LED lighting for leafy green
vegetables. This study aims to ascertain the impact of five
different LED light treatments (green, blue, yellow, red, and
white) and dark storage (control) on some quality properties
of parsley during cold storage.

Materials and method
Material

The parsley (Petroselinum crispum) utilized in the study as a
raw material was obtained from the Ciiniir region of Isparta
province, Turkey. The harvested parsley was promptly
transported to the laboratory, rinsed with tap water, and sub-
sequently dried with a paper towel. Following the uniform
cutting of the stems using a knife, parsley exhibiting bright
green colors and similar leaf size was chosen. Subsequently,
500 g of parsley was allocated to each storage compartment
and sealed with stretch film (Koroplast, Korozo Group,
PVC Cling Film, Istanbul, Turkey) to mitigate excessive
moisture loss. During the storage period, the first analysis
of the parsley was performed on the 5th day, and then every
4 days thereafter.

Methods
Cold storage and LED applications

The storage temperature and relative humidity of vegetables
in domestic refrigerators range from 0—14 °C and 20-100%,
respectively [29]. The humidity levels in several brands of
household refrigerators have been measured and found to
range from 20-55% (10 distinct brands of residential refrig-
erators; unpublished data).

The literature indicates that the optimal temperature for
cold storage of parsley is 0-3 °C, while the relative humid-
ity in cold storage studies is reported to be 50% [30, 31].
Additionally, Kim et al. [32] measured the relative humidity
in vegetable cold storage as ranging from 38—73%. Conse-
quently, the cooling medium (Binder, KB 240, Germany)
was maintained at a temperature of 0+£0.5 °C, and the
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relative humidity of the medium, without external humidifi-
cation, was assessed using a humidity indicator (eYc-Tech/
Taiwan; THR 23) at 50+5%. The laboratory cooler utilized
for cold storage is partitioned into six equal compartments,
each measuring 48.5 cm in depth, 25.5 cm in height, and
32 cm in width, constructed with styrofoam. It features five
distinct LED light applications and one control compartment
devoid of light, ensuring isolation among the compartments.

In the LED application, two 50 cm strips of each hue
are installed diagonally on the ceiling of the compart-
ments. Calculations were conducted on two bars for emit-
ted photons. The wavelengths and emitted photon flux (PF)
intensities from LEDs are as follows: green LED (GL) at
520 nm emits 6.92 pmol m 2 s, red LED (RL) at 633 nm
emits 10.22 umol m 2 s™!, blue LED (BL) at 467 nm emits
11.64 umol m™2 s™!, yellow LED (YL) at 599 nm emits
21.36 umol m 2 s™!, and white LED (WL) at 448 nm emits
21.74 pmol m 2 s, respectively. The wavelengths and flux
of radiated photons from LED strips were measured using
HaasSuite (EVERFINE) by SiberLED Lighting Laborato-
ries in Ankara, Turkey.

Analysis

Total dry matter The total dry matter (TDM) was assessed
following the methodology of Kuscu and Uslu [33]. Five
grams of parsley leaves were measured and placed in mois-
ture containers, then dried in an oven at 105 °C until a
steady weight was achieved. The chemical analysis data are
presented on a dry matter (DM) basis.

Ascorbic acid determination Analysis of ascorbic acid
(AA) was conducted at a wavelength of 518 nm utilizing
a Boeco S-20 (Germany) spectrophotometer, in accordance
with the methodologies established by Kuscu and Uslu [33]
and Demirdoven and Baysal [34]. The quantities of AA were
quantified by the calibration curve (R: 0.99) established at
various concentrations, following the reaction between AA
and 2,6-dichlorophenolindophenol (Sigma, D1878), utiliz-
ing AA (Sigma, 95,210) as the reference.

Total phenolic compounds The total concentration of phe-
nolic compounds (TPCs) was determined using the Folin-
Ciocalteu technique as outlined by Singleton and Rossi
[35]. The idea of a redox reaction underlies the process,
wherein phenolic chemicals reduce the Folin-Ciocalteu
reagent (Merck, 1.09001, Germany) in an alkaline medium,
resulting in their conversion to an oxidized form. The total
concentration of TPCs was quantified by spectrophotomet-
ric measurements (Boeco S20, Germany) at 750 nm, based

on a calibration curve (R%: 0.94) established with the gallic
acid standard (Sigma, G7384).

Antioxidant capacity Antioxidant capacity (AC) analysis
was performed with some modifications to the method by
Pokorny et al. [36]. A 1 uM solution of 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH; Sigma, D9132) was prepared in metha-
nol. 0.5 g of parsley samples was weighed, combined with
50 mL of methanol, homogenized using an ultraturrax (T25-
basic, IKA-Werke, Germany), then centrifuged (Hettich,
Universal 16R) at 500 rpm for 5 min. The filtrate was sub-
sequently passed through filter paper, and varying quantities
of the material were introduced into tubes containing 600 pul
of DPPH solution, with the total volume adjusted to 6 mL
using methanol. It was subjected to a vortex (Biosan, V1
plus, Latvia) and incubated in the dark until a predetermined
absorbance reading was attained. Following incubation,
measurements were conducted using a spectrophotometer
(Boeco S20, Germany) at a wavelength of 517 nm. A curve
was generated for each sample, and percentage inhibition
values were computed. The quantity of sample that dimin-
ished the DPPH concentration by fifty percent was mea-
sured in mg/ml, and ECs, values were derived from Eq. (1).

%Inhibition: [(ADPPH_As)/ADPPH]-Tloo (1)

Apppy represents the absorbance of the control, whereas A
denotes the absorbance of the sample.

Chlorophyll a and b Chlorophyll quantification in the
samples was conducted using the methodology of Nagata
and Yamashita [37]. A 1 g sample of parsley leaves was
obtained, and a mixture of acetone (Sigma, 24,201) and
hexane (Sigma, 208,752) in a 4:6 volume ratio was added
and homogenized using an ultraturrax (T25-basic, IKA-
Werke, Germany). Following centrifugation at 4000 rpm
for 10 min, absorbance readings at 663 and 645 nm were
obtained from the supernatant, and the concentrations of
chlorophyll a and b were determined by entering these val-
ues into the respective formulae (Egs. 2 and 3).

Chlorophyll a (mg/100 mL) = 0.999 x Agsz — 0.0989 = Agys 2)

Chlorophyll b(mg/100 mL) = —0.328 = Ages + 1.77 = Agus 3)

A3 denotes the absorbance of the extract at 663 nm, while
Agys represents the absorbance at 645 nm.
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Chroma The color values a*, and b* of parsley leaves dur-
ing storage were assessed using a Minolta CR-400 (Amer-
ica) instrument. Chroma value was computed in accordance
with McLellan et al. [38] using the equations provided
below (Eq. 4).

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

Statistical analysis Statistical analyses were performed on
data collected from two independent biological replicates,
each measured in triplicate. The two-way ANOVA tech-
nique was employed to analyze the data obtained regard-
ing the characteristics that were the focus of the study. The
study evaluated the storage performance of six levels of
storage conditions (green, blue, yellow, red, white, and dark
(control)) and seven levels of storage time (0, 5, 9, 13, 17,
21, and 25th days) factor. The differences between the aver-
ages of the LED light applications at each storage time point
were compared separately, and the differences between stor-
age time points were compared separately for each LED
lighting, as the interaction was statistically significant. The
multiple comparisons of the means between the samples
stored under LEDs and the control were determined using
Tukey’s multiple ranges (p<0.05). Statistical analyses were
performed utilizing IBM SPSS Statistics version 29.0.2.0.

Results and discussion
Total dry matter

The influence of darkness and LED light treatments on the
TDM variation during parsley cold storage is presented in
Table 1. The TDM content was measured at 20.95% initially
and reached its maximum at the end of storage, at 36.57%.
The reduction in TDM content (excluding moisture loss)
reached 20.91% with the green LED application and 20.88%

with the BL application on the fifth day of cold storage
(p>0.05). Subsequently, these values gradually increased
throughout the storage period, and statistically significant
differences were observed between storage days (p<0.05).
The TDM content exhibited a continuous increase from the
beginning to the end of storage with YL, RL, and WL treat-
ments and in the control, and these increases were statisti-
cally significant (p<0.05). In the control group, the increase
in TDM was greater than that in other LED applications
on days 21 and 25 of storage. This indicates that dark stor-
age (control) increases water loss, while LED applications
decrease it (p<0.05). There was no statistically significant
difference in TDM change between the control group and
LED light treatments on the 5th, 9th, 13th, and 17th days
of storage (p>0.05). It was concluded that parsley experi-
enced a weight loss of 5-10% between the 13th and 21st
days across all applications. The greatest moisture loss was
observed in the control group on the 21st day of storage
(p<0.05). It has been observed that parsley preserved under
these conditions experiences a decline in quality beginning
on the 13th day due to moisture loss. At the conclusion of
storage, the samples treated with BL exhibited the least
moisture loss (p<0.05). Contrary to our findings (based
on the fifth day of storage), Perera et al. [39] reported that
exposure to fluorescent light in spinach and Chinese cab-
bage resulted in moisture loss through stomatal opening.
Ayala et al. [40] reported that the weight loss of leeks during
dark storage is minimal, as the stem stomata remain closed
under various light conditions, which aligns with our find-
ings. According to Mahangade et al. [41], a weight loss of
more than 10% in fresh fruits and vegetables can be indica-
tive of diminished freshness and a withered appearance.
Ouzounidou et al. [42] observed that parsley stored at 5 °C
and 20 °C for a period of 23 days experienced weight losses
of 6% and 7.5%, respectively. It would also be useful to
evaluate the effects of using LEDs of different intensities on
changes in the moisture contents of the samples. Although
the BL application resulted in the least moisture loss at the
end of storage (p<0.05), the GL (6.92 pmol m2s™"), which
exhibited the most moisture loss in LED applications, had

Table 1 Changes in TDM values of parsley samples under green (GL), blue (BL), yellow (YL), red (RL), and white (WL) LED lights or in the

darkness (control) stored for 25 days at 0 °C

Days GL BL YL

RL WL Darkness

0 20.95+1.004¢ 20.95+1.00%° 20.95+1.007
5 20.91+1.1049 20.88+0.124° 21.74+0.265°
9 24.35+1.344¢ 24.51+1.007 24.35+0.224°
13 26.63+0.634° 26.68+0.274° 26.48+0.60°¢
17 28.54+1.077P 29.81+0.90"" 29.41+0.914¢
21 30.95+(.82BCP 30.91+0.91BCP 31.69+0.114B2
25 36.30+0.904B2 33.3240.655 36.2140.954

20.95+1.00"4 20.95+1.007
21.35+1.201 21.60+0.407°

23.11£0.93A 23.93+0.034¢
25.17+0.954¢ 24.91+1.13Ad
27.73+0.224° 27.70+1.124¢
30.04+0.80P° 30.24+0.08B¢P

34.48+0.064B2 35.2240.804B2

20.95+1.00%¢
21.74+0.214¢
24.20+0.21Ad
26.83+0.394¢
28.360.144¢
32.84+0.054°
36.57+0.9944

Mean=SD in the same row with different upper-case letters (A-D) indicate statistical differences between LED and darkness applications, and
different lower-case letters (a-f) in the same column indicate statistical differences between storage days (P<0.05). TDM: Total dry matter,
LED: Light emitted diot
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a lower intensity than the BL (11.64 pmol m2 s™!). Fur-
thermore, the intensities of YL (21.36 pmol m2 s ') and
WL (21.74 pmol m 2 s ') LEDs were significantly higher
than those of BL in applications with elevated moisture loss
(p<0.05). Accordingly, it was determined that moisture
loss was not influenced by the intensities of various colored
LEDs. Pintos et al. [8] stored broccoli and green—red kale at
PF intensities of 10, 30, and 80 pmol m 2 s! and stated that

there was more moisture loss at 10 and 80 pmol m 2.

Ascorbic acid (AA) content

Fresh vegetables are a vital source of AA, and their antioxi-
dant properties additionally provide advantageous impacts
in bolstering the immune system and addressing various
health issues. Due to its sensitivity to various factors such
as temperature and light, it is regarded as a sensitive indica-
tor of nutrient integrity [43—46]. The AA content of parsley
at the beginning and end of the storage was measured as
1046.7 and 298.6 mg/100 g in DM (Table 2), respectively.
Karaca and Velioglu [47] reported that the AA content of
fresh parsley was 1210 mg/100 g in DM. The increase in
AA values relative to the initial measurement was observed
to be 13.2% under BL and 10.52% under GL, exclusively
on the fifth day of storage. Conversely, a decrease was
noted in other LED applications, including the control.
Once again, in the results on the fifth day, the percentage
of AA was found to be 19.9 and 17.05% higher in BL and
GL applications, respectively, compared to the control. On
the ninth day of storage, the AA loss across all applications
was found to be between 56.66 and 60.4% relative to the
initial value. AA quantities exhibited a general decreasing
trend in all applications from day 9 to the end of storage.
The control group was found to have the highest AA loss
among all LED lights on days 21 and 25, with values of
70.08% (p<0.05) and 71.47% (p>0.05), respectively, when
the impact of storage time on the applications was ana-
lyzed. At the end of the storage period, the AA content was
found to be slightly higher in LED applications compared
to the control group, but this difference was insignificant

(p>0.05). It is important to evaluate the effect of differ-
ent PF intensities on AA content. On the 5th day, when AA
content increased compared to the beginning, the fact that
YL and WL, which have higher PF intensities than GL, BL,
and RL, which have intermediate PF intensities (in order of
PF (light) intensity: GL<RL<BL), have lower AA content
indicates that the differences in PF intensity have no effect
on AA content. It has been reported that light helps increase
gene expression such as MAMYB10 and MdUFGT, which
in turn leads to an increase in the amounts of AA, soluble
sugars, organic acids, and anthocyanins [19]. Lee et al. [48]
indicate that after 18 days of storage in cabbage exposed to
LED light, the AA content was greater in the LED-treated
samples compared to those kept in darkness, with the maxi-
mum AA levels observed in the BL treatment. It was indi-
cated that LED illumination enhances the synthesis of AA.
Similarly, in our findings, the AA content of parsley treated
with LED at the end of storage was observed to be higher
than that of the samples stored in darkness. Noichinda et al.
[49] reported that the AA content of Chinese kale, stored
at a low light level of 21.8 pmol m 2 s™! and 1 °C (95%
RH) in darkness, declined swiftly during storage in the dark,
with the loss being approximately half of that observed dur-
ing storage under illuminated conditions. Although AA
exhibited a consistent decline during storage in this study,
our results indicated an increase in AA on the fifth day of
storage under LED exposure (specifically blue and green
LEDs), followed by comparable decreases thereafter. Zhou
et al. [50] reported that the levels of AA decreased across all
LED and control treatments in pak choi stored for 30 days
at 30 umol m 2 s™!, and our findings were consistent with
this trend during subsequent periods, except for an observed
increase on the fifth day of storage.

Total phenolic compounds

Phenolics are significant due to their antioxidant prop-
erties; therefore, understanding their variability may be
essential for the development of effective food storage and
preservation strategies. The TPCs values decreased from

Table 2 Changes in AA (mg/100 g in DM) values of parsley samples under green (GL), blue (BL), yellow (YL), red (RL), and white (WL) LED
lights or in the darkness (control) stored for 25 days at 0 °C

RL

WL

Darkness

Days GL BL YL
0 1046.7+36.354b 1046.7+£36.354P 1046.7+£36.3542
5 1156.8+20.5242 1184.9+15.8642 715.0423.18E0
9 422.4+9.185¢ 428.1+4.385¢ 418.5+4.838¢
13 384.2+2.48Pbed 366.3+3.245 424.3+1.635¢
17 425.9+5.558¢ 390.8+17.17¢bd 396.6+4.21
21 356.6+4.114 354.5+7.19ABd 341.3+6.145¢
25 303.9+6.24¢ 301.5+11.234¢ 303.4+8.2544

1046.7+36.354
933.6+7.17<°
453.6+10.95%¢
411.5+4.55%
455.4+£8.137°
354.9+4.814B¢
304.1+5.694

1046.7+36.354
870.2+11.63P°
414.5+7.39%
433.0+£2.65%°
447 84 7AB°
334.3+4.6%
303.4+13.16%¢

1046.7+36.3544
988.3+16.65°
437.0+7.348¢
384.8+3.35P
433.5:£4.36"B¢
313.2+3.05P¢
208.6+£7.384¢

Mean=SD in the same row with different upper-case letters (A-E) indicate statistical differences between LED and darkness applications, and
different lower-case letters (a-f) in the same column indicate statistical differences between storage days (P<0.05). AA: Ascorbic acid, DM:
Dry matter basis, LED: Light emitted diot
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824.3 mg/100 g to 407.7 mg/100 g on a DM basis during
storage (Table 3). Although the rise in AA levels in GL and
BL applications is notable only on the fifth day of storage,
these applications also demonstrate the highest preservation
of TPCs content. On the fifth day of storage, the minimal
TPCs loss was observed in GL, BL, and RL light applica-
tions, whereas the maximum loss occurred in darkness.
These values were recorded as 0.87, 3.62, 7.25, and 40.34%,
respectively. TPCs losses were identified during the later
phases of storage; however, it was concluded that these
losses were significantly lower in LED light applications
relative to the control. During the later phases of storage,
the greatest TPCs loss was observed in darkness, whereas
the minimal loss occurred under BL illumination on the 17
th, 21 st, and 25 th days of storage (p<0.05). After a storage
period of 25 days, the maximum TPCs loss was observed
to be 50.54% under darkness, while the minimum losses
were recorded as 28.53, 29.24, and 34.04% under BL, GL,
and WL illumination, respectively (p<0.05). When treated
with BL, a significant (p<0.05) TPCs preservation at each
storage time was observed with respect to the control. In
the long term, BL was the most stable application, main-
taining the highest TPCs value. During the medium term
(days 9-13), YL was advantageous, but its value tended
to decrease toward the end. The factors that most rapidly
reduced the TPCs value were determined as treated samples
in darkness (p<0.05).

The difference in TPCs levels at the end of storage
was found to be significant (p<0.05), and it was deter-
mined that LEDs with different PF intensities had no effect
on TPCs. The BL had the highest TPCs value, while the
YL and WL, which have higher PF intensities, had lower
TPCs values. The GL, which has the lowest PF intensity,
had a higher TPCs value than the YL and WL. In contrast
to our findings, Loi et al. [51] reported that the increase in
phenolic compounds in broccoli florets was due to the red
LED PF level (66 pmol m 2 s7!) being higher than the yel-
low LED PF level (27 pumol m 2 s™!). Castillejo et al. [52]
observed that the application of blue, red, and far-red LEDs

(35 umol m™2 57!, over 15 days at 5 °C) enhanced the bio-
synthesis of total phenolic compounds in broccoli sprouts.
Conversely, Mastropasqua et al. [53] reported that white,
blue, and red LED illumination (110 pmol m 2 s™!) main-
tained the phenolic content in radish, soybean, mung bean,
and pumpkin sprouts. In the study conducted by Vitale et al.
[54], which examined the development of germinated soy-
beans treated with a biostimulant and exposed to light, it
was reported that the phenolic compound levels in samples
subjected to blue-red LED illumination (which enhanced
the expression of various genes) were higher than in those
kept in darkness.

Antioxidant capacity

An increased ECs, value corresponds to a diminished AC
[55]. Alterations (both increases and decreases) in the AC
values of parsley were assessed under various storage con-
ditions (LED illumination and darkness) (Table 4).

On the fifth day of parsley storage, the AC of samples
exposed to BL, RL, and GL increased by 8.97, 18.52, and
25.91%, respectively, relative to the initial value. Con-
versely, the losses observed during storage under YL, WL,
and darkness conditions were 13.00, 32.12, and 26.90%,
respectively (p<0.05). Loi et al. [51] reported that blue,
red, and green LEDs have a direct positive impact on AC;
similarly to our findings, this effect was observed as posi-
tive only on the fifth day of storage, with AC loss being
lesser on other days relative to the control. The lowest AC
values were observed in samples stored in darkness, with
the exception of the fifth day.

Although decreases in AC values were observed across
all applications after the fifth day of storage, it was found
that these reductions were less pronounced in LED applica-
tions relative to the control. The level of AC loss observed
during days 9 to 13 of darkness storage was attained on the
25 th day, marking the conclusion of the LED light appli-
cation period. The AC of all groups decreases as the stor-
age time increases. Nevertheless, it has been established

Table 3 Changes in TPCs (mg/100 g in DM) values of parsley samples under green (GL), blue (BL), yellow (YL), red (RL), and white (WL) LED

lights or in the darkness (control) stored for 25 days at 0 °C

Days GL BL YL

RL WL Darkness

0 824.3+9.76™ 824.3+9.76™

824.3+9.76™

824.3+9.7642 824.3+£9.7642 824.3+9 7642

5 817.1+£26.114% 794.5+0.94A° 663.9+1.81¢ 764.5+0.92A° 692.9+5.67° 491.8+0.91°°
9 658.7+2.158 654.6+2.1384 701.7+3.56"° 713.8+4.76A¢ 487.5+5.96%° 486.3+1.41¢¢
13 576.5+1.48¢ 652.3+1.96%¢ 694.4+1.394° 602.2+6.99% 449.6+4.41% 458.7+2.55%
17 455.5+5.93P¢ 726.7+12.034A¢ 501.7+5.34% 498.9+3.77¢° 510.1+£1.23% 576.1+2.095°
21 514.4+0.63¢ 657.3+1.284d 477.8+2.25% 602.9+6.298¢ 556.3+5.35¢ 412.7+2.17%¢
25 583.3:+£1.095¢ 589.1+1.574¢ 484.0+2.38P° 436.9+1.14% 543.7+0.56% 407.7+0.93F¢

Mean=SD in the same row with different upper-case letters (A-F) indicate statistical differences between LED and darkness applications, and
different lower-case letters (a-f) in the same column indicate statistical differences between

storage days (P<0.05). TPCs: Total phenolic compouds, DM: Dry matter basis, LED: Light emitted diot
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Table 4 Changes in AC (mg/mL in DM) values of parsley samples under green (GL), blue (BL), yellow (YL), red (RL), and white (WL) LED

lights or in the darkness (control) stored for 25 days at 0 °C

Days GL BL YL RL WL Darkness

0 10.15+0.0344 10.15+£0.03A% 10.15+0.034f 10.15+0.034¢f 10.15+0.0344 10.15+£0.034¢
5 7.52+0.028¢ 9.24+0.34%° 11.47+0.065° 8.27+0.06"f 13.41+0.324¢ 12.88+0.1144
9 13.79+0.655¢ 11.02+0.07% 12.26+0.118¢% 11.95+0.23¢de 15.77+1.36"% 17.35+0.30%¢
13 14.28+0.32¢¢ 12.97+0.62¢P¢ 12.88+0.33P¢4 13.45+0.776P<d 16.49+0.445° 18.11+0.224¢
17 15.65+0.59ABCP 15.00+£0.738¢0 13.31£0.56%° 14.30+1.548Cd 16.45+1.454B0 18.40+£0.754°
21 16.55+0.23BCd0 15.56+£0.47<° 17.32+0.548b 15.47+0.34b¢ 16.95+0.0954 20.28+0.614P
25 17.45+0.3288 17.70+0.3588 18.67+0.28B8 17.62+1.3658 18.91+0.9182 21.98+0.85%

Mean=+SD in the same row with different upper-case letters (A-E) indicate statistical differences between LED and darkness applications, and
different lower-case letters (a-f) in the same column indicate statistical differences between storage days (P <0.05). AC: Antioxidant capacity,
DM: Dry matter basis, LED: Light emitted diot

Table 5 Changes in chlorophyll a (mg/100 g in DM) values of parsley samples under green (GL), blue (BL), yellow (YL), red (RL), and white
(WL) LED lights or in the darkness (control) stored for 25 days at 0 °C

Days GL BL YL RL WL Darkness

0 363.8+2.974¢ 363.8+2.974P 363.8+2.974P 363.8+2.974¢ 363.8+2.97M 363.8+2.974¢
5 365.7+£0.39%2 386.8+0.7444 371.2+0.195 303.1+0.72° 359.0+1.38P° 306.7+1.045°
9 255.0+0.6" 286.1+0.6° 307.9+0.634° 236.7+0.92F¢ 297.1+0.475¢ 260.6+0.35P¢
13 217.1+1.46¢ 240.7+1.358¢ 208.0+0.89% 282.0+0.34¢ 283.7+1.9344 225.7+0.15%
17 194.1+1.66P4 211.7+0.28B¢ 179.5+0.81F¢ 213.24+0.265¢ 247.1+0.26"° 204.4+0.52CF
21 156.5+0.27% 197.4+0.15% 145.2+1.33%F 204.5+1.925f 215.4+0.145f 162.6+0.22Pf
25 118.7+0.855f 150.0+0.88¢ 105.8+0.11F¢ 159.9+0.328¢ 182.3+0.24¢ 134.0+0.20P¢

Mean=+SD in the same row with different upper-case letters (A-F) indicate statistical differences between LED and darkness applications, and
different lower-case letters (a-g) in the same column indicate statistical differences between storage days (P <0.05). DM: Dry matter basis, LED:

Light emitted diot

that the rate of impact of LED color on this process varies
(p<0.05). In particular, the quickest AC depletion occurs
under WL and dark conditions. Conversely, the decrease in
AC is more evenly distributed in BL applications, despite
the initial advantage of GL, which ultimately results in
increased losses. The lowest AC value at the end of storage
was found in the dark application (p<0.05). A certain cor-
relation (inverse relationship) between the PF intensity of
the LEDs and the AC of the samples is noteworthy. When
the fifth day (p<0.05) and the end of storage (p>0.05),
which are particularly prominent in the study, are exam-
ined, the AC ranking of the LEDs in both cases is as fol-
lows: GL>RL>BL>YL>WL. The PF intensities of the
LEDs behaved inversely proportionally during this process,
and the LED photon flux intensity (umol m 2 s™!) ranking
is as follows: GL (6.92)<RL (10.22)<BL (11.64)<YL
(21.36)<WL (21.74). It was concluded that the application
of LED lighting markedly decreased antioxidant depletion
in stored parsley. Zhang et al. [56] reported that in pak choi
subjected to LED lighting, DPPH free radical scavenging
activity tends to increase during the initial stage of storage.
As reported by Loi et al. [51], and similarly in our study,
blue, red, and green LEDs were assessed and shown to posi-
tively influence the AC—exceeding the initial value—only
on the fifth day of storage, suggesting a potential contribu-
tion to anti-aging effects.

Chlorophyll a and b content

The chlorophyll a content was observed to range from 105.8
to 363.8 mg/100 g in DM (Table 5). It was determined that
the chlorophyll a content increased only on the fifth day of
storage in comparison to the baseline under BL (p<0.05),
YL (p<0.05), and GL (p>0.05) applications, while a
decrease was observed under WL, RL and dark conditions
(p<0.05). On the fifth day of BL, YL, and GL applications,
the increase in chlorophyll a content relative to the initial
value was measured as 6.32, 2.03, and 0.52%, respectively.
These increases generally diminished by the end of the ninth
day, and reductions were observed in all samples except on
the thirteenth day of red LED exposure. The rise in chlo-
rophyll a observed in the fifth-day results was interpreted
as the enhancement of chlorophyll biosynthesis and the
inhibition of enzymes responsible for chlorophyll degra-
dation through the application of blue, yellow, and green
LEDs [46, 51]. Dean Kopsell and Carl Sams [18] stated
that light alters the absorption effect of chlorophyll, and that
LED lights promote chlorophyll absorption, leading to an
accumulation of chlorophyll levels. We believed that the
observed differences in chlorophyll content among the sam-
ples are due to this effect. At the conclusion of storage, the
chlorophyll a content in samples exposed to GL and YL was
observed to be lower than that of the control. Conversely,
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the chlorophyll a levels in samples treated with WL, RL,
and BL were found to be 36.04, 19.33, and 11.94% higher
than the control, respectively. Perera et al. [39] reported that
during light storage, the respiration rate in broccoli elevates,
accompanied by an increase in chlorophyll degradation.
In a different study, Noichinda et al. [49] reported that the
total chlorophyll content diminished in both light- and dark-
treated Chinese cabbage samples, although the decline was
more gradual when the samples were preserved in the light.
Zhang et al. [46] observed a modest increase in chlorophylls
content in pak choi stored for 30 days under two control
conditions with three distinct LEDs combined with modi-
fied atmosphere across four applications on the tenth day,
followed by subsequent declines, which aligned with our
findings.

The applications of BL, YL, and GL were identified
as advantageous owing to the positive contribution—an
increase relative to the initial value—in short-term storage
(5 days). In long-term storage, only samples treated with
WL exhibited higher levels of chlorophyll b compared to
the control (p<0.05) (Table 6). The augmentation in chlo-
rophyll b content within BL, YL, and GL applications rela-
tive to the initial measurement was observed solely on the
fifth day of storage, with increases of 6.31, 2.04, and 0.53%,
respectively. On the fifth day of storage under WL and RL
and in darkness, reductions in chlorophyll b relative to the
initial value were observed, with corresponding values of
1.3, 8.7, and 16.02%, respectively. Contrary to the findings
of Ferrante et al. [56], who reported that chlorophyll deg-
radation did not occur in darkness, our results showed an
increase in chlorophyll b on the fifth day in certain LED
treatments, while it decreased in the control. Starting from
the 17 th day of storage, the reduction in chlorophyll b con-
tent was greater in the GL and YL treatments compared to
the control. Chlorophyll b content was found to be higher in
BL, RL, and WL applications compared to the control group
throughout all storage days.

Once more, beginning on the 13 th day of storage, the
highest levels of chlorophyll b were observed in the WL
treatment. At the end of storage, WL application provided

the best chlorophyll b preservation, followed by RL, BL,
control group and GL, while the greatest loss was observed
in the YL application (p<0.05). Zhou et al. [57] reported
that the stored garland chrysanthemum exposed to white
LED light more effectively suppressed chlorophyll degra-
dation relative to the control, which is consistent with our
results. Chlorophyll a and b levels were not affected by vari-
ations in LED PF intensity. Pintos et al. [8] found that the
chlorophyll content of broccoli and green kale was higher at
30 pumol m 2 s™! than at 10 and 80 pmol m 2 s~! among the
three distinct PF intensities they applied.

Chroma

Chroma refers to the level of color saturation, with zero
indicating dullness and higher chroma values representing
vivid and vibrant hues [58]. It was observed that the chroma
values decreased in the control and RL applications com-
pared to the initial measurement on the fifth day of storage,
while an increase was noted in the other LED applications
(Table 7) (p<0.05). Chroma values exhibited fluctuations,
with increases and decreases observed across all applica-
tions between the 9 th and 17 th days of storage. The chroma
value of control samples remained below the initial value
until the 21 st day, although it rose above the initial value at
the end of storage. Despite these results, the chroma value of
the control samples was the lowest among the applications.
By the end of the storage period, chroma values showed a
significant increase in all applications (p<0.05). The purity
and intensity levels of the colors in the samples stored in
darkness were observed to remain stable, while an increase
was noted in other LED lighting applications. The samples'
chroma values were highest in the BL application, followed
by the GL and RL applications, respectively, at the conclu-
sion of storage. The effect of PF intensity was observed at
the end of storage. Here, GL, BL, and RL, which have low
PF intensity values, were found to have higher chroma val-
ues than YL and WL, which have high values (p<0.05).
At this point, an inverse relationship is observed between
chroma value and LED light PF intensities. Kibar and Kibar

Table 6 Changes in chlorophyll b (mg/100 g in DM) values of parsley samples under green (GL), blue (BL), yellow (YL), red (RL), and white
(WL) LED lights or in the darkness (control) stored for 25 days at 0 °C

Days GL BL YL RL WL Darkness

0 190.33+1.9042 190.33+£1.904P 190.33+£1.904P 190.33£1.9042 190.33+1.9042 190.33+1.9042
5 191.34+0.25% 202.34+0.474¢ 194.21+0.1252 173.78+0.25" 187.84+0.882 159.83+0.66"
9 133.71+1.88® 137.0+£0.89% 158.30+2.174¢ 145.76+0.425¢ 155.46+0.304° 136.32+0.22¢¢
13 119.87+2.18%° 125.79+0.218¢ 108.43+0.57"4 125.53+1.82B4 145.83+3.544¢ 118.09+0.10%4
17 95.26+0.257 107.150.03¢F 93.93+0.51P¢ 111.52+0.178¢ 124.89+1.10Ad 106.95+0.33¢¢
21 81.89+0.17%¢ 118.65+0.314¢ 65.38+0.23FF 97.09+0.46" 110.65+1.18B¢ 86.54+1.14"f
25 62.12+0.54Pf 69.81+0.84°¢ 56.30+0.015¢ 83.66+0.2182 101.91+1.134f 68.87+2.23¢¢

Mean=SD in the same row with different upper-case letters (A-F) indicate statistical differences between LED and darkness applications, and
different lower-case letters (a-g) in the same column indicate statistical differences between storage days (P <0.05). DM: Dry matter basis, LED:
Light emitted diot
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Table 7 Changes in chroma values of parsley samples under green (GL), blue (BL), yellow (YL), red (RL), and white (WL) LED lights or in the
darkness (control) stored for 25 days at 0 °C

Days GL BL YL RL WL Darkness

0 19.05+£0.74¢ 19.05+0.74° 19.05+0.742 19.05+0.74¢ 19.05+0.74¢ 19.05+0.74°
5 21.00+1.514¢ 19.94+£0.41ABY 21.31+1.24% 18.47+1.33BC¢ 20.56+0.41ABb 16.99+0.15®
9 23.13+0.898b 21.58+1.32Bb 25.56+1.15%¢ 17.27+0.85% 16.55+1.22¢¢ 18.51+1.14%®
13 20.99+0.078¢ 20.76+2.314B° 18.78+2.1588 20.06+0.975¢ 28.10+1.3942 18.16+1.355°
17 22.89+1.91ABa 17.78+1.315° 19.79+2.034B2 18.94+1.548¢ 25.34+2 474 18.51+2.21B%
21 26.80+£0.934° 23.78+1.754Bb 24.40+2.35482 24.10+1.92ABb 25.46+1.4470¢ 18.40+1.78Bb
25 33.28+1.744B2 34.65+2.98A¢ 25.37+2.605% 32.32+0.08482 27.3242.458¢ 23.67+1.08%

Mean=+SD in the same row with different upper-case letters (A-C) indicate statistical differences between LED and darkness applications, and
different lower-case letters (a-c) in the same column indicate statistical differences between

storage days (P<0.05). LED: Light emitted diot

[59] reported an increase in the chroma values of spinach
following UV (A, B, and C) treatments over a 10-day stor-
age period, and this observation was consistent with our
findings.

Conclusion

This study identified notable benefits of LED illumination
applications compared to the control group (darkness) in the
cold storage of parsley. Among the LED lighting utilized,
BL and GL were generally observed to be more effective
than YL, RL, and WL concerning the nutritional and physi-
cochemical properties examined. The greatest increases in
AA, chlorophyll a, and b were observed under BL illumina-
tion, while the highest AC level was detected in GL condi-
tions. The minimal TPCs loss occurred in GL applications,
whereas the lowest values of these components were found
in the control groups (darkness). The LED lights used in
this study had varying levels of PF intensity. This difference
had no effect on moisture loss, AA, TPCs, and chlorophyll
a and b but showed an inverse relationship with the chroma
and AC values.

Based on the widely accepted approach that parsley can
retain its quality for up to 25-30 days in cold storage, it
has been observed that, although no visual deterioration is
evident in the control, there are substantial losses in nutri-
tional content. These losses were less pronounced in stor-
age conditions supported by LED lighting. Furthermore, it
was observed that during short-term LED-supported stor-
age (57 days), there were notable increases in the nutri-
tional constituents of parsley (AA, AC, chlorophyll a and
b) relative to the initial storage levels. Our results indicate
that LED-supported cold storage is potentially an effective
method for preserving the nutritional components of pars-
ley, enhancing its quality and prolonging postharvest stor-
age life compared to storage in darkness.

In future research, the scope of investigations, including
the simultaneous or partial application of LED lighting and

the optimization of conditions, can be assessed from various
perspectives.
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