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Abstract: Medicinal and aromatic plants, such as wild garlic (Allium ursinum), are valuable sources of
bioactive compounds in traditional and modern medicine. However, the challenges in cultivating
wild garlic and its seasonality limit its availability primarily to early spring. To maintain the quality
of wild garlic, effective postharvest practices are essential, considering the delicate nature of its leaves
and their susceptibility to rapid decay. This study focuses on implementing eco-friendly postharvest
practices to address the seasonality and perishability of wild garlic. Optimizing storage conditions
and drying processes is essential for extending its shelf life and preserving bioactive components.
Two postharvest approaches were evaluated, with vacuum packaging at 4 °C demonstrating the
most effective preservation of sensory attributes and bioactive composition over a 9-day period.
Additionally, different drying methods, including convective and vacuum drying at various tempera-

tures, were investigated. When the best drying temperature was selected, the results revealed that
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typically discarded as waste during storage. By employing suitable drying methods, this material can
be preserved and provide a valuable source of phenolic compounds (7.17-10.12 g GAE/100 g) and
thiosulfinate (9.35-12.72 mg AC/110 g) compounds for various extraction processes. Accordingly,
this research presents significant implications for the integration of wild garlic into diverse industries,
particularly in the fields of food and pharmaceutical sectors. The findings offer opportunities for
sustainable utilization, economic benefits, and a more environmentally friendly and economically
viable approach to wild garlic production and processing.

Keywords: Allium ursinum; wild garlic; primary processing; postharvest; drying; bioactive
components; polyphenolic; thiosulfinates

1. Introduction

Copyright: © 2024 by the authors.

Licensee MDPL Basel, Switzerland. The enduring significance of medicinal and aromatic plants in traditional and mod-

ern medicine underscores their global utilization, emphasizing their importance in eth-
nomedicine and as valuable indicators in the search for novel bioactive compounds [1].
Responding to the escalating demand for natural, value-added, and healthier food op-
tions, significant research efforts have focused on integrating various aromatic plants into
conventional food products [2].
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As a source of health benefit compounds, Allium species have been used in traditional
medicine and cuisine for many centuries as an edible and medicinal plant. Recently, there
has been a growing interest in Allium ursinum, commonly known as wild garlic, driven by
consumers’ preference for natural, nutrient-rich, and seasonally available food. Its inclusion
in a healthy diet has shown positive effects on human well-being, further establishing its
status as a highly beneficial food choice [3,4]. Its bioactive components help regulate blood
pressure, lower cholesterol levels, and enhance blood vessel health, reducing the risk of
heart-related ailments [5,6]. Sulfur compounds present in wild garlic, such as allicin, a
potent antioxidant and antimicrobial agent, showcasing its potential to boost the body’s
defenses against oxidative stress and infections, while flavonoids found in wild garlic,
such as quercetin and kaempferol, possess anti-inflammatory properties, contributing to
overall immune support and health [3,7-9]. Beyond its bioactive properties and its use
as a medicinal herb, wild garlic is also present in diverse culinary cosines. The leaves of
wild garlic, characterized by their distinctive garlicky aroma, offer a unique and flavorful
complement to a variety of culinary preparations. Their addition enriches the taste profile
while simultaneously promoting health properties, providing a nutritious enhancement
without dominating the overall flavor profile [9,10]. Despite the widespread cultivation of
many medicinal and aromatic plants, wild garlic remains largely uncultivated, primary due
the specific requirements for shading and weeding during early crop stages, making it less
feasible for large-scale cultivation [11]. The natural habitat of wild garlic, typically forests,
ensures that its leaves are free from urban pollution, pesticides, or chemical fertilizers,
making it an ideal ingredient for dietary use. Accordingly, the availability of wild garlic to
consumers is dependent on gathering it from its natural habitat during the early spring
months. However, its amount may be limited.

In order to prevent overexploitation, loss of biodiversity, and ecological imbalances,
some countries, like the Republic of Serbia, have implemented gathering quotas that regulate
the collection of wild medicinal and aromatic plants, including wild garlic, in order to
preserve this priceless resource. (Official Gazette of the RS no. 31/05, 45/05—correction,
22/07,38/08,9/10,69/11, and 95/18—dr. The law).

In order to take advantage of all the benefits of consuming this limited nutritionally
valuable source, effective postharvest handling is of utmost importance. Quality assurance
for medicinal and aromatic plants, especially those not immediately harvested, poses sig-
nificant challenges in maintaining consistent product quality. Without adequate control
measures, there are often variations in the quality of herbal products [12]. These plants
undergo physical, biological, and chemical changes during handling, processing, and
storage, affecting their quality and nutritional content. Moreover, inadequate practices can
lead to the rapid yellowing and wilting of wild garlic leaves. Accordingly, the posthar-
vest management of medicinal and aromatic plants is a crucial phase that significantly
influences the quality and bioactivity of plants and their further utilization. To reduce
these changes, various postharvest storage techniques have been employed to preserve the
quality and nutritional value of these perishable food products without compromising their
physical appearance [13]. Preserving bioactive compounds is crucial for medicinal plants,
ensuring their therapeutic properties, while maintaining color and a fresh-like aroma is
essential for culinary dried herbs [14,15]. Packaging materials and techniques can effec-
tively prevent contamination, delay spoilage, and maintain the integrity of the bioactive
substances [16-18], while proper drying techniques for culinary herbs are essential to retain
their flavor, aroma, and nutrient content, ensuring high-quality dried herbs for culinary
applications.

Although qualitative alterations due to postharvest processes have been extensively
studied in other plants, there is a lack of information regarding the impact on wild garlic
leaves [17,19,20]. However, there is a current lack of information regarding the impact of
these processes on wild garlic leaves.

Addressing the challenges associated with wild garlic’s seasonality and perishability,
the objectives of this study were (1) to evaluate the changes in the bioactive components
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of wild garlic as a consequence of different storage conditions, (2) to identify the most
suitable drying method with minimum effect on wild garlic quality, and (3) to explore the
utilization of waste generated during the storage phase as a source of bioactive components.
Insights gained from this study will open up new challenges and opportunities in the
postharvest manipulation of wild garlic, as well as the possible utilization of generated
waste for different food purposes.

2. Material and Methods
2.1. Plant Material

The plant material employed in this study was harvested from the Fruska Gora
mountain in Serbia during the spring season. To preserve the delicate leaves, harvesting
was conducted early in the morning, and the leaves were carefully packed in PVC bags
to minimize physical damage, and then they were promptly transported to the laboratory.
Subsequent cleaning and sorting processes were implemented to guarantee the purity of
the collected material. For the evaluation of storage condition impacts on the characteristics
of fresh wild garlic leaves, only healthy and undamaged leaves were carefully selected for
further analysis. This described procedure, including the trimming of the lower stem parts,
is a standard practice applied to wild garlic to ensure its market readiness.

The moisture content was measured by the gravimetric method, where samples were
maintained at 105 °C up to constant weight (24 h).

2.2. Storage of Wild Garlic Leaves

Two storage methods were used for wild garlic leaves: the traditional method, which
involves leaves bundling and stalk immersion in water (TP), and a new method with
limited vacuum packaging (VP).

For the traditional method, leaf bundles comprising 20 leaves with their steams
submerged in water were stored at 4 °C, 11 °C, and 18 °C in temperature-regulated
chambers at 90-95% RH. (FrigoZika, Ruma, Serbia).

To examine the effects of packaging under limited vacuum conditions, groups of
20 wild garlic leaves were arranged in plastic containers. Each container was sealed
hermetically using a vacuum packaging machine (Henkelman boxer 42, Henkelman, the
Netherlands) along with a high-barrier film (180 x 400 x 0.15 mm) sourced from Blik
d.o.o. The vacuum sealing procedure was carried out using the “Liquid control” program,
which includes monitoring the water level throughout the vacuum sealing process and
terminating the vacuum once evaporation fell below a predefined threshold. The use of
containers and packaging bags was specifically chosen to prevent pressure packing on the
leaves.

The experimental storage temperature was selected and set up in order to stimulate
the conditions in which wild garlic leaves are mostly sold, which is in markets at ambient
temperatures during the spring months (18 °C), in markets in open cooling systems (11 °C),
and in a cooled storage room (4 °C). Both types of packaging were placed in cooling
chambers, and quality monitoring was performed on days 1, 3, 6, and 9. Ten packaging
units were prepared for each method to ensure sufficient plant material for subsequent
sensorial and chemical analyses.

2.3. Drying Method Optimization

Wild garlic leaves underwent three distinct drying methods: conventional convective
drying, vacuum drying, and lyophilization. The operational parameters for each drying
method were established through preliminary experimental runs and by adapting the
literature recommendations [21]. Prior to drying, healthy and undamaged leaves were
carefully selected. Prior to drying, petals were cut and left at about 1-1.5 cm.
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2.3.1. Convective Drying

The assessment of the temperature impact on the convective drying (CD) process was
conducted using an experimental laboratory dryer chamber at temperatures of 40, 50, 60,
and 70 °C [22]. The drying process maintained a constant mass of 300 g for the wild garlic
leaves, arranged uniformly on perforated plates. The hot air, with an airflow rate of 1 m/s,
and atmospheric pressure were consistently controlled. After reaching a constant mass, the
dried wild garlic leaves were carefully packed in polyethylene bags with zip closures and
stored in a dry, dark environment at room temperature for further analysis. The drying
process was performed in duplicate to ensure reliability.

2.3.2. Vacuum Drying

Vacuum drying (VD) of wild garlic leaves was performed in a vacuum dryer (VC 115,
Binder, Germany) at temperatures of 40, 50, 60, and 70 °C. The vacuum level inside the
chamber was set to that which is maximum achievable within the vacuum chamber and
maintained at 0 (+1) kPa. Prior to activating the vacuum pump, the dryer was preheated
to the operating temperature to reach the desired pressure inside the chamber. The initial
sample mass was consistent for all drying temperatures and amounted to 300 g. The wild
garlic leaves were uniformly arranged in a thin layer on the plates within the chamber
and dried until a constant mass was obtained. After drying, the dried wild garlic leaves
were packed in polyethylene bags with zip closures and stored in a dry and dark place at
room temperature until further analysis. The drying process was performed in duplicate to
ensure reliability.

2.3.3. Lyophilization

The freeze-drying process was conducted at —30 °C and a pressure of 0.01 mbar
using a freeze drier Alpha 2-4 LDplus (Martin Christ, gefriertrocknungsanlagen GmbH,
Osterode, Germany). The leaves were evenly distributed in a thin layer and dried until a
constant mass was achieved. Following lyophilization, the leaves were carefully packed in
polyethylene bags and stored at room temperature for subsequent analysis. The drying
process was performed in duplicate to ensure reliability.

2.4. Color Determination

The color of the wild garlic leaves was assessed in the CIELab* color space using a
CR-400 Chroma Meter (Konica-Minolta, Osaka, Japan) at the midpoint of the leaf, excluding
the central leaf vessel. Measurements were conducted on 10 randomly chosen leaves, with
five readings for each sample.

2.5. Determination of Bioactive Compounds
2.5.1. Total Phenolic Content Determination

The total phenolic content in fresh wild garlic leaves was determined using a modified
Folin—Ciocalteu method. Two grams of leaves was extracted with a 70:30 v/v ethanol-water
mixture using an ultrasonic bath and orbital shaker. The extract was then filtered and
diluted to 50 mL. A portion of the extract was combined with the Folin—Ciocalteu reagent
and NapCOj solution. Following incubation, absorbance was measured at 750 nm. The
analysis was conducted in triplicate, and the results were expressed as gallic acid equivalent
per 100 g of sample (mg GAE/100 g).

2.5.2. Alliinase Activity Determination

Alliinase activity in wild garlic leaves was determined by extracting 2.5 g of crushed
leaves with 20 mL of water. After 20 min of orbital shaking, trichloroacetic acid (5 mL)
was added to stop the reaction. The resulting extract, diluted to 50 mL, underwent further
analysis. A 0.5 mL aliquot was mixed with water (1.5 mL) and 2,4-dinitrophenylhydrazine
(1 mL), followed by the addition of 0.6 M NaOH (5 mL). Absorbance at 445 nm was mea-
sured after 10 min. To correct for non-specific reactivity, a blank sample (2 mL of distilled
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water and 1 mL of DNPH reagent) was employed. Extracts from alliinase-inactivated wild
garlic leaves by heating in a microwave oven (NN-E201W, Panasonic, Japan) for 5 min were
used for correction, ensuring precise assessment given the reagent’s non-specific nature.
The analysis was conducted in triplicate, and the results were expressed as mg of pyruvic
acid on 100 g of sample (mg PA /100 g)

2.5.3. Determination of Total Thiosulfinates

To determine total thiosulfinates, a modified method by Han et al. was used [23].
Crushed leaves (2.5 g) were shaken in 20 mL of 50 mM pH 7.5 HEPES buffer for 15 min at
room temperature. Following centrifugation and filtration, 1 mL of the extract was mixed
with 1 mL of 5 mM L-cysteine in HEPES buffer. The resulting mixture was diluted to 50 mL
and incubated at room temperature for 15 min. Subsequently, 9 mL of this mixture was
combined with 1 mL of 1.5 mM DTNB solution in HEPES buffer. After 15 min, absorbance
at 412 nm was measured. The blank sample employed pure HEPES bulffer instead of the
extract. The analysis was conducted in triplicate, and the results are expressed as allicin
equivalent per 100 g of sample (mg AC/100 g), calculated using a specified formula:

Ctiosulfinates = (AA * 100)/(2 * 14/150) (1)

AA—the absorbance difference between the blank sample and the test sample, 14,150—molar
extinction coefficient for DTNB, and 2—the number of moles of cysteine required for thiosulfinates
formation.

2.5.4. Determination of the Content of L-Ascorbic Acid

The L-ascorbic acid (vitamin C) content was determined through an oxidation method
employing DIF reagent. Spectrophotometric measurement of the color change was con-
ducted at 515 nm. The analysis was conducted in triplicate, and the obtained result is
expressed as the ascorbic acid content per 100 g (mg AAC/100 g).

2.5.5. Determination of Total Chlorophyll and Carotenoids Content

To determine the chlorophyll content, 2 g of the sample was mixed with 20 mL of 96%
methanol, centrifuged, and the resulting supernatant was analyzed spectrophotometrically
at 666 nm and 653 nm for chlorophyll a and chlorophyll b, respectively, using the following
equations [24]:

chlorophyll a (mg dm %) = 9.784 x A662 — 0.990 x A644

chlorophyll b (mg dm™3) = 21.426 x A644 — 4.65 x A662
chlorophyll a + b (mg dm™3) = 5.134 x A662 +20.436 x A644
carotenoids (mg dm™3) =4.695 x A440 — 0.268 x (chlorophyll a + b)

2.6. Sensory Analysis of Fresh Wild Garlic Leaves

A sensory evaluation of the intensity of the leaf smell was conducted as part of the
experiment. The assessment involved 12 trained panelists, consisting of 6 women and
6 men, with ages ranging from 20 to 65 years. The evaluation methodology followed
the guidelines described by Melgarejo et al. [25]. Panelists were tasked with scoring the
characteristic smell intensity on a continuous scale ranging from 0 to 5. This evaluation
process occurred at room temperature (20 °C) in individual cabins to ensure controlled
conditions. All participants were provided with written information about the study and
willingly provided signed informed consent.



Horticulturae 2024, 10, 316

6 of 17

2.7. Statistical Analysis

A two-way analysis of variance (ANOVA, « = 0.05) was performed with STATIS-
TICA 13.1 (TIBCO Software Inc., Hillview Avenue, Palo Alto, CA, USA) to demonstrate
statistically significant differences.

3. Results and Discussion
3.1. Storage of Fresh Wild Garlic Leaves

Our research focuses on optimizing processing methods and storage conditions for
wild garlic leaves to preserve their bioactive components, sensory attributes, and extend
their shelf life in a fresh state.

3.1.1. Effects of Storing Condition on Color and Bioactive Compounds

Consumer preferences for fresh products often rely on visual properties, emphasizing
color as a key quality indicator. Through color monitoring using CIELab color space
parameters (Table 1), this study provides scientific insights into the interaction of storage
conditions, time, and the color profile of wild garlic, essential for consumer preferences.
Regarding the lightness (L*) of wild garlic leaves, despite the significance of all factors
and their interactions, the most significant change is an increase in leaf lightness during
storage on 11 and 18 °C. On the other hand, the lightness (L*) of wild garlic leaves stored
at 4 °C was at the same level as in the initial material, regardless of the packing type. The
change in green color intensity (a*) was induced only by the days of storage, with the
lowest value recorded in leaves stored in bundles at 11 °C for 9 days (—16.4). The intensity
of the yellow color (b*) was not affected by the temperature or the interaction of the type
of packaging and the temperature; however, the time of packaging and storage changed
the intensity of this parameter. Vacuum packing lowered b*; however, the differences
were not significant, except at 11 °C after 6 days of storage, where the highest b* was
observed in bundle packaging type (b* = 24.5). All values (L*, a*, and b*) show variations
across different storage conditions and time points; however, storage at 18 °C in bundles
significantly reduces lightness and increases the intensity of the yellow color, suggesting an
intensive reduction in the overall quality of the leaves.

The observed color changes in wild garlic leaves were accompanied by alterations in
the total chlorophyll and carotenoid levels (Table 2). Temperature played a significant role in
influencing the pigment content, with fluctuations noted across different storage conditions
(4 °C, 11 °C, and 18 °C) and durations. For instance, at 11 °C for 6 days, total chlorophylls
significantly increased to 132.8 compared to the values after 3 days of storage, and total
carotenoids also showed an increase to 22.37, indicating a potential impact of moderate
temperature stress on the pigment dynamics. Remarkably, under storage conditions of 4 °C
for 9 days with vacuum packaging, the highest levels of total chlorophylls (109.90) and
total carotenoids (21.36) were observed. This suggests that vacuum packaging at 4 °C may
contribute to maintaining a higher pigment content over an extended storage period.
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Table 1. Change in the color parameters of fresh wild garlic leaves depending on the storage conditions.
Color Properties
L* a* b* C*
Fresh wild garlic leaves 37.02 —-14.6<d 17.8 2be 23.0 abe 129.5 ¢f
APPLIED PACKING METHOD
T (°Q) TS (days) TP VP TP VP TP VP TP VP TP VP
4 3 38.0 abed 37.63bc —15.8 abe —14.6 ¢ 19.4 abed 18.0 abed 25,0 abed 23.2 abe 129.3 ef 129.2 cde
4 6 39.0 bed 37.6 abed —14.8 bed —14.34d 18.8 abed 16.92 23.9 abed 22¢ 128.4 bedef 130.3 f
4 9 38.5 abed 37.8 abed —15.8ab —14.9 bed 20.6 de 18.9 abed 26.0 de 24.0 abed 127.7 bede 128.3 bed
11 3 38.4 abed 39.64 —15.3 abed —15.0 bed 19.3 abed 20.1 bede 24.6 abed 25,1 bede 128.6 cdef 127.1 bed
11 6 38.4 abed 39.4¢d —14.44d —15.4 abed 17.6 b 18.8 abed 277 abed 24,3 abed 129.5 ¢f 129.6 ©f
11 9 39.5¢d 39.0 bed —1642 —15.4 abed 2.2¢ 20.5 cde 27.6 b 25.6 cde 126.5P 127.0 be
18 3 37.9 abed 38.2 abed —1444d —14.9 bed 17.9 abed 18.2 abed 23.0 abe 23.6 129.1 def 129.5 ¢f
18 6 452°¢ 39.2¢d —15.0 bed —14.34d 245 17.5ab 29.1f 22.6 12322 129.3 ef
18 9 - 37.9 abed - —15.2 abed - 19.1 abed - 244 - 128.8 cdef
Packing method * NS ** > >
Temperature * NS NS NS NS
Time of storage * ** ** o o
PM x T * NS NS NS *
PM x TS o NS * NS o
T x TS g NS *% *% *%
PM x T x TS ot NS o ** *

*p <0.5; ** p < 0.001; NS—not significant; T—temperature; TS—time of storage in days; PM—packaging method; TP—traditional packing of bundles; VP—vacuum packing of bundles;
L*, a*, b*, color coordinates; C*—color saturation; h*—hue angle; Values with the same letter in a column are not significantly different.
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Table 2. Changes in chemical composition of bioactive compounds of fresh wild garlic leaves depending on the storage conditions.

BIOACTIVE COMPOUNDS

TCH TC TPC AA TTC AAC
(mg/100 g) (mg/100 g) (mg GAE/100 g) (mg PA/100 g) (mg AC/100 g) (mg AAC/100 g)
Fresh wild garlic leaves 106.5 abede 20.25 cdef 162.9 egh 23.8be 4.04" 4.04"°
APPLIED PACKING METHOD
T (°C) TS (days) TP VP P VP TP VP P VP TP VP TP VP
4 3 126.6 hi 103.9 abed 22.961 18.32 abed 129.3b 139.8 be 30.6 be 31.8 ik 2754 429b 59.5h 58.8h
4 6 137.5] 108.2 bedef 22921 18.8] abede 180.4 ik 161.5 ¢fe 245 ghijk 30.2 &hij 2.87ad 6.09 © 65.91 52.18
4 9 119.2 fgh 109.9¢def  213gf8hi 070 efgh 173.1 8hi 168.5 f8h 23.2 bed 28.5 efghi 2.85¢cd 480P 56.7 h 459f
11 3 103.12bed  100.42b¢  18.353bcd g 53 abed 129.8 P 143.5 <d 25.6 bede 27.5 defg 3.99 bed 6.56 ¢ 58.1gh 438f
11 6 132.8 1 113.7 defg 22.37 8hi 19.4( abed 186.1 Jk 176.5 hii 31.0 hik 35.0! 5.85¢ 12.191 4621 14.1°
11 9 97.5ab 9532 17.252 18.12 bedef 158.2 ef 169.4 fghi 26.3 bede 339K 458" 14.22] 28.3 8h 21.6¢
18 3 124.1 8hi 102.0 abed 21.28 fghi 17.80 @b 152.7 de 139.3 <d 31.4 ikl 30.6 shijk 7.93f 951h 55.3 ¢ 30.04
18 6 104.5abed  q03,0abed 17,99 bedef 17.04 2 190.0 & 206.81 33.4 1K 27.7 defgh 8.1518 13.90] 203 f 502
18 9 - 116.9 efgh - 2246 hi - 189.0 k - 29.8 fghi - 12.241 - 7.7
Packing method ** x* NS *k xk hd
Temperature X% *3% *% *% X3k *%
Time of storage x* NS i x* x* d
PM X T *3% B EE3 NS *% *3%
PM >< TS X% *3% NS *% X3k *%
T X TS *3% *% *% *% *3% *3%
PM X T X TS 3% * B2 *3% 3% ok

*p <0.5;** p < 0.001; NS—not significant; T—temperature; TS—time of storage in days; PM—packaging method; TP—traditional packing of bundles; VP—vacuum packing of bundles;
TC—total carotenoid content; TCH—total chlorophyll content TPC—total phenolic content (mg GAE/100 g); TTC—total thiosulfinate content (mg AC/100 g); AA—alliinase activity (mg
PA /100 g); AAC—ascorbic acid content (mg/100 g); Values with the same letter in a column are not significantly different.
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The results of the analyzed bioactive compounds in wild garlic leaves under different
storage conditions (Table 2) demonstrate that wild garlic leaves have a higher ascorbic acid
content compared to lettuce [26] and similar levels to spinach [27]. This suggests that wild
garlic can be a potential source of ascorbic acid in the diet [28]. However, Voca et al. noted
that the ascorbic acid content depends on the harvesting period and is lower when wild
garlic starts flowering [11]. At the optimal preservation temperature of 4 °C, the reduction
in ascorbic acid was approximately 2.8%, escalating to 20% at 11 °C and 65% at 18 °C after
6 days of storage. Prolonged storage intensified the reduction, with losses of 20.41% at 4 °C
and 47.62% at 11 °C after 9 days. This aligns with studies on lettuce, showing significant
reductions in ascorbic acid during storage [26]. To preserve the ascorbic acid content,
determining appropriate storage conditions is crucial. While reduced oxygen atmospheres
with up to 10% carbon dioxide are suggested to mitigate vitamin C loss, higher CO, and
lower O, levels in packaging may increase ascorbic acid reduction [29]. In our experiment,
storing in a vacuum resulted in a higher reduction in ascorbic acid at 11 °C and 18 °C
compared to water-immersed bundles (Table 2), emphasizing the importance of assessing
the impact of packaging and gas composition for each specific plant product.

Monitoring the total phenolic content in wild garlic is essential for assessing the
postharvest antioxidant potential, as it can be influenced by factors like maturity stage,
variety, cultivation location, growth conditions, and postharvest storage [30]. The storage of
fresh wild garlic resulted in a significant increase in total phenols compared to the control,
regardless of temperature or packaging. Higher temperatures and longer durations led
to a rise in phenols, with an approximate 20% increase from the initial sample to the last
day, depending on storage temperature. The increase in the total phenol content during
the storage of wild garlic can be attributed to additional phenol synthesis as a protective
response to the potential damage that occurs during storage [31,32]. The values obtained
for the total phenol content in this study (ranging from 129.3 to 206.8 GAE/100 g of fresh
product) align with the findings of Mahmutovi¢ et al. in the Western Balkans region,
suggesting favorable conditions for wild garlic rich in bioactive components, including
phenols [33]. In a study conducted by Lachowicz et al. [30], the total phenol content in wild
garlic samples collected around Rzeszéw, Poland, varied from 38.1 to 47.7 mg EGK/100 g of
fresh product depending on the stage of maturity (March-June). In the research conducted
by Lachowicz et al., the total phenol content in the tested samples ranged from 38.1 to
47.7 mg GAE/100 g of fresh product, while Alexieva et al. [34] detected a total phenol
content of 40 mg GAE/100 g in fresh leaf fragrance from Bulgaria. Myhailova et al. [35]
found that the highest content of phenols in leaf flies from the area of Bulgaria was during
its flowering period (60.9 mg GAE /100 g of fresh product).

The activity of alliinase plays a crucial role in the conversion of alliin into allicin,
which is one of the main bioactive compounds found in wild garlic leaves [36]. Therefore,
analyzing the activity of alliinase and its changes is an important quality indicator of
wild garlic leaves. Our study reveals a noteworthy variability in alliinase activity during
storage under diverse conditions (Table 2). The observed range in alliinase activity, from
23.2 to 33.9 mg of pyruvic acid /100 g of fresh product, suggests temperature-dependent
fluctuations. Notably, higher alliinase activity is evident in samples stored at 11 °C, with
storage temperature exerting a substantial influence, peaking after 6 and 9 days in vacuum-
packaged samples at 11 °C. This finding suggests a temperature-dependent modulation of
enzymatic activity, potentially impacting the bioactive profile of wild garlic leaves during
storage. Furthermore, our study demonstrates a consequential link between alliinase
activity and the formation of thiosulfinates, providing valuable insights into the biochemical
processes underlying the preservation and transformation of bioactive compounds in
wild garlic leaves during storage. The observed rise in total thiosulfinates, ranging from
4.04 to 13.37 mg of allicin/100 g of fresh product, in both water-immersed bundles and
vacuum-packed leaves, highlights the dynamic synthesis of sulfur compounds during
storage. Another research study conducted by [37] which investigated S-alk(en)yl-cysteine
sulfoxide content across 58 wild garlic genotypes emphasized the significant impact of
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genetic factors and postharvest storage conditions on sulfoxide levels. While climatic
conditions during growth exerted a lesser influence, sulfoxide precursors remain integral
to thiosulfinate production, as evidenced by the observed increase in thiosulfinate content
during storage in our study. These findings support the understanding of the intricate
relationship between sulfoxide precursors and the synthesis of bioactive sulfur compounds
in wild garlic leaves.

3.1.2. Effects of Storing Condition on Sensorial Attributes

The sensory assessment of stored wild garlic leaves, both in bundles immersed in
water and packed in a vacuum, revealed that there was a faster loss of characteristic odor
in the garlic stored in the vacuum-packaged samples compared to the wild garlic stored in
the bundles immersed in water. This loss of characteristic odor was more pronounced at
higher temperatures, regardless of the storage method, as presented in Figure 1. Packaging
leafy vegetables in a vacuum and modified atmosphere can slow down decay and the
development of yellowing. However, a possible drawback of this storage method is the
potential for tissue degradation due to respiration, fermentation, or acid degradation, which
can result in the appearance of foreign smells, as was case when rocket was stored in a
modified atmosphere [38,39]. In the case of wild garlic, rapid leaf deterioration occurred
when stored in a vacuum at 18 °C, which resulted in the inability to conduct sensory
evaluations after the sixth day. Wild garlic leaves were disposed of as waste when visual
and sensory observations revealed yellowing and/or an unusual odor, indicating that they
were unsuitable for consumption. Therefore, appropriate storage time and temperature
have to be optimized for each plant.

| P ] VP
4 - 4 -
g3 - A @3 -
) ®4°C o ®4°C
Q (%}
@2 w2 *
11°C 11 °C
1 - 1 g
18 °C 18 °C
O T T T T T T T T 1 0 T T T T T T T T 1
012 3 456 7 809 0 1 2 3 4 5 6 7 8 9
Time of strorage (day) Time of storage (day)

Figure 1. Sensory evaluation of wild garlic leaves depending on the duration and conditions of
storage (TP—traditional packing of bundles; VP—vacuum packing of bundles).

3.2. Changes in Selected Parameters after Drying

Preserving bioactive compounds is crucial for medicinal plants, ensuring their thera-
peutic properties, while maintaining color and a fresh-like aroma is essential for culinary
dried herbs [14,15]. As drying significantly impacts costs, the careful selection of tempera-
ture and methods was vital for wild garlic leaves drying. Convection drying, commonly
used for its simplicity, was compared with vacuum drying and lyophilization, a technique
known for bioactive preservation.

During the drying process of wild garlic leaves, various parameters were evaluated to
assess the quality of the dried product. These parameters included moisture content, total
phenol content, thiosulfinate content, and alliinase activity. In addition to temperature and
drying method, the drying time was also analyzed as a parameter in selecting an effective
and cost-efficient drying method for wild garlic leaves. The results of these parameters are
summarized in Tables 3 and 4.
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Table 3. Change in the color parameters of dried wild garlic leaves depending on the drying conditions.
Color Properties Moisture . .
L a b Content (%)  Dwying Time (h)
Lyophilization
38.032 —14.50 b 17.23 ab 5.464 481
T(°Q) CD VD CD VD CD VD CD VD CD VD
40 39.33¢d  3837ab —15.522 —14.50be 19.47b 18212 9034 703D 90h 6.08
50 36.812 38.122 —13.21°¢ —14.22be 15.052 17392  g820dc 622 45f 3.75 ¢f
60 37.843b 39.69 ¢ —14.922 —15.14b 18.04 b 19.86¢  753bc 5762  275d  p25¢
70 38.53 be 41764 —15.20 -1762 18.81P 22424 7.78P 6192 1.75P 1.252
Dry}ini *% *3% 3% *% *3%
metho
Temperature *% *% *% 3% *%
D X T *% *3% *% *3% *3%

** p < 0.001; T—temperature; D—drying method; CD—convective drying; VD—vacuum drying; Values with the
same letter in a column are not significantly different.

Table 4. Changes in chemical composition of bioactive compounds of fresh wild garlic leaves
depending on the drying conditions.

TPC TTC AA
(mg GAE/100 g) (mg AC/100 g) (mg PA/100 g)
Lyophilization
10.90 b 12.96 ¢ 7.71f
T(°Q) CD VD CD VD CD VD
40 10.21b 9.81ab 12.51°¢ 9.01b 5.62¢ 3.824b
50 8.71 b 9,57 ab 8.75b 8.45b 470¢ 3.78 b
60 9.21ab 8.91ab 6252 9.04b 433 be 3.672
70 7.89 2 9.17ab 5974 8.48b 4984 3.96 ab
Drying method i id x*
Temperature * * **
D X T * *3% *3%

*p <0.05; * p < 0.001; T—temperature; D—drying method; CD—convective drying; VD—vacuum drying;
TPC—total phenolic content (mg GAE/100 g); TTC—total thiosulfinate content (mg AC/100 g); AA—alliinase
activity (mg PA /100 g). Values with the same letter in a column are not significantly different.

3.2.1. Effects of Drying on Moisture Content and Drying Time

The moisture content of dried plant materials is a critical parameter that can influence
their quality and stability. In our study, the moisture content of dried wild garlic samples
varied between 5.46% and 9.03%. This variation was attributed to both the drying method
employed and the temperature applied during the drying process. Convective drying
resulted in a slightly higher moisture content compared to vacuum drying, which can
be explained by the differences in the drying mechanisms between the two methods.
Convective drying relies on hot air circulation, which may result in slower moisture
evaporation and higher moisture retention in the samples. In contrast, vacuum drying
creates a low-pressure environment, enabling faster moisture removal and potentially
leading to lower final moisture content. These moisture content values align with the
moisture content requirements typically observed in similar medicinal and aromatic plant
products. For instance, previous studies on Allium roseum leaves dried through convective
drying reported moisture content values of 8-12% on a dry basis [40]. They have also
reported that temperature plays a crucial role in the drying process of Allium roseum leaves,
with air velocity having no significant impact on drying kinetics or moisture content [40].
Our study yielded similar observations, with convective drying at 40 °C resulting in the
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highest moisture content, while higher temperature resulted in lower moisture content
in dried wild garlic. Conversely, samples dried using vacuum techniques at 50, 60, and
70 °C, as well as lyophilization, exhibited no statistically significant differences in moisture
content. This suggests that higher temperatures in vacuum drying and lyophilization may
have enhanced more efficient moisture removal.

According to Table 3, both convective drying and vacuum drying methods show a clear
correlation between temperature and drying time. As temperature increases, drying time
decreases for both techniques. For instance, in convective drying, the duration decreased
from 9.0 h at 40 °C to 1.75h at 70 °C. Similarly, vacuum drying also exhibited shorter drying
times at higher temperatures, with a reduction from 6.0 h at 40 °C to 1.25 h at 70 °C. These
findings indicate that vacuum drying may be a more time-efficient option, particularly
when rapid drying is necessary to preserve product quality. Conversely, lyophilization,
while resulting in the lowest moisture content, requires a significantly longer drying time
compared to other methods, with a duration of 48 h observed in this study.

Considering these findings, the choice of a drying method and temperature should
factor in the desired moisture content, bioactives content, and the practicality of the drying
time, particularly in large-scale production. While freeze-drying (lyophilization) can yield
high-quality products, its cost and time requirements make it more suitable for applications
where the high value justifies the investment. On the other hand, vacuum drying at higher
temperatures offers a time-efficient alternative for achieving a lower moisture content in a
shorter duration. These results highlight the need for the careful consideration of both the
desired moisture content goals and practical aspects when selecting a drying method and
temperature, especially in large-scale production settings.

3.2.2. Effects of Drying on Color Parameters

For culinary dried herbs, factors such as color and maintaining a fresh-like charac-
teristic aroma are key for ensuring their sensory appeal and culinary value. As assumed,
the loss of green color was probably caused by chlorophyll decomposition during drying;
however, according to visual observation, the dried leaves of wild garlic remained green,
an appealing color characteristic for dried herbs with a characteristic garlicy aroma. When
analyzing the color parameters, more differences were pronounced. The statistical analysis
indicates significant differences in color parameters across different temperature levels and
drying methods. For convective drying, the L* values ranged from 36.8 to 39.3, while the
corresponding values for vacuum drying varied from 38.1 to 41.8. The a* values for convec-
tive drying ranged from —15.5 to —14.9, whereas vacuum drying showed values between
—17.6 and —14.2. The values in the table range from —17.6 to —13.21 for convective drying
and —14.22 to —15.14 for vacuum drying, suggesting that the colors observed in the drying
process lean towards the greenish side, particularly for convective drying. The b* values for
convective drying ranged from 15.1 to 19.5, while vacuum drying exhibited values between
17.4 and 22 4, suggesting that the colors observed during the drying process tend to have a
yellowish tint, especially for vacuum drying.

3.2.3. Effects of Drying on Bioactive Compounds

As expected, the lyophilization method demonstrated superiority in preserving the
total phenolic content with a value of 10.90. Among the convective drying temperatures,
40 °C showed relatively high total phenolic content (10.21, indicating its effectiveness in
minimizing the degradation of phenolic compounds during drying. As the temperature
increased (50 °C, 60 °C, and 70 °C), the total phenolic content decreased (8.71, 9.20, and
7.89, respectively). However, despite some loss compared to the fresh sample, there were
no significant differences among the drying samples, suggesting that methods other than
lyophilization can still retain a considerable number of phenolic compounds. Convective
drying performed slightly better than vacuum drying in this case.

A similar impact of increased temperature on the drying of garlic was observed in the
study by Calin-Sanchez et al. and Zhou et al. investigated the influence of temperature
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on the drying of garlic using infrared drying as the drying technique [41,42]. Additionally,
the impact of the drying method on phenolic compounds has been investigated in various
plant materials. For instance, Hossain at al. analyzed the drying of different plants from
the Lamiaceae family and compared different drying methods and their influence on the
content of total phenols [43]. Their research indicated that the highest preservation of
phenolic compound content is achieved through convective drying, vacuum drying, and
lyophilization, respectively. In the study by Chan et al., where various tea leaf varieties
were dried using different drying techniques such as microwave drying, convective drying,
sun drying, and lyophilization, the best results in terms of preserving bioactive components
(total phenols, vitamin C, antioxidant activity) were obtained through lyophilization,
while sun drying drastically reduced the content of bioactive components [44]. Although
lyophilization was proved to be the best method for preserving bioactive compounds in
tea leaves, the degree of reduction varied depending on the tea variety itself. Based on
these results, it can be concluded that besides the drying method and temperature, the type
of plant material being dried also affects the content of total bioactive compounds in the
dried sample.

Comparing the obtained results, it is evident that the activity of alliinase was highest
in the samples dried by lyophilization (7.71 mg PK/100 g dry weight), which is consistent
with the content of generated thiosulfinates (Table 4). Comparing the drying methods,
higher alliinase activities were observed in samples dried by convective drying compared
to vacuum drying. In convective drying, the sample dried at 60 °C exhibited the lowest
alliinase activity. Previous studies have also investigated the impact of drying processes
and parameters on alliinase activity. For example, the optimal temperature range for pure
alliinase enzyme activity has been reported to be around 3540 °C [45]. During garlic
drying, a decrease in the alliinase activity was observed, although the enzyme still retains
the ability to convert alliin into allicin [46]. In addition, the inhibition of alliinase has
been assessed by monitoring the formation of aroma in garlic through the measurement of
pyruvic acid content [47,48]. Interestingly, drying garlic within the temperature range of
45 to 75 °C has been shown to result in the minimal loss of pyruvic acid [49]. By using the
chromatographic headspace analysis of volatile sulfur compounds in fresh garlic, the same
volatile sulfur compounds were preserved and detected in convectively dried garlic using
hot air flow. Authors found that the breakdown of sulfur compound precursors occurs at
drying temperatures above 100 °C [49]. This is consistent with the findings of Ben Haj Said
et al., who studied the convective drying of Allium roseum at temperatures of 40 °C, 50 °C,
and 60 °C [40]. They observed that high temperatures, specifically 60 °C, did not impact
the potential formation of volatile sulfur compounds in Allium roseum.

In terms of the content of total thiosulfinates, expressed as allicin, the samples dried
by the convective technique exhibited a range of 5.97 to 12.51 mg/100 g dry weight. On
the other hand, in vacuum drying, the range was not statistically different, ranging from
8.45 t0 9.04 mg/100 g dry weight. The highest content of total thiosulfinates was achieved
through convective drying at 40 °C, and increasing the temperature resulted in a significant
reduction in thiosulfinates. These reductions are more pronounced when the convective
drying technique was applied, where vacuum drying showed a potential advantage in
preserving thiosulfinates. Importantly, there were no statistically significant differences
detected in the content of total thiosulfinates with vacuum drying, and drying at 60 °C
and 70 °C in vacuum yielded comparable results to convective drying at 50 °C. Therefore,
while convective drying at 50 °C excels in the preservation of thiosulfinate content, vacuum
drying at higher temperatures can be a viable alternative for achieving similar results with
reduced drying times. Similar observations were made when others others investigated
the effects of convective (50, 60, 80, 90, and 105 °C) and vacuum (50, 60, and 90 °C)
drying temperatures on the kinetics and content of allicin, i.e., thiosulfinates, in dried
white onion. Mitra et al. (2011) optimized the vacuum drying technique for black onion
and determined a recommended drying temperature of 58.66 °C, resulting in the highest
content of total thiosulfinates [50]. Zhou et al. found that infrared radiation drying at lower
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temperatures (50-70 °C) minimized thiosulfinate degradation, while higher temperatures
led to a reduction in thiosulfinates due to their thermolabile nature [42].

To achieve the optimal preservation of bioactive compounds (total phenols and thio-
sulfinates) during the drying process of wild garlic leaves, the best results were obtained
using convective drying at a low temperature (40 °C). However, drying at this temperature
is not the optimal solution due to its long duration (9 h) and inefficient energy utilization.
Therefore, vacuum drying with moderate temperatures (50-60 °C) is recommended as
the optimal approach for drying wild garlic leaves. This method minimizes the overall
drying time and reduces the degradation of heat-sensitive components. As a result, a stable
high-quality product, rich in bioactive compounds, can be obtained, which can be used
throughout the year.

3.3. Utilization of Wild Garlic Waste Generated during Storage

The postharvest evaluation revealed that wild garlic leaves undergo noticeable vi-
sual changes and experience a loss of freshness and, as such, are usually disposed as
waste. However, these leaves still possess considerable potential for resource utilization
and reducing losses during primary processing. Table 2 indicates that the highest levels
of bioactive compounds in wild garlic leaves were observed when they were stored in
vacuum packaging at 18 °C for a duration of 9 days. Following storage, the wild garlic
leaves underwent a drying process, aiming to conserve the plant material and minimize
wastage. The selection of drying parameters was based on a statistical analysis of the data,
considering the significant changes that influenced the bioactive compound levels in the
wild garlic leaves. Both conventional and vacuum drying methods were employed at
temperatures of 60 and 70 °C, respectively. These drying conditions were identified as the
most suitable solution for the further preservation of wild garlic through drying.

The results indicate that convective drying is more effective in preserving phenolic
compounds in wild garlic leaves (Figure 2). On the other hand, vacuum drying demon-
strates the better preservation of alliinase activity and total thiosulfinate content. These
findings suggest that the choice of drying method should be based on the specific bioac-
tive compounds of interest. Convective drying is recommended for preserving phenolic
compounds, while vacuum drying is preferable for maintaining alliinase activity and total
thiosulfinates in wild garlic leaves.

M Vacuumdrying 70 °C ~ m Convective drying 60 °C

12.72

10.12

Total Phenolic Content Alliinase Activity Total Thiosulfinate Content
(mg GAE/100g) (mg PA/100 g) (mg AC/100g)

Figure 2. Bioactive composition of dried wild garlic waste generated during storage.

After the postharvest evaluation and drying processes, the effective extraction of
bioactive compounds from dried wild garlic using environmentally friendly techniques can
reveal their potential applications. Preserved and extracted compounds can be incorporated
in the form of liquid or dried extracts into functional food or pharmaceutical products,
harnessing their antioxidant, flavor-enhancing, and potential health-promoting properties.
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This creates promising opportunities for developing products that offer both nutritional
benefits and enhanced well-being.

4. Conclusions

The presented study emphasizes the importance of eco-friendly postharvest practices
for wild garlic. By optimizing storage conditions, drying methods, and waste management,
we can maximize its utilization efficiently and sustainably, addressing challenges related
to availability and perishability. These practices enhance quality, extend shelf life, and
minimize waste, contributing to a more environmentally conscious approach to wild garlic
production and utilization.

By implementing recommended storage practices, such as storing wild garlic at 4 °C in
vacuum packaging, its freshness can be preserved for up to 9 days. Furthermore, to prolong
the storage duration of wild garlic leaves under household conditions, it is recommended
to immerse them in water and store them at 4 °C. This practice enables a maximum storage
period of 3 days while maintaining the quality and freshness of the leaves. By following
these guidelines, the shelf life of wild garlic can be effectively extended, minimizing
waste and ensuring the availability of flavorful and nutritious produce for a longer period.
Additionally, the choice of drying method was shown to be crucial for preserving specific
bioactive compounds. The results revealed that convective drying is more efficient at
preserving phenolic compounds in wild garlic leaves at 60 °C. Conversely, vacuum drying
shows the superior preservation of alliinase activity and total thiosulfinate content at 70 °C.

By utilizing these storage and drying strategies, the utilization of wild garlic can be
maximized, ensuring a consistent supply of high-quality products while minimizing waste.

Additionally, this research underscores the potential of utilizing the waste generated
after storage and drying processes. When this waste is dried, it yields a material that is rich
in bioactive compounds, making it highly suitable for extraction processes and the isolation
of valuable bioactive constituents. This approach not only minimizes waste but also
unlocks the potential of previously discarded materials, contributing to the development of
sustainable and eco-friendly practices. By harnessing bioactive-rich waste material, novel
applications and value-added products can be derived, further enhancing the economic
and environmental sustainability of wild garlic utilization.
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