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Abstract

     This study investigated the effect of two different methods, i.e. air-drying and freeze-drying, of preservation of elephant garlic 
(Allium ampeloprasum L.) cultivated in Valdichiana, a traditional cultivation area of Tuscany, Italy, on its nutritional character-
istics (i.e. soluble proteins. polyphenols, flavonoids, free radical scavenging activity, starch, soluble sugars, allicin). The results 
showed that compared to the fresh product, the traditional method of air-drying causes significant reductions only in the total 
antioxidant power (-46%) and in the content of starch (-22%), while the modern method of freeze-drying negatively affects 
almost all the parameters investigated, overall by about 40%. The content of allicin is not changed by the preservation method. 
Although freeze-drying is considered one of the best methods for preserving plant-based food, attention should be paid to the 
effect of this process on the nutritional characteristics of the product.
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Introduction 

     The application of preservation methods is of fundamental importance to protect food from spoiling (i.e., its natural degradation). 
However, modification in physical, chemical, and biological features of food, as well as alterations in taste, color, smell, and nutritional 
profile, may inevitably occur (Amit et al., 2017). 

    Air-drying is the most ancient and traditional method for the conservation of agricultural products (Esper et al., 1998), such as 
vegetables (onion, garlic; (Abdou Bouba et al., 2017; Papu 2014)) and fruits (dates, figs, tomatoes; (Al-Farsi et al., 2015; Sohail et al., 
2011). This method allows the reduction or the almost complete removal of water, which is the driving factor for the development 
of microorganisms and ferments inside food (Priecina and Karklina, 2014), in a relatively short time. However, after its application, 
changes in the quality of the product, both from a visual (i.e., colour) and chemical (i.e. nutrient content) point of view can occur (Amit 
et al., 2017; Oliveira et al., 2016). 

     Over the years, studies on food preservation have brought enormous advancements in this area, generating modern, very efficient, 
but expensive, methods of maintaining food integrity. Among them, freeze-drying, or lyophilization, is considered the most promising 
one (Novak et al., 2020), being able to almost completely dry the product with just small alterations to its nutritional value (Bhatta et 
al., 2020). Drying under freezing (i.e., sublimation) and in anoxic conditions may, in fact, ensure the complete dehydration of the prod-
uct with very small influence on its nutritional characteristics (Bhatta et al., 2020). However, negative changes in the quality of some 
vegetable products, after freeze-drying, have also been highlighted (Poiana et a., 2020; Shofian et al., 2011).
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     The consumption of vegetables is essential for the achievement of human health and well-being (Grumezescu et al., 2018; Javed et 
al., 2019) because they contain numerous health-promoting molecules (such as vitamins, organosulphur, carotenoids, carbohydrates, 
and antioxidants;(Singh et al., 2015; Arya et al.,2019) that the human body is unable to produce itself. The regular consumption of veg-
etables, in fact, may ensure physiological well-being and reduce the risk of incidence of pathologies, such as cardiovascular diseases, 
diabetes, and cancer (Ramya et al., 2019). However, following the application of preservation methods, the nutritional profile of vege-
tables can be altered, either from a positive or negative point of view (Vyankatrao et al., 2014; Kamiloglu et al., 2016; Neri et al., 2020). 
Therefore, the choice of the best method to preserve the quality of plant food should be carefully investigated on a case-by-case basis.

     The elephant garlic (Allium ampeloprasum L.) cultivated in Valdichiana (locally known as “Aglione della Valdichiana”), an agricultural 
area located in SE Tuscany (central Italy), is a traditional crop plant, which has recently undergone an important re-evaluation both 
from the nutritional and commercial point of view (Loppi et al.,2021; Vannini et al., 2021). From the nutritional point of view, elephant 
garlic is similar to common garlic, but with a much milder effect on human breath due to a much lower allicin content and a better 
digestibility owed to the lower fiber content (Ceccanti et al., 2021). The overall production of Aglione della Valdichiana is about 150 
t y-1 and the product is commonly placed on the market about one month from harvest, after a period of air-drying, the traditional 
drying process. In this way, post-harvest preservation may last 6-8 months. Air-drying elephant garlic heads reduces the water content 
by approximately 20% (Loppi et al., 2021), but the effect of this process on the nutritional profile, to the best of our knowledge, has 
never been investigated. Similarly, also the effect of lyophilization has never been investigated. This study thus aimed to investigate if 
air-drying and freeze-drying change the nutritional properties of elephant garlic from Valdichiana.

Materials and Methods 
Sample collection 

     Plants of elephant garlic Allium ampeloprasum (L.) were collected from three traditional cultivation fields located in the Valdichiana 
(Chiana plain) during June 2021. Each farmer provided five randomly selected fresh heads of elephant garlic, each composed of five 
cloves. In the laboratory, one clove was randomly taken from each head (statistical replicate) and then immediately analyzed for its 
nutritional properties (fresh samples). At the same time, another clove was randomly taken from each head and then freeze-dried 
(freeze-dried samples). The remaining samples were left in a sun-sheltered and ventilated place at a temperature of 25 ± 5°C and rela-
tive humidity in the range 55-60% for four weeks. After this time, another clove was randomly taken from each head and analyzed for 
the content of nutritional molecules; these cloves (air-dried samples) simulate the product in its “market conditions”. The experiment 
was replicated three times.

Sample preparation

     Both fresh and air-dried samples were peeled, finely chopped using a stainless-steel knife, and immediately analyzed for their nu-
tritional content. Instead, freeze-dried samples were peeled, finely chopped, frozen at -80°C for 24 hours, and then freeze-dried for 
48 hours using a freeze-dryer Lio SP (5Pascal, Milan, Italy) equipped with a Edwards RV3 oil vacuum pump (operating conditions: T 
= - 50°C, P = 0.2 mbar).

Nutraceutical analysis

     The analyses carried out in this work followed the methods reported by Loppi et al. (2021) for the investigation of the nutritional 
features of elephant garlic cultivated in Valdichiana. The water content of samples was determined after oven-drying at 65°C for 24h. 
All values are expressed on an oven-dry wet basis. All analyses were run in triplicate.
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Soluble proteins

     The method described by Bradford (1976) was followed. Samples (approx. 0.1 g) were homogenized in 4 mL H2O and centrifuged at 
4000 rpm for 5 min.; subsequently 0.2 mL of the supernatant were added to 0.8 mL of Bradford solution (Sigma-Aldrich, Darmstadt, 
Germany). The absorbance of the samples was read at 595 nm with a UV-VIS spectrophotometer (Agilent 8453, Santa Clara, CA, USA). 
The quantification was obtained with a 10-100 µg/mL calibration curve with bovine albumin (Sigma-Aldrich, Darmstadt, Germany). 
The results are expressed as mg g-1 of bovine albumin equivalent (BAE).

Polyphenols

     The method described by Henriquez et al. (2010) was followed, with minor modifications. Samples (approx. 0.1 g) were homog-
enized in 4 mL of 70% acetone and centrifuged at 4000 rpm for 5 min. 0.5 mL of the supernatant were added to 0.125 mL of the Fo-
lin-Denis’ reagent (Sigma-Aldrich, Darmstadt, Germany), 0.750 mL of a saturated NaCO3 solution, and 0.950 mL of deionized water. 
The solution was then left at 36° for 30 min and then centrifuged again. The absorbance of the samples was read at 750 nm with a 
spectrophotometer (Agilent 8453, Santa Clara, CA, USA). The quantification was obtained with 30-300 µg/mL a calibration curve with 
gallic acid (Sigma-Aldrich, Darmstadt, Germany). The results are expressed as mg g-1 of gallic acid equivalent (GAE).

Flavonoids

     The method described by Heilmer et al. (2005) was followed. Samples (approx. 0.5 g) were homogenized in 2 mL of 80% ethanol 
and then centrifuged at 15,000 rcf for 5 min. The supernatant (300 µL) was added to 45 µL of a 10% AlCl3 solution, at which 300 µL of 
a 1M NaOH solution and 360 µL of deionized H2O were then added. The absorbance of the samples was read at 517 nm with a spectro-
photometer (Agilent 8453, Santa Clara, CA, USA). The quantification was done by using a calibration curve (5-200 µg/mL) of quercetin 
(Sigma-Aldrich, Darmstadt, Germany). The results were expressed as mg g-1 of quercetin equivalent (QE).

Free radical scavenging activity

     The method described by Brand-Williams et al. (1995) was followed, with modifications. Samples (approx. 0.1 g) were homoge-
nized in 2 mL of 80% ethanol and then centrifuged at 15,000 rcf for 5 min. The supernatant (100 µL) was added to 1 mL of a DPPH 
(Sigma-Aldrich, Darmstadt, Germany) solution made by dissolving 3.9 mg of this reagent in 0.1 L of methanol/water (80:20v/v). All 
preparations were left in dark conditions (1 h) and their absorbance read at 517 nm with a spectrophotometer (Agilent 8453, Santa 
Clara, CA, USA). Results were expressed as % Antiradical Activity (ARA%) according to the formula:

ARA% = 100x(1–sample ⁄ control)

Where control indicates the absorbance of the reagents only.

Starch

     The method described by Lebon et al. (2004) was followed. Samples of (approx. 0.1 g) were homogenized in 4 mL of DMSO and 
then 0.5 mL of 8 M HCl were added. The extract was left at 60°C for 30 min, and, 0.5 mL of 8 M NaOH were then added. The resulting 
mixture was brought to 10 mL with deionized water. Subsequently, the samples were centrifuged at 4000 rpm for 5 min and 0.5 mL of 
the supernatant were added to 2.5 mL of a Lugol solution (HCl 0.05 M-0.03% I2, 0.06% KI); the mixture was left to react for 15 min. 
Samples were read at 605 nm with a spectrophotometer (Agilent 8453, Santa Clara, CA, USA). The content of starch was quantified 
using a 10.0-440 μg/mL calibration curve prepared with pure starch (Merck KGaA, Darmstadt, Germany).

Soluble sugars and Total Sweetness Index (TSI)

     The method described by Fedeli et al. (2022) was followed. Samples (approx. 0.1 g) were homogenized in 2 mL of deionized water 
and then centrifuged at 15,000 rcf for 5 min. The supernatant was filtered using a syringe filter (0.45 µm) and then analyzed by HPLC 
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(Waters 600 system, MA, USA) combined with a Waters 2410 refractive index detector (MA, USA). Deionized water was used as mobile, 
eluted at 0.5mL/min, and a Waters Sugar-Pak I ion-exchange column (6.5 × 300 mm) maintained at 90°C using an external tempera-
ture controller (Waters Column Heater Module, MA, USA), as separator. Quantification of sucrose, glucose, and fructose was obtained 
using 0.1-20 mg/mL calibration curves prepared by diluting the 3 pure sugars (Merck KGaA, Darmstadt, Germany) in deionized water. 
The total sweetness index (TSI) was calculated according to the formula proposed by Clarke et al. (1995), often used in past studies on 
different food products (Fedeli et al.,2022; Magwaza et al., 2015; Chen et al., 2019).

Content of allicin

     The method described by de Diego et al. (2007) was followed. Samples (approx. 0.5 g) were homogenized in 2 mL of an ethanol/
water solution (50%/50%). Then, samples were centrifuged at 4000 rpm for 10 minutes, filtered at 0.45 µm and directly analyzed by 
means of a Waters 600 HPLC system (MA, USA). Allicin was separated using methanol/water (50%/50%) eluted at 1.0 mL/min and an 
Agilent C18 column (150x4.6 mm with 5 µm of particle size). Runs were monitored at 242 nm using a Waters 996 Photodiode Array 
Detector (PAD). Allicin was quantified by means of a calibration curve (40–160 µg/mL) prepared by dissolving the pure compound 
(DBA Italia s.r.l.; Milan, Italy) in an ethanol/water solution (50%/50%).

Statistical analysis

     The significance (p<0.05) of differences between the drying methods was checked by the pair wise t-test, correcting for multiple 
comparisons according to Benjamini and Hochberg (1995). Data normality was checked using the Shapiro-Wilk test. All calculations 
were run using the R software (2022).

Results 

     The water content of fresh, air-dried, and freeze-dried samples was remarkably different (Tab. 1), with reductions by ca. 20% and 
80% for air- and freeze-dried samples, respectively.

     Compared to fresh samples, air-dried samples showed reductions in the content of starch (-22%) and the expression of the total 
antioxidant power (-46%), while freeze-dried samples showed reductions for all the investigated parameters (ca. -40%), except for 
the content of sucrose (Tab. 1).

     Differences between air-dried and freeze-dried samples emerged for the content of polyphenols (32%), soluble proteins (36%), 
glucose (37%), fructose (37%), as well as in the expression of the total sweetness index (27%), with lower values always observed in 
freeze-dried samples (Tab. 1). Statistically significant differences in the content of allicin did not emerge (Tab. 1).

Fresh Air-dried Freeze-dried
Water content % 84.1 ± 0.1 a 64.1 ± 0.1 b 4.0 ± 0.1 c
Antioxidants (ARA%) 24.0 ± 2.1 a 12.8 ± 1.4 b 16.2 ± 2.7 b
Polyphenols (mg g-1) 2.0 ± 0.1 a 1.9 ± 0.2 a 1.3 ± 0.1 b
Soluble proteins (mg g-1) 25.8 ± 0.9 a 26.0 ± 0.8 a 16.7 ± 0.3 b
Starch (mg g-1) 3.6 ± 0.1 a 2.8 ± 0.5 b 2.1 ± 0.1 b
Sucrose (mg g-1) 12.6 ± 1.4 a 11.3 ±0.5 a 11.1 ± 0.9 a
Glucose (mg g-1) 5.5 ± 0.3 a 4.8 ± 0.2 a 3.0 ± 0.2 b
Fructose (mg g-1) 5.6 ± 0.3 a 4.8 ± 0.2 a 3.0 ± 0.2 b
Total sweetness index (TSI) 25.2 ± 1.7 a 22.1 ± 0.6 a 16.2 ± 1.0 b
Allicin (mg g-1) 0.36 ± 0.12 a 0.29 ± 0.12 a 0.38 ± 0.02 a

Table 1: Nutraceutical parameters (mean ± standard error) in fresh, air-dried, and freeze-dried samples of Allium ampeloprasum. 
Different letters indicate statistically significant (p<0.05) differences.
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Discussion

     The total antioxidant power of plant-based products or whole plants can correspond to the sum of the individual amounts of com-
pounds with an antioxidant activity present in their tissues, generally resumed as carotenoids, polyphenols, alkaloids, nitrogen-con-
taining, and organosulphur compounds (Nayak et al., 2015). Those compounds are, perhaps, very labile since the application of com-
mon food preservation methods, such as drying and freezing, may alter their content. In fact, both drying and freezing can reduce the 
total antioxidant power of both fruits and vegetables as a consequence of reactive oxygen species (ROS) overproduction (Bhatta et al., 
2020; Lohachoompol et al. 2004; Hung et al., 2012; Tan et al., 2021). Dehydration, increases in respiration, and cellular damage are the 
main features responsible for this process (Baek et al., 2012; Meitha et al., 2020), which, in turn, causes the utilization of the whole an-
tioxidant pool to counteract the oxidizing action. However, also food manipulation, such as cutting, can have a relevant role in reducing 
the total antioxidant power of plant-based food (Opara et al., 2010; Cocetta et al., 2014) since, after cutting, the oxidation of the sample 
increases and oxidizing enzymes from damaged cells can be released (Opara et al., 2010; Bravo and Mateos, 2008). Hence, reductions 
in the anti-radical scavenging activity of both air-dried and freeze-dried samples of A. ampeloprasum may have occurred following two 
main processes: either the application of the drying and freezing method or the manual chopping of the samples that happened before 
(in the case of freeze-dried samples) or after (in the case of air-dried samples) the application of the preservation methods.

     Polyphenols are the main representative family of antioxidants in vegetables, composed of phenolic acids, flavonoids, stiblins, phe-
nolic alcohols, and lignans, well-known molecules which provide beneficial effects for human health (Abbas et al., 2017). Although 
their amount seems related to the expression of the total antioxidant power, their concentration can remain unchanged even if reduc-
tions in the total antioxidant power can be observed (Sang et al., 2014; Santarelli et al., 2020). Consistently, a reduction in the content 
of polyphenols was not observed in air-dried elephant garlic samples. Nevertheless, polyphenol decrease in freeze-dried samples may 
have been caused by the additional release of enzymes from the cells following their destruction as a result of freezing (Shofian et 
al., 2011). In support of this view, reductions in the content of polyphenols following freeze-drying were observed in fruits of mango 
(Mangifera indica L.), tomato (Lycopersicon esculentum L.), strawberry (Fragaria ananassa L.), sweet cherry (Prunus avium L.), and 
sour cherry (Prunus cerasus L.) (Poiana et al., 2010; Tan et al., 2021; Rahman et al., 2015).

     Starch is an insoluble polysaccharide consisting of polymers of α-glucose, synthesized by plants as a storage carbohydrate, and 
therefore, as an energy source for cellular metabolism (Raigond et al., 2015). A decrease in starch content after harvest can occur in 
fruits as a consequence of its use for sugar production (MacRae et al., 1992; Wegrzvn and Elspeth, 1995), but in samples of air-dried 
elephant garlic, this starch reduction was not observed. Nevertheless, a reduction in starch without an increase in soluble sugars was 
observed in samples of common garlic (A. sativum L.) even several months after harvest (Mashavekhi et al., 2016), suggesting that 
a decrease in starch content but not followed by an increase in sugar may be the rule for Allium species. The reduction of starch in 
freeze-dried samples, instead, may have occurred as a consequence of starch degradation generated by freezing (Feng et al., 2020), a 
process well-known to alter its physical properties, as well as its chemical reactivity (Oyinloye et al., 2020).

     A similar effect of freezing on molecules with nutritional value was also observed for the content of soluble proteins, which de-
creased by ca. 35%. Proteins are thermolabile molecules, easily subjected to unfolding after cooling and freezing, a consequence of 
the combination of three main factors, technically called low temperature, freeze-concentration, and ice formation (Bhatnagar et al., 
2007). Following these processes, in fact, proteins face structural damage which may subsequently affect their chemical reactivity (Roy 
and Munishwar, 2004). Sugars can protect protein unfolding during drying (Tang et al., 2005; Tonnis et al., 2015), but this protection 
is not enough to totally protect from the damage that occurs as a consequence of the stronger action of freeze-drying (Allison et al., 
1999). Following freeze-drying, reductions in the content of some soluble sugars (such as glucose and fructose) were also observed. 
We speculate that this effect is most likely due to the binding of sugars with proteins, which occurred as a consequence of the sample 
freezing (Tang et al., 2005). We assume that this binding, although partially reversible, would have been able to reduce the content of 
sugars that could be separated, and therefore, analyzed by HPLC. However, further evidence of this process is necessary.
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     The concentration of soluble sugars and the taste of plants are strictly intercorrelated (McCaughey et al., 2008). Freeze-drying re-
duced the total sweetness of elephant garlic, thus reducing also its palatability, a fundamental feature for the enjoyment of the product.

     Allicin is an organosulphur compound produced by garlic following its conversion from alliin, which occurs after clove breakage. 
This molecule, naturally produced as a defense against predation, has important features for human health, such as anti-cancer, anti-
bacterial, and anti-diabetic properties (Borlinghaus et al., 2014). The amount of allicin measured in this study is consistent with the 
0.4 mg/g reported in the literature (Kim et al., 2018). Differences in the content of allicin between fresh, air-dried, and freeze-dried 
samples were not observed, suggesting that the preservation method does not influence the concentration of this compound.

Conclusion

     Two different methods, i.e. air-drying and freeze-drying, of preservation of elephant garlic cultivated in Valdichiana have different 
effects on the nutritional traits of this traditional crop plant. Compared to fresh samples, the traditional air-drying method causes 
significant reductions only in the total antioxidant power (-46%) and in the starch content (-22%), while the modern freeze-drying 
method negatively affects almost all the investigated parameters overall by about 40%. The content of allicin is not changed by the 
preservation method.

     In conclusion, although freeze-drying is considered one of the best methods for preserving plant-based food, attention should be 
paid to the effect of this process on the nutritional characteristics of the product. Lastly, since freeze-drying is a widely-used method of 
sample preparation prior to nutritional analysis, its use for this objective should be strongly reconsidered.
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