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Abstract

:

Several plant extracts are being investigated to produce edible coatings, mainly due to their antioxidant and antimicrobial activities. In this study, licorice root extracts were produced by ultrasound-assisted extraction and were combined with chitosan to elaborate edible coatings. Different solvents and temperatures were used in the extraction process, and the antioxidant and antimicrobial activity of the extracts were assessed. The most bioactive extracts were selected for the development of the edible coatings. The rheological properties of the coatings were studied, and they were applied on strawberry to evaluate their physicochemical and microbiological properties. The addition of licorice extract to chitosan resulted in positive effects on the rheological properties of the coatings: the incorporation of phytochemicals to chitosan decreased the shear stress and improved the restructuring ability of the coating solutions. The films presented a reduction of the Burger model parameter, indicating a reduction of rigidity. Furthermore, the strawberry coated with chitosan and licorice extract maintained good quality parameters during storage and showed the best microbiological preservation in comparison with controls. Hence, the use of chitosan with licorice extract is a potential strategy to produce edible coating for improving the postharvest quality of fruits.
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1. Introduction


An increase in consumer requirements for safe food has led to the development of new improved packaging systems, including active, intelligent and edible materials. The use of edible biopolymers in food-packaging applications has become an alternative due to their film-forming properties and environmentally friendly behavior [1]. Edible coatings and films are different: edible films are used as wrapping packaging materials, while edible coatings can be directly applied on the surface of food products [2]. Edible coatings are natural, safe and ecologically friendly substitutes, suitable to be applied to reduce water transfer, gaseous exchange and oxidation of fresh products [3]. The edible coatings should preserve the quality, nutritional value and texture of food products by reducing moisture loss and oxygen effects, while maintaining adherence, without altering the original taste and odor [4]. Furthermore, the combination of natural food grade substances in the coating should improve the physical properties of the formed films [5]. In fact, the rheological properties of the film-forming solution, such as thickness, spreadability and uniformity of the liquid coating layer, and the film performance, can be significantly affected by the type and composition of the coating constituents, such as polysaccharides, protein, hydrocolloid or composite materials. In general, a reduction in the solution’s viscosity provides a processing advantage during high-shear processing operations, whereas high apparent viscosity at low-shear rates provides a better application by dipping [4].



Chitosan is a cationic biopolymer that can be mainly obtained from the deacetylation process of chitin, a renewable natural resource [2] which is widely used in the coating of fresh products. Biological properties have been attributed to chitosan, such as antibacterial and antifungal properties [6]. Then, the application of this substance has been applied in several areas such as agriculture, cosmetic, pharmacy and also food industry [7].



Chitosan has been studied and used for coating fish, meat, fruits and vegetables, to improve the quality and extend the food shelf life [8]. In addition, chitosan can be combined with other functional compounds with antioxidant, antimicrobial or other activities, to enhance the quality and efficacy of the coating [9]. Antioxidants, antimicrobial agents, coloring agents, flavors, nutrients, prebiotics and probiotics are examples of functional compounds that can be incorporated into edible chitosan-based coatings [10]. Particularly, for the case of strawberry (Fragaria × ananassa), some works studied the application of chitosan-based coatings [11,12] but a relatively high moisture permeability was reported [2]. Then, the incorporation of natural bioactive compounds such as nisin, natamycin, pomegranate, grape seed extracts [13], aloe vera gel [14], Thymus capitatus [15] and Mentha spicata essential oils [16] and green tea extract [17], were studied, with the aim of enhancing the performance of the edible coating and the preservation of strawberry. This fruit has been intensively studied, because it is highly consumed [18] and is a relevant source of bioactive compounds such as vitamin C, vitamin E, β-carotene and anthocyanins [19]. Nevertheless, several factors can reduce the fruit quality and limit its commercialization, such as intrinsic physiology, physiological and mechanical lesion, fungal infections and postharvest decay [20,21,22].



On the other hand, licorice is a traditional therapeutic herb, which grows in various parts of the world, and is well recognized due to its bioactive properties, including antioxidant, anti-fungal, anti-ulcer, anti-inflammatory, as well as anticancer and antiviral. Licorice was commonly used in traditional medicine recipes for the treatment of respiratory complaints, inflammatory disorder and liver problems [23,24]. Accordingly, licorice extracts, particular those obtained from the root, were studied as natural food preservatives. Jiang et al. [25] investigated the efficacy of the addition of licorice extract in the preparation of meat patty to inhibit lipid oxidation during refrigerated and frozen storage. Qui et al. [26] combined chitosan citric acid and aqueous licorice extract to preserve the quality of sea bass (Lateolabrax japonicas) fillets by preventing lipid oxidation and microbial growth and thus extending the fish shelf life. Mandanipour et al. [27] evaluated the influence of an ethanolic licorice extract combined with chitosan for controlling blue mold and extending the shelf life in the postharvest storage of apples.



Different methods have been employed for the production of extracts. Among these, the ultrasound-assisted extraction (UAE) is a versatile, flexible and efficient technique employed for the extraction of bioactive compounds [28] due to its high reproducibility, and it is very appreciated for the reduction of solvent consumption [29]. Application of ultrasounds causes the implosion of the solvent cavitation bubbles, leading to the disruption of the vegetal cell membranes. This action facilitates the penetration of solvent into the cells, thereby improving mass transfer and increasing the releasing bioactive compounds.



In this study, ultrasound-assisted extraction of licorice root was studied, using solvents of different polarities, to examine the bioactive composition and the antioxidant and antimicrobial activity of the extracts. Selected extracts were tested for the elaboration of chitosan-based edible coatings. The rheological properties of the coating solutions were studied to assess their ability to form films. Furthermore, the rheological properties of the films were analyzed in order to determine the influence of the incorporation of licorice extract. Finally, a study to evaluate the effect of the application of the edible coatings on strawberry was accomplished, considering the physicochemical and microbiological characteristics of the berries during storage.




2. Materials and Methods


2.1. Chemicals and Fruit


Sodium carbonate anhydrous (99.5% purity) and ethanol (99.5% purity) were purchased from Panreac (Barcelona, Spain). Folin–Ciocalteu reagent, Gallic acid standard (>98% purity), (±)-6-hydroxy-2.5.7.8-tetramethyll-chromane-2-carboxylic acid (Trolox, 97% purity), 2.2-diphenyl-1-pycrilhydrazyl (DPPH, 95% purity), chloramphenicol (≥98% purity), low molecular weight chitosan deacetylated chitin, tween-20, tween-80, acetic acid (≥99.5% FCC, Food Grade), glycerol (>99%, FCC, FG), isoliquiritigenin, liquiritin, glycyrrhizic acid ammonium salt, liquiritigenin and glabridin, were purchased from Sigma–Aldrich (St. Louis, MO, USA). BBL Mueller Hinton II Broth and Difco Wilkins-Chalgren Agar were purchased from Becton, Dickinson and Company (France). Sodium hydroxide (ACS, Reag. Ph Eur, ISO) was purchased from EMSURE®, Merck (Germany).



Strawberries were purchased from a local market. They were brought to the lab for the experimental studies and used immediately. Strawberries were selected for uniformity of color, shape and size and with the absence of physical defects or decay.




2.2. Preparation of Licorice Extracts


Roots of licorice were obtained from Murciana herbalist’s (Murcia, Spain) and ground using a Premill 250 hammer mill (Lleal S.A., Granollers, Spain). Then, UAE using an ultrasonic probe (Branson Digital Sonifier 550 model, Danbury, CT, USA) with an electric power of 550 W and frequency of 60 kHz was accomplished. The extractions were carried out for 15 min with a plant/solvent ratio of 1:10, at temperatures of 25 and 50 °C. Four different solvents were used: ethanol, methanol, ethanol:water (50:50) and methanol:water (50:50) (Table 1). The extracts obtained were stored at −20 °C until their use.




2.3. Content of Total Phenolic Compounds (TPC) and Antioxidant Activity


The content of TPC of licorice extract was determined following the method of Folin–Ciocalteu [30]. Initially, 10 μL of extract was mixed with 600 μL of milliQ water and 50 μL of Folin–Ciocalteu reagent. The content was thoroughly mixed and after 3 min, 150 μL of sodium carbonate solution (20% mass) and 190 μL of milliQ water were added to the mixture. After 2 h at room temperature in darkness, the absorbance was measured at 760 nm using a Genesys 10S UV-Vis spectrophotometer (Thermo Fischer Scientific Inc., MA, Waltham, USA). The results were expressed as GAE (mg of gallic acid equivalents/g of extract).



The ability of licorice extracts to scavenge DPPH free radicals was determined according to the method described by Brand-Williams et al. [31]. For the reaction, 25 µL of samples were added to 975 µL of DPPH radical in ethanol (6.1 × 10−5), which was prepared daily. The reaction took place at room temperature, in the dark, until it reached a plateau. Then, the absorbance was measured at 515 nm in a Genesys 10S UV-Vis spectrophotometer (Thermo Fischer scientific, Waltham, MA, USA). The DPPH concentration in the reaction medium was calculated from a calibration curve (linear regression). A control sample, containing the same volume of solvent instead of the extract, was used to measure the maximum DPPH absorbance. Trolox was used as a reference standard, so results were expressed as TEAC values (µmol Trolox/g extract). All analyses were done in triplicate.




2.4. Determination of Antimicrobial Activity of Licorice Extracts


The licorice extracts were tested against a Gram-positive bacterium, Staphylococcus aureus ATCC 25923, and a Gram-negative bacteria, Escherichia coli ATCC 25922, following the methods described by Quintana et al. [32]. These tests were carried out to assess a general comparison of the antimicrobial capacity of the extracts and decide which of them could be the most effective for the edible coating. A broth microdilution method was used for the determination of IC50 values (i.e., the concentration required to obtain 50% inhibition of growth after 24 h of incubation at 37 °C). All tests were performed in Mueller–Hinton broth supplemented with 0.5% tween-20. The inoculum of bacterial strains was prepared from overnight Mueller–Hinton broth cultures at 37 °C. Test strains were suspended in Muller–Hinton (bacteria) broth to give a final density 107 CFU(Colony forming units)/mL. The extract and fractions were diluted in ethanol ranging from 1 to 50 mg/mL. The 96-microwell plates were prepared by dispensing into each well 185 μL of culture broth, 10 µl of the different extract’s dilutions, antibiotic solution (chloramphenicol as positive control) or solvent (ethanol as negative control), and 5 µL of the inoculums. In addition, blanks were prepared by adding 190 µL of broth medium to the solvent or licorice extracts wells. The final volume of each well was 200 µl. After dispensing the inoculum, the plates were read in an Infinite 200 PRO plate reader (TECAN, Trading AG, Männedorf, Switzerland) spectrophotometer at 620 nm for T0 (Zero Time). Then, the plates were incubated at 37 °C for 24 h and the absorbance was read for TF (Final Time). Each test was performed in triplicate and repeated twice.




2.5. HPLC Analysis


High Performance Liquid Chromatography (HPLC) analysis was performed as previously described by the authors [33] to identify and quantify main bioactive compounds of licorice, i.e., isoliquiritigenin, liquiritin, glycyrrhizic acid, liquiritigenin and glabridin. A Prominence-i LC-2030C 3D Plus (Shimadzu) unit equipped with a quaternary solvent delivery system, an autosampler, diode-array detection (DAD) detector and a RP-C18 (250 × 4.6 mm; 3 μm) column was used. The column temperature was set at 25 °C. The mobile phase was 0.026% aqueous H3PO4 (v/v) (A) and acetonitrile, applying the following gradient elution: 80–75% (0–20 min), 75–66% (20–30 min), 66–50% (30–50 min), 50–40 (50–60min) and 40% (60–80min) of A. After 5 min, the initial conditions were achieved. The flow rate was 0.7 mL/min and was kept constant during analysis. Injection volume was 20 μL and detection was accomplished at 254, 280 and 370 nm. Calibration curves with the standards were used to determine the content of these bioactive compounds in the different extracts.




2.6. Preparation of Coating Forming Solutions


Edible coatings were prepared with chitosan and the addition of different amounts (1% and 5%) of the licorice extract (LE). Chitosan solution was prepared following the procedures described by Ali et al. [34] with some modifications. Briefly, 4.0 g of chitosan was dissolved in 200 mL of distilled water containing 1.0 mL of glacial acetic acid. The solution was heated with constant stirring for 12 h. The pH of the solution was adjusted to 5.5 with 1 N NaOH, and 0.2 mL of tween-80 was added as emulsifier. Then, 1% or 5% of licorice extract was added and homogenized using an Ultra Turrax homogenizer (T18 basic IKA, Staufen, Germany) at 7500 rpm for 3 min.



2.6.1. Rheological Properties of Coating Solutions and Films


Rheological assay was done in order to evaluate the steady and viscoelastic properties of edible coating solutions employing a modular advanced rheometer system Mars 60, Haake (Thermo-Scientific, Karlsruhe Germany), equipped with a coaxial cylinder (inner radius 12.54 mm, outer radius 11.60 mm, cylinder length 37.6 mm).



Steady-State Shear Test


The continuous shear test was performed at a temperature of 25 °C, over a shear rate in the range of 10−3 to 103 s–1, to study the influence of the natural extract on the rheological behavior. Experimental data were fitted to the rheological Power Law model, according to Equation (1):


  σ   =   K   γ ·  n   



(1)




where  σ  is the shear stress (Pa),   γ ·   is the shear rate (s−1),  K  is the consistency coefficient (  Pa ·  s n  )   and  n  is the flux index (dimensionless).




Oscillatory Test


The stress amplitude sweep test was carried out within the range of 0.01 to 1000 Pa and with angular frequency of 0.1 Hz on all samples, in order to determine the linear viscoelastic regime (LVR). Based on the results of these experiments, the frequency sweep was done at 0.1 Pa, to keep the stress in the LVR, within the range of 0.01 to 100 rad·s−1. Thermo-viscoelasticity properties were investigated in a ramp temperature from 20 to 80 °C, under constant frequency (0.1 Hz) in the LVR and at a heating rate of 5 °C/min. Dynamic data were obtained in oscillatory shear experiments. The data recorded include the storage modulus      G ′      which provides the elastic component, the loss modulus (   G ″   ) which is related to the viscous component of the material and the loss tangent (Tan δ) which is the ratio G″/G′ and provides the ratio of elastic to viscous response of the material under consideration.




Preparation of the Film


In order to evaluate the influence of the addition of licorice extracts to chitosan on the ability of the coating solutions to form films, the casting method [35] was used to prepare the films. The coating solutions were casted in sample holder followed by drying at 47 °C for 12 h. The dried films were peeled and stored in a desiccator containing silica gel to prevent moisture absorption. Films of 0.5 mm of thickness were obtained.




Creep and Recovery


The rheological measurement of films was conducted using a parallel plate geometry (diameter 35 min, gap 0.5 mm). The storage modulus (   G ′   ) and loss modulus (   G ″   ) were measured from 0.1 to 20 rad·s−1 at 25 °C in the LVR. Creep and recovery tests were performed at 25 °C for each sample (with the same size). The tests were recorded at constant stress amplitude at 25 °C for 180 s, followed by release of the stress and recovery for 180 s. Creep curves were analyzed according to the Burgers model with one Kelvin-Voigt element [36] (Equation (2)):


  J   =    J o  +  J 1    1 − e x p     − t    λ  r e t         +  t   μ o     



(2)




where  J  is compliance,  t  is the time,    J o    is the instantaneous compliance (Pa−1),    J 1    is the retarded compliance (Pa−1),    λ  r e t       is the retardation time of Kelvin-Voight element (s) and    μ o    is Newtonian viscosity (Pa·s).






2.7. Application of Coatings on Strawberry and Quality Parameters


The strawberries were dipped into three different edible coating samples (chitosan, chitosan + 1% LE, and chitosan + 5% LE) for 1 min. Then, the fruits were air-dried, packed in commercial corrugated boxes and stored at 4.0 ± 1 °C. Uncoated strawberries were used as control. Twenty-five berries for each coating treatment were used and the experiments were performed in duplicate. Quality characteristics of control and coated fruits were determined during storing at 4.0 °C.



2.7.1. Fungal Decay Percentage


Strawberries were visually evaluated for the presence of mold growth during the storage time (10 days). Any strawberry with visible spoilage was considered to be decayed. Fungal decay percentage was calculated by using the following equation:


  F u n g a l   d e c a y    %    =     n u m b e r   o f   d e c a y e d   f r u i t s   t o t a l   n u m b e r   o f   f r u i t s   × 100  



(3)








2.7.2. Determination of Weight Loss


Strawberries were weighed just after coating and air drying. Then, berries’ weight was monitored during 10 days after coating. Weight loss was calculated as the percentage of loss related to initial weight (Equation (4)):


  W e i g h t   l o s s    %  =   I n i t i a l   w e i g h t − F i n a l   w e i g h t   I n i t i a l   w e i g h t   × 100  



(4)








2.7.3. Determination of pH and Titratable Acidity (TA)


Following the procedures describe by the Association of Official Agricultural Chemist -AOAC method [37], the pH was measured using a pH-meter. TA was determined by titrating the diluted juice (5 g fruit diluted in 95 mL distilled water) up to pH 8.2 using 0.1N NaOH. The results were expressed as the percent of citric acid (Equation (5)):


  TA =   V   NaOH   · 0.1 · 0.064  m  × 100    %   



(5)




where V(NaOH) is the volume (mL) of NaOH consumed for titration, 0.1 is the molarity of the NaOH solution, 0.064 is a conversion factor for citric acid and m is the mass of the aliquot sample taken for analysis. Measurements were done in triplicate.




2.7.4. Content of Total Phenolic Compounds (TPC)


Strawberries’ pulp was finely chopped and 5 g of it was extracted and homogenized with 10 mL of methanol. After a cleaning-up step via centrifugation (5 min at 4500 rpm and 25 °C) and filtration, the supernatants were recovered and allowed to stand at room temperature for evaporation of solvent. The experiments were done in triplicate. Total phenolic content of the extracted pulp was determined using the Folin–Ciocalteu method [30].




2.7.5. Microbiological Analysis of Strawberries


The microbiological analysis of strawberries during storage was measured according to Haiji et al. [38] with slight modifications. The mesophilic and psychrophilic bacteria and yeast count were considered the most comprehensive method to evaluate the microbiological quality of the strawberries. On day 1 and until day 10 of storage, 10 g of fruit was aseptically transferred into stomacher bags, and 100 mL of sterile saline solution was added to each sample. Serial decimal dilutions of the homogenized sample were prepared. Determination of total aerobic bacteria was carried out on Plate Count Agar (37 °C for 48 h). The enumeration results were signified as log CFU (colony forming units)/g.





2.8. Statistical Analysis


Two replicates were prepared for each coating treatment and for each day. Each sample was measured in triplicate. All data were expressed as mean ± standard error, and the statistical analysis of data was performed using R software version 3.6.2. The significant difference between the treatments (three coating treatments) and days were determined using one-way analysis of variance (ANOVA) with Tukey’s HSD (honestly-significant difference) test, grouping at the 95% confidence level.





3. Results and Discussion


3.1. Extraction Yield of Licorice Extracts and Quantification of Bioactive Compounds


Extraction yields are reported in Table 1, together with the deviations obtained in duplicate experiments. Taking into account the solvents used, extraction yield increased in the following order: ethanol, methanol, methanol:water (50:50) and ethanol:water (50:50). Based on the dielectric constants of the solvents (ethanol 24.3, methanol 32.7 and water 78.4, at 25 °C), it can be established that the addition of 50% water to the organic solvents and thus, the increase of solvent polarity, resulted in a significant increase of extraction yield (p < 0.05). Nevertheless, extraction temperature did not affect yield significantly (p > 0.05), at least in the range of temperatures explored (25 and 50 °C).



While the addition of 50% water to methanol produced nearly a 2-fold increase of extraction yield, the addition of 50% water to ethanol resulted in a 6.5-fold yield increase. Then, the combination of a medium polar solvent (ethanol) with a high polar solvent (water) was the most suitable alternative to obtain high yields in the extraction of licorice root. These results are in accordance to other reported extraction studies, such as the work of Nieto et al. [39] concerning the extraction of grape stems, Arranz et al. [40] in the extraction of marjoram with different ethanol:water mixtures, or Kaderides et al. [41] in the UAE extraction of pomegranate peels, reporting an increase in the extraction yield with an increase in solvent polarity. Moreover, it was found that the combination of solvents is more efficient for extraction of phenolic compounds than a single solvent [42].



The main well-known bioactive compounds of licorice (glycyrrhizin, glabridin, liquiritigenin, isoliquiritigenin and liquiritin) were identified and quantified by HPLC analysis and the results obtained are reported in Table 2. Values in the range of 79.0 to 157.9 mg of these bioactive compounds were determined per gram of the different extracts obtained. Except in the case of ethanolic extracts, the higher concentrations were determined for glycyrrhizin, followed by glabridin, and in considerably lower concentrations, liquiritigenin, isoliquiritigenin and liquiritin.



In the case of ethanolic extracts, the concentration of glabridin was higher than glycyrrhizin, while significantly lower concentrations were observed for the rest of the components. Glabridin, an isoflavan, and glycyrrhizin, a triterpene glycoside, are the most abundant and distinctive compounds of licorice roots with several recognized pharmacological properties [43,44]. While glabridin is nearly insoluble in water, the glycosylated sugars present in glycyrrhizin provides some polarity to this compound and thus is better extracted using water. Figure 1 shows the concentration of these compounds in the extracts (mg/g) obtained at 25 °C as a function of the dielectric constant of the solvent used. In the case of water:organic solvent mixtures, the dielectric constant was estimated as the weighted average of the pure solvent dielectric constants. As it can be observed in Figure 1, the extraction of glycyrrhizin increased considerably as the solvent dielectric constant increased, while the opposite effect is observed for the non-polar compound glabridin. Similar results were observed in the case of licorice root UAE extracts obtained at 50 °C.




3.2. TPC, Antioxidant and Antimicrobial Activity of Licorice Extracts


3.2.1. TPC and Antioxidant Activity


The TPC of licorice extracts (mg GAE/g), together with their antioxidant (DPPH test) and antimicrobial activities (IC50 values), are reported in Table 3. The extracts with the higher content of TPC were obtained with ethanol (ELe25 and ELe50), followed by methanol (MLe25 and MLe50), ethanol:water (EWLe25 and EWLe50) and methanol:water (MWLe25 and MWLe50), with values in the range 60–160 mg GAE/g extract. Figure 1 shows that the TPC values of the extracts obtained at 25 °C decreased when the dielectric constant of the solvent increased. Similar results were obtained at the extraction temperature of 50 °C. Then, it can be established that the addition of water to the organic solvents (methanol or ethanol) enhanced the extraction yields, while the TPC concentration decreased, maybe due to the extraction of other polar compounds, as suggested by Spingo et al. [45]. For example, the glycyrrhizic acid (GA) molecule has several hydroxyl groups and thus, it is easily soluble when extracted with polar solvents [46]. Then, higher concentrations of GA were obtained in the extracts produced using ethanol:water (EWLe25 and EWLe50) and methanol:water (MWLe25 and MWLe50).



Concerning the effect of temperature, an increase of the extraction temperature (25 to 50 °C) increases the TPC content, showing significant differences (p < 0.05). A similar positive effect of temperature on total polyphenols recovery has been previously reported, for example in the extraction of olive leaves [47]. However, it should be noted that extremely high extraction temperature may promote possible degradation of phenolic compounds, or may enhance solvent loss through vaporization [48].



As reported elsewhere, phenolic compounds significantly contribute to the antioxidant activity of plant extracts [49,50]. It is generally stated that the higher the TPC value, the higher the antioxidant activity. In this work, a positive relationship between the antioxidant activity (evaluated by the DPPH assay) and the TPC content was obtained, considering all licorice UAE extracts produced. Figure 2 shows the linear correlation (R2 = 0.974) obtained between TPC (mg GAE/g) and TEAC (µmol Trolox/g) values. Regarding the effect of temperature and following the observed tendency in the case of TPC content, for all solvents used, the increase of extraction temperature increased the antioxidant activity of the extract. As mentioned before, the extracts obtained using 50% water were those with the lower TPC values and thus, these extracts are those with the lower antioxidant activity (Figure 2). This result strengthens the hypothesis that the addition of water to the organic solvent enhanced the extraction of polar but non-antioxidant compounds.



Among the identified and quantified licorice bioactive compounds, only in the case of glabridin, the less polar identified polyphenol, did an increase of its concentration show a positive effect on the antioxidant activity of the extract.




3.2.2. Antimicrobial Activity


Table 3 reports the IC50 values (concentration of the extract necessary to attain 50% inhibition) of the licorice UAE extracts tested against a Gram-positive bacteria, Staphylococcus aureus ATCC 25923, and a Gram-negative bacteria, Escherichia coli ATCC 25922. The IC50 values corresponding to Chloramphenicol, an antibiotic useful for the treatment of a number of bacterial infections, are 0.09 mg/mL for S. aureus bacteria and 0.08 mg/mL for E. coli. Only extracts obtained using mixtures of water and organic solvent (methanol or ethanol) exhibit antimicrobial activity. In comparison with Chloramphenicol, the IC50 values of these extracts are around one order of magnitude larger for both types of bacteria. The observed antimicrobial activity may be related to the high glycyrrhizin concentration observed in these extracts (>130 mg/g) due to the recognized antimicrobial activity of this compound [51] and licorice extracts [32].




3.2.3. Selection of Licorice Extract for Preparing Edible Coatings


Considering the Food and Drug Administration recommendation for the use of non-toxic and environmentally safe solvents, such as ethanol [52], and the antimicrobial and antioxidant activity of samples, the extract produced with ethanol:water (50:50) at 50 °C (EWLe50) was selected and produced in sufficient amounts in order to prepare the edible coatings and carry out the study of strawberries’ preservation. This licorice extract (LE) can be produced with high yield (c.a. 25%), and contains 85.71 ± 3.07 mg GAE/g, moderate antioxidant activity (102.52 ± 0.49 µmol Trolox/g) and good antimicrobial activity (IC50 values of 0.84 ± 0.04 and 1.43 ± 0.06 mg/mL for E. coli and S. aureus, respectively).





3.3. Rheology of the Edible Coating Solution


The rheological properties of coating solutions are of great importance because they affect the structure and apparent viscosity of the film matrix. The uniformity, the spreadability and the thickness of the coating could be greatly influenced by the flow characteristics of the coating solution [53]. Different chitosan-licorice coating solutions were prepared employing 1% (Ch + LE-1) and 5% (Ch + LE-5) of the licorice extract EWLe50 and pure chitosan (Ch) was used as control. In order to obtain a good knowledge of fluid behavior, the viscosity and viscoelastic properties of coating solutions were measured to assess the processability of the coating.



3.3.1. Steady Rheological Properties


Figure 3a shows the flow curve of different samples: the changes observed in shear stress are a consequence of the addition of licorice root extract to chitosan control, due to the interaction between chitosan and licorice phytochemicals and complexation. All coating solutions exhibited the behavior of non-Newtonian fluid and can be adjusted to the Power Law model (Equation (1)). The model parameters (K and  n ) are given in Table 4, and high fitting degree (R2 > 0.994) was achieved. The K (consistency coefficient) values decrease significantly and  n  (flux index) values increase with the addition of LE. Chitosan solution presents a consistency coefficient of 0.469 ± 0.015 and flux index of 0.795 ± 0.005. Moreover, the samples Ch + LE-1 and Ch + LE-5 present K values of 3.72·10−4 ± 0.001 and 1.76·10−4 ± 0.001 and  n  values of 1.436 ± 0.018 and 1.503 ± 0.012, respectively.  n  values equal to 1 indicate the Newtonian fluids, lower than 1 indicate shear thinning fluids, while  n  values higher than 1 indicate a shear thickening behavior [54]. Then, the chitosan coating solution presents a shear thinning behavior due to alignment of molecules in the direction of flow, and a decrease of viscosity with the increase of shear rate. Similar results were obtain by Zhang [55] in a coating solution of chitosan/zein with the addition of alpha-tocopherol.



On the other hand, the addition of LE caused a decrease in the shear stresses and a non-Newtonian behavior. The shear thickening behavior (n > 1) observed in samples Ch + LE-1 and Ch + LE-5 are probably a consequence of particle hydro-clustering and an order-to-disorder transition. At large shear rates and stresses, convective and hydrodynamic force dominate over inter-particle force, and cause hydro-clustering of particles [56,57]. The rheological properties of coating solutions are consistently used among the literature to provide data on films’ microstructure, thickness, coating spreadability and uniformity on substrate. In general, highly viscous solutions retained air bubbles in the casting process, and low viscous solutions facilitated its spreading on the plate where the films were formed [58].




3.3.2. Dynamic Rheological Properties


The study of dynamic viscoelastic properties of coating solutions led to obtain information about the molecular entanglement and molecular network formation during drying [59]. The LVR used in this study was the maximum stress value in the flat region of storage modulus (   G ′   ) and stress curve. Stress value applied for Ch, Ch + LE-1 and Ch + LE-5 was of 0.1 Pa.



Figure 3b shows the frequency dependence of the storage (   G ′   ) and loss modules (   G ′   ) of the different edible coating solutions studied, from 0.01 to 100 rad·s−1. According to mechanical spectra (Figure 3b), increased    G ′    and    G ″    values were observed with the increase of angular frequency (ω), with    G ″    exhibiting a larger increase for all the samples in comparison with    G ′   . Higher    G ″    values were obtained for chitosan-licorice solutions, indicating that these solutions will behave as liquids during the mixer process for lower processing times. Then, to deform the material, the supplied energy would be lower in the case of the chitosan-licorice coatings [60].



Furthermore,    G ″    >     G ′     for the pure chitosan coating solution in the entire frequency range applied, without any crossover point observed, exhibited the typical behavior of liquid-like solutions [61]. But, in the case of chitosan-licorice solutions, crossover points were reached, indicating a longest time required for chain disengagement of the polymer structures in the solution [62,63]. This observed frequency dependence of    G ′    and    G ″    indicates that chitosan-licorice solutions are a useful class of materials to be applied as films in food coating, since they can enhance adhesiveness and the hardness of the coating solution.



Figure 3c shows the effect of temperature on    G ′    and    G ″    values of the edible chitosan and chitosan-licorice coating solutions for a heating rate of 5 °C/min in the LVR and 0.1 Hz frequency. The effect of temperature on the variation of    G ′    and    G ″    of the coating solutions exposes the phase transitions and elasticity and allows the selection of appropriate temperature ranges for the formulation and the application of the coating solution on the product.



For all coatings,    G ″    was higher than    G ′    in the whole range of temperatures studied, denoting the liquid-like behavior. Chitosan coating solution presents higher    G ′    values than samples with 1% and 5% of LE, the ones which present similar values. Gelatinization does not occur because the high temperatures accelerate the mobility of chitosan molecules in the solution and reduce the intermolecular hydrogen bonding interactions, removing energized water molecules surrounding the chitosan chains [64].




3.3.3. Rheological Properties of Edible Film


The physicochemical and functional properties of edible films, such as mechanical, rheological and optical properties, are directly related to their microstructure and the interaction between film components and the drying conditions [65]. The rheological properties of edible films were evaluated in order to analyze the influence of combining chitosan with licorice extracts in the coating solutions, and to assess the particular characteristics and modifications in comparison with using only chitosan.



All the films were flexible and easily detachable from the sample holder, without evident defects in the form of cracks or pores. Figure 4a shows the frequency dependence of storage modulus (   G ′   ) and loss modulus (   G ″   ) of films of Ch, Ch + LE-1 and Ch + LE-5. For Ch films,    G ′    >>    G ″    over the entire frequency range studied, indicating that chitosan film exhibits dominant elastic behavior.    G ′   >   G ″    in the case of Ch + LE-1, and the film presents a more robust network and exhibits a gel-like behavior. Finally, for Ch + LE-5 film,    G ″   >     G ′   ,   exhibiting a viscous behavior. Then, the addition of licorice phytochemicals to chitosan increases the viscous properties of film, displaying a variation in    G ′   . Tan δ (=    G ″   /   G ′   ) increase with the addition of licorice extract to chitosan and values become Tan δ ≈ 1, corroborating that the viscous quality of the film is greatly affected by the addition of LE and suggesting that the films containing LE have higher flexibility compared to the chitosan film and thus, they are more suitable than pure chitosan for application as edible food coatings.



The creep compliance data are shown in Figure 4b. The extensional creep curves of all films showed a typical behavior of viscoelastic material, with varying degrees of viscoelasticity. The compliance of films decreases with the addition of licorice extracts and with the percentage amount of extract added. It can be inferred that films became more flexible with the addition of LE to chitosan, indicating an interaction between LE phytochemicals with possible hydrogen bonds formation.



The creep results were simulated by applying the Burger model (Equation (2)) and a satisfactory description of the essential features of the film viscoelasticity was attained, with high correlation coefficients (R2 > 0.999) (Table 5). The parameters of the Burger model reflect the structure of any system, and the decreasing/increasing of these parameters shows the weakening/strengthening of the structure. The instantaneous compliance (   J o   ) of chitosan was 3.793, and decreased to 0.482 and 0.801 for Ch + LE-1 and Ch + LE-5 respectively, indicating a reduction of rigidity or strength [66,67]. The retarded compliance (   J 1   ) of chitosan was 1.408 mPa−1, decreasing to 0.481 and 0.626 respectively, with the addition of 1% and 5% of LE, indicating a reduction of the gel cohesive force and also a reduction of the resistance to deformation caused by the three-dimensional network structure [66,67]. Newtonian viscosity (   μ o   ) increased significantly with the addition of LE to chitosan, revealing that mechanical strength and mobility of polymer chains increased with the addition of LE to chitosan in the coating formulation.



Recovery percentages are an indirect measure of gel elasticity and the calculated values for the different coating films are given in Table 5. The recovery percentages of the films with LE extracts (83.78% and 51.09% for Ch + LE-1 and Ch + LE-5, respectively) were considerably higher than that of chitosan (35.82%). Then, the addition of licorice extract changed the viscous behavior and improved the elasticity of the films, with the Ch+LE-1 coating being the one which presents the highest recovery percentage (best gel elasticity).





3.4. Effect of Chitosan-Licorice Edible Coatings on Strawberries’ Quality


Four sets of strawberries were prepared to carry out the study of the effect of chitosan-licorice edible coatings on the fruit preservation: uncoated (control) fruit (C), coated with chitosan (Ch) and coated with Ch + LE-1 and Ch + LE-5. The samples were stored at 4 °C for 10 days.



3.4.1. Physicochemical Effects


In order to determine the effect of licorice extracts on the coated fruits, photographs were picked up during storage, which are shown in Figure 5. Pictures corresponding to 14 days of storage were also included in the figure, because the effect of coatings became very obvious. The coated strawberries presented a brilliant appearance, which was better than the uncoated sample.



The coated forming on berries depends on the rheological parameters of the coating solutions, which present different shear stress and viscoelastic properties. The amount of coating solution adhered to strawberry during application strongly depends on the viscosity and the surface tension of the coating solutions. The roughness on the surface of strawberries require formulations with ingredients that can reduce the coating solution surface tension, in order to ensure coating uniformity and absence of void holes [4]. The total sugars present in fruit can act as a plasticizer, interacting with the polymer chains and generating “free” volumes within the chains, weakening the intermolecular forces and, consequently, reducing the resistance of the films [68]. Some authors determined that solutions with high viscosity and low surface tension promote a better film-forming surface [69]. In this study, the chitosan coating solution presented a viscosity of 170 mPa·s, while lower values were observed in the case of chitosan-licorice solutions (4.40 and 2.10 mPa·s for Ch + LE-1 and Ch + LE-5, respectively). Nevertheless, despite the observed viscosity reduction, the addition of LE improved the viscoelastic properties and allowed a better surface extensibility on berries, forming thinning coatings with higher uniformity and adherence, which can be related with the better physical appearance observed (Figure 5). The application of coatings did not affect the color of berries, maintaining good visual quality and no water migration on the surface was observed.



The presence of mold was visually observed in the control sample on day 10 (Figure 6), while no mold was observed in the coated berries. Ch + LE-5 coating exhibits the best preservation of strawberry appearance. The fungal decay of samples is depicted in Figure 6. The percentage of fungal decay was higher in control samples, followed by chitosan samples, while chitosan-licorice coatings did not present fungal decay during 10 days of storage. The licorice extract increased the antimicrobial properties of chitosan, according to the antibacterial activity assessed in this study and in other studies available in the literature [32].



Figure 7 shows the weight loss of uncoated and coated samples with the different films throughout the cold storage time. Postharvest mass loss of fruits and vegetables is mostly due to moisture loss through transpiration, and is recognized to accelerate the susceptibility of fruit and vegetables to physiological disorders [70,71]. After only three days of storing, the uncoated sample presented less weight loss than the samples treated with any of the coatings. Nevertheless, on day 10, the barrier effect exerted by the coatings could be observed, since all coatings reduced the loss of fruit weight in comparison with uncoated samples, with the coatings containing Ch + LE-1 and Ch + LE-5 being more efficient than the one containing solely chitosan. For these coatings, weight losses of samples are lower than 2% after 10 days of storing. Similar weight loss values were obtained by Martínez et al. [15] using chitosan coatings combined with Thymus capitatus essential oil. Furthermore, these loss weight values were lower than those observed by Petriccione et al. [72] when studying different species of strawberry coated with 2% chitosan (weight losses of 7–9%) or Ventura-Aguilar [73] using an edible film of chitosan combined with a Roselle calyces extract (weight loss of 6%).



The effect of the different coatings in comparison with uncoated samples on the pH and titratable acidity (TA) of strawberries were also examined, since these properties are a measure of ripening effect. Fruit maturation produces the enzymatic reaction of sugars and the amounts of acids tend to decrease and the pH increases. The initial pH values of coated strawberries were slightly higher than uncoated samples (Figure 8a). Although there were some differences on day 1, pH values of coated samples did not change significantly during storage and no significant differences were observed between coated samples on day 10 (mean pH value is 4.05 ± 0.10), while a significantly higher pH value was obtained for the uncoated fruit (4.5 ± 0.20).



Furthermore, the TA values were significantly reduced (p < 0.05) both in coated and uncoated strawberries, but due to the nature of fruit organic acids, these usual decreases in fruit acidity during maturity did not induce a notable change in the pH value. As can be observed in Figure 8b, a significant decrease of TA values (p < 0.05) with storing time was observed in all cases, but differences between control and the different coatings were not significant. These results are in agreement with similar research conducted by Bhimrao et al. [74], who studied the extension of shelf life of strawberries using a coating formed with chitosan and whey protein isolate.




3.4.2. Total Phenolic Compounds Content and Microbiology Analysis


As stated before, the phenol content of a vegetal sample can be related with its antioxidant activity. Thus, the TPC content of the uncoated and coated strawberries was evaluated after 10 storing days, as an indicator of the coating antioxidant functional capacity (Table 6). The TPC values of uncoated strawberry on day 1 are in accordance with the values reported in the literature [75], which indicated that TPC values of 27 strawberry cultivars varied from 0.57 to 1.33 GAE mg/g of fresh weight.



The results given in Table 6 indicate that, on day 10 and for all cases (uncoated and coated fruit), the TPC values were lower after the cold storage. But, the type of coating had a significant effect on the observed TPC decrease, as is depicted in Figure 9, and the control samples (uncoated fruit) presented the highest TPC loss percentage (30.93 mg GAE/g), followed by chitosan coating (22.65 mg GAE/g), chitosan + 1% LE (13.1 mg GAE/g) and chitosan + 5% LE (13.3 mg GAE/g). Then, LE extract contributed significantly to preserve the phenolic compounds of samples.



Concerning the microbiological analysis, Table 7 shows the aerobic bacteria and yeast determined in coated and uncoated strawberries after 6 days of cold storage. No initial growth of bacteria or yeasts was observed in the uncoated and coated strawberries. But after 6 days of storage, viable count of bacteria and yeasts were determined in uncoated samples and in berries coated with chitosan, while in the samples coated with chitosan-licorice mixtures, no growth was observed. Then, the addition of phytochemicals of licorice in order to prepared edible coating improved the antimicrobial properties of chitosan.






4. Conclusions


In this study, the ultrasound-assisted extraction using solvents with different polarities and two temperatures (25 and 50 °C) was carried out, in order to obtain bioactive licorice extracts (LE) for the elaboration of edible coatings. The polarity of the solvent contributed to the extraction of specific compounds, and while temperature did not significantly affect the extraction yield, it influenced the TPC content of samples. A higher concentration of glabridin was obtained with ethanol solvent, showing a positive effect on the antioxidant activity of the extract. Nevertheless, ethanolic licorice root extracts did not present antimicrobial activity. On the other hand, the extraction with mixtures of ethanol or methanol with water (50:50 v/v) enhanced the extraction of polar biomolecules (such as glycyrrhizin), and the extracts presented good antimicrobial activity but less antioxidant capacity in comparison with the ethanolic extract.



The edible coating solutions elaborated with pure chitosan and with chitosan and licorice ethanol:water extract, presented a non-Newtonian flow behavior. Solutions of pure chitosan presented shear thinning behavior, and the addition of LE decreased the shear stress value and presented a shear thickening behavior, probably due to particle hydro-clustering and an order-to-disorder transition. The viscoelastic properties of the coating solution show that the restructuring ability of Ch + LE physical gels improve the properties of film forming. Then, the addition of licorice phytochemical to chitosan increased the viscous properties of film, displayed a variation in the dissipation energy (    G ″    ) and films became more flexible with the addition of LE. Furthermore, the addition of LE to chitosan decreased the shear stress values of samples, allowing better physical properties of the films applied on strawberries.



Concerning the preservation capacity, the addition of LE increased the antimicrobial properties of chitosan, according to the antibacterial activities studied in vitro. The values of weight loss of these coatings were significantly lower than those corresponding to pure chitosan. Additionally, the chitosan + LE edible coatings better preserved the content of phenolic compounds in the berries.



Then, the ultrasound-assisted extraction of bioactive compounds of licorice root using ethanol:water (50:50 v/v) is an alternative for producing bioactive licorice extracts with potential application in the elaboration of edible coatings with good rheological properties and preservative capacity.
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Figure 1. Concentration of glabridin (☐), glycyrrhizin (■) and (✕) total phenolic compounds (TPC) in UAE licorice extracts as a function of the estimated dielectric constant of the solvent (extraction temperature 25 °C); (-----) trend line. 
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Figure 2. Correlation between antioxidant activity (μmol Trolox/g) and total phenolic compounds (mg GAE/g) of licorice UAE extracts (Table 3). T = 25 °C: (■) ethanol, (●) methanol, (▲) ethanol:water and (◆) methanol:water. T = 50 °C: (□) ethanol, (○) methanol, (Δ) ethanol:water and (◊) methanol:water. 
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Figure 3. Rheological properties of edible coating solutions produced with chitosan and chitosan-licorice: (a) flow curve, (b) frequency sweep and (c) temperature sweep. 
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Figure 4. Rheological properties of chitosan and chitosan-licorice edible films: (a) frequency sweep and (b) creep and recovery. 
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Figure 5. Visual appearance of uncoated, chitosan- and chitosan-licorice-coated strawberries corresponding to 1, 3, 10 and 14 days of storage at 4 °C. 






Figure 5. Visual appearance of uncoated, chitosan- and chitosan-licorice-coated strawberries corresponding to 1, 3, 10 and 14 days of storage at 4 °C.



[image: Applsci 10 08431 g005]







[image: Applsci 10 08431 g006 550] 





Figure 6. Fungal decay of uncoated and licorice-chitosan-coated strawberries stored for 10 days at 4 °C: (○) Ch (Chitosan); (■) C (uncoated). 
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Figure 7. Effect of different licorice-chitosan coatings on the weight loss of strawberries stored for 10 days at 4 °C: (○) Ch (chitosan) (▲) Ch + LE-1 (Chitosan + 1% of licorice extract); (▽) Ch + LE- 5 (Chitosan + 5% of licorice extract; (■) C = uncoated. 
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Figure 8. Effect of different coatings based on chitosan and licorice extracts on (a) pH and (b) titratable acidity (TA) expressed as citric acid percentage of strawberries stored for 10 days at 4 °C. C = uncoated; Ch = chitosan; Ch + LE-1 = Chitosan + 1% of licorice extract; Ch + LE-5 = Chitosan + 5% of licorice extract. Means values and intervals of Tukey’s test at 95% according to the analysis of variance (ANOVA) test. 
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Figure 9. Effect of chitosan-licorice coatings on total phenolic compounds (TPC) of strawberries stored for 10 days at 4 °C: C = uncoated; Ch = chitosan; LE1 = Chitosan + 1% of licorice extract; LE5 = Chitosan + 5% of licorice extract. 
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Table 1. Extraction yields (% mass extracted related to the mass of licorice root) of licorice root ultrasound-assisted extraction (UAE).
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	Sample
	Solvent
	Temperature

°C
	Yield

%





	ELe25
	Ethanol
	25
	3.85 ± 0.46 d



	MLe25
	Methanol
	25
	9.08 ± 2.77 c



	EWLe25
	Ethanol:water (50:50 v/v)
	25
	25.14 ± 1.07 a



	MWLe25
	Methanol:water (50:50 v/v)
	25
	15.69 ± 2.93 b



	ELe50
	Ethanol
	50
	3.69 ± 0.14 d



	MLe50
	Methanol
	50
	9.94 ± 2.08 c



	EWLe50
	Ethanol:water (50:50 v/v)
	50
	24.75 ± 0.76 a



	MWLe50
	Methanol:water (50:50 v/v)
	50
	23.36 ± 0.18 a







Values with different letters (a–d) differ significantly (p < 0.05).
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Table 2. Concentration (mg/g extract) of bioactive compounds identified in licorice UAE extracts (High Performance Liquid Chromatography—HPLC analysis).
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	Sample
	Liquiritin
	Glabridin
	Glycyrrhizin
	Isoliquiritigenin
	Liquiritigenin





	ELe25
	0.60 ± 0.01 a
	55.80 ± 5.03 a
	17.30 ± 1.56 c
	0.87 ±0.03 a
	0.95 ± 0.10 c



	MLe25
	0.60 ± 0.01 a
	21.35 ± 0.72 b
	53.45 ± 0.85 b,c
	0.60 ± 0.01 a
	2.00 ± 0.01 b



	EWLe25
	0.70 ± 0.07 a
	2.73 ± 0.12 c
	159.50 ± 12.51 a
	0.40 ± 0.01 a
	3.95 ± 0.30 a



	MWLe25
	0.80 ± 0.01 a
	1.00 ± 0.02 c
	123.85 ± 10.11 a,b
	0.40 ± 0.01 a
	3.30 ± 0.35 a,b



	ELe50
	1.10 ± 0.12 a
	55.13 ± 2.77 a
	13.60 ± 0.23 c
	0.60 ± 0.01 a
	1.00 ± 0.01 c



	MLe50
	1.00 ± 0.06 a
	24.40 ± 0.90 b
	96.80 ± 4.27 b,c
	1.60 ± 0.09 a
	2.60 ± 0.22 b



	EWLe50
	0.60 ± 0.01 a
	2.45 ± 0.03 c
	145.10 ± 10.23 a
	0.40 ± 0.01 a
	3.45 ± 0.30 a



	MWLe50
	0.80 ± 0.01 a
	0.80 ± 0.07 c
	133.40 ± 15.24 a,b
	0.40 ± 0.00 a
	3.60 ± 0.46 a,b







Values with different letters (a–c) in the column and row differ significantly (p < 0.05).
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Table 3. Total phenolic compounds (TPC), antioxidant activity (DPPH free radicals scavenging assay expressed as TEAC value) and antimicrobial activity (IC50 mg/mL) of licorice UAE extracts.






Table 3. Total phenolic compounds (TPC), antioxidant activity (DPPH free radicals scavenging assay expressed as TEAC value) and antimicrobial activity (IC50 mg/mL) of licorice UAE extracts.





	Sample
	TPC

(mg GAE/g)
	DPPH

(µmol Trolox/g)
	E. coli

IC50 (mg/mL)
	S. aureus

IC50 (mg/mL)





	ELe25
	144.25 ± 3.03 a
	447.37 ± 1.83 a
	>2.5
	>2.5



	MLe25
	104.05 ± 0.22 a,b
	210.77 ± 0.17 a,b
	>2.5
	>2.5



	EWLe25
	80.36 ± 3.67 b
	86.92 ± 0.99 b
	1.21 ± 0.03b
	1.38 ± 0.11 a



	MWLe25
	59.09 ± 5.40 b
	68.01 ± 1.26 b
	1.09 ± 0.10ab
	1.56 ± 0.06 c



	ELe50
	162.20 ± 1.30 a
	546. 52 ± 2.16 a
	>2.5
	>2.5



	MLe50
	126.20 ± 2.88 a,b
	277.50 ± 0.24 a,b
	> 2.5
	>2.5



	EWLe50
	85.71 ± 3.07 b
	102.52 ± 0.49 b
	0.84 ± 0.04b
	1.43 ± 0.06 d



	MWLe50
	79.14 ± 2.16 a,b
	62.18 ± 1.28 b
	0.97 ± 0.03b
	1.93 ± 0.01 b







Values with different letters (a–d) in the column and row differ significantly (p < 0.05).
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Table 4. Power Law parameters obtained for the edible coating solutions. Ch = Chitosan; Ch + LE-1 = Chitosan + 1% of licorice extract; Ch + LE-5 = Chitosan + 5% of licorice extract.
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	Treatment
	K (Pa·sn)
	   n   
	R2
	    σ      γ ·  = 10     s   − 1       ( Pa )    





	Ch
	0.469 ± 0.015
	0.795 ± 0.005
	0.998
	0.2



	Ch + LE-1
	3.72 × 10−4 ± 0.001
	1.436 ± 0.018
	0.994
	0.0047



	Ch + LE-5
	1.76 × 10−4 ± 0.001
	1.503 ± 0.012
	0.998
	0.0021
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Table 5. Burger model parameters obtained for the films. Ch = Chitosan; Ch + LE-1 = Chitosan + 1% of licorice extract; Ch + LE-5 = Chitosan + 5% of licorice extract.
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	Table 1
	    J o    

(mPa−1)
	    J 1    

(mPa−1)
	     λ  r e t      ( s )    
	    μ o    

(Pa·s)
	R2
	Recovery (%)





	Ch
	3.793
	1.408
	4864.0
	1.282× 106
	0.998
	35.82



	Ch + LE-1
	0.482
	0.481
	906.3
	1.878× 106
	0.999
	83.78



	Ch + LE-5
	0.801
	0.6258
	340.8
	4.252× 105
	0.997
	51.09
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Table 6. Total phenolic compounds (TPC) of strawberries treated with different coatings. Ch = Chitosan; Ch + LE-1 = Chitosan + 1% of licorice extract; Ch + LE-5 = Chitosan + 5% of licorice extract.
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Treatment

	
TPC (mg GAE/g)




	
Day 1

	
Day 10






	
Uncoated

	
1.41 ± 0.12

	
0.97 ± 0.04




	
Ch

	
1.28 ± 0.06

	
0.99 ± 0.08




	
Ch + LE-1

	
1.52 ± 0.10

	
1.32 ± 0.05




	
Ch + LE-5

	
1.44 ± 0.02

	
1.38 ± 0.35
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Table 7. Effects of edible coatings prepared with chitosan and chitosan + licorice extract on the growth of mesophilic and psychrophilic bacteria (total aerobic psychrophilic bacteria) and yeasts during storage at 4 °C. Ch = Chitosan; Ch + LE-1 = Chitosan + 1% of licorice extract; Ch + LE-5 = Chitosan + 5% of licorice extract.






Table 7. Effects of edible coatings prepared with chitosan and chitosan + licorice extract on the growth of mesophilic and psychrophilic bacteria (total aerobic psychrophilic bacteria) and yeasts during storage at 4 °C. Ch = Chitosan; Ch + LE-1 = Chitosan + 1% of licorice extract; Ch + LE-5 = Chitosan + 5% of licorice extract.





	
Bacteria and Yeasts

	
Treatment

	
Total Viable Count (Log CFU/g) on Day 6 of Cold Storage






	
Mesophilic

	
Uncoated

	
7.0 ± 2.0




	
Ch

	
4.5 ± 0.7




	
Ch + LE-1

	
n.g.




	
Ch + LE-5

	
n.g.




	
Psychrophilic

	
Uncoated

	
4.0 ± 0.01




	
Ch

	
4.0 ± 0.01




	
Ch + LE-1

	
n.g.




	
Ch + LE-5

	
n.g.




	
Yeasts

	
Uncoated

	
4.0 ± 0.01




	
Ch

	
4.0 ± 0.01




	
Ch + LE-1

	
n.g.




	
Ch + LE-5

	
n.g.








n.g.: no growth observed. CFU: Colony forming units
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