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A B S T R A C T

Extending the shelf life of fresh produce using sustainable, bio-based preservation methods is an exciting and 
rapidly growing area of research, driven by the need to reduce food waste and meet consumer demand for 
chemical-free alternatives. This study presents the development of an alginate-based active edible coating 
incorporating Brassica juncea (GM) and Raphanus sativus (RT) sprout extracts to prolong tomato shelf life. The 
coating was prepared by modifying glycerol-plasticized alginate (A) with zein/chitosan (Z/CH) microparticles 
(MPs) containing the sprout extracts as bioactive antimicrobial and antioxidant agents. The physicochemical 
properties of the films were characterized using FTIR, SEM, TGA/DSC, contact angle, water vapor permeability, 
and tensile testing. FTIR analysis revealed interactions between alginate and MPs, TGA confirmed thermal sta
bility, SEM showed uniform MP dispersion, and tensile tests indicated improved flexibility with extract addition, 
enhancing coating suitability. Encapsulated extracts increased antioxidant activity, achieving 52 % DPPH in
hibition for GM and 70 % for RT. The antimicrobial assay demonstrated that RT-formulated films showed 
moderate biocidal activity against Bacillus cereus and Salmonella enterica, highlighting their potential to improve 
food safety. Furthermore, tomato shelf-life testing revealed a 30-day extension using RT-loaded MPs, with no 
visible changes in appearance or texture. These findings suggest that encapsulating RT in plasticized alginate 
coatings enhances tomato longevity and quality, supporting the use of edible films for active food packaging 
applications.

1. Introduction

Non-biodegradable polymers such as polyethylene terephthalate, 
high- and low-density polyethylene, polyvinyl chloride, polypropylene, 
and polystyrene provide excellent protection against food deterioration 
and physical damage. However, their widespread use has resulted in 
severe environmental consequences (Moeini et al., 2021; Risch, 2009). 
Despite growing awareness, only one-third of plastic is estimated to be 
recycled (Schwarzböck et al., 2016), highlighting the inefficiency of 
current waste management systems.

This pressing issue underscores the urgent need for more sustainable 
and biodegradable alternatives to fossil-based polymers, particularly in 
the food packaging industry. This is why, by 2030, the European Sus
tainable Development Goals aim to expand the use of bio-based and 
biodegradable bioplastics while reducing plastic pollution 
(Communication from the commission to the European parliament, the 
council, the European Economic and social committee and the com
mittee of the regions Closing the loop - An EU action plan for the Circular 
Economy, 2015). Generally, biopolymers have low gas permeability, 
which is highly desirable for food packaging applications, although 
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these gas barrier properties are lowered by adding plasticizers or 
moisture. Recently, there has been an increased demand for biopolymers 
as edible coatings. Edible coatings help protect food from microbial 
contamination by providing effective gas barriers and enhancing me
chanical properties, thereby extending the food’s shelf life. Further
more, they improve coated meals’ organoleptic and sensory qualities 
(Valdés et al., 2014). Recently, there has been an increased demand for 
biopolymers as edible coatings, especially for protecting perishable 
food. Polysaccharides, proteins, and lipids are the most common edible 
biopolymers in food coatings. These biopolymers are low-cost, indus
trially scalable, biodegradable, and biocompatible, making them ideal 
for delivering antioxidant and antibacterial compounds that enhance 
food safety (Horita et al., 2018). Chitosan (CH) and alginate (A) are 
among the most researched polysaccharides for edible films. CH is the 
polymer of poly N-acetyl-glucosamine and N-glucosamine, and is ob
tained from chitin via N-deacetylation. Shrimp shells, lobsters, crab 
peritrophic membranes, and insect cocoons are the main sources of 
chitin. Remarkably, the U.S. Food and Drug Administration (FDA) 
approved chitosan’s edibility in 2001, which led to a rise in its use in the 
food business (Moeini, Pedram, et al., 2020; No et al., 2007). Meng et al. 
demonstrated that pre-harvest application of edible chitosan coatings 
effectively inhibited the growth of pathogenic bacteria and reduced 
spoilage, thereby improving the shelf life and quality of fruit after har
vest (Meng et al., 2008). In another study, edible chitosan covering 
before and after harvest extended the fruit’s shelf life before and during 
cold storage (Chien et al., 2007). Alginate, a linear (1 → 4) linked pol
yuronic acid (anionic polysaccharide) found in seaweed, is also used in 
edible coatings for food packaging (Giannakas et al., 2022, 2023; 
Meseldzija et al., 2024; Nesic et al., 2020).The mechanical and physi
cochemical properties of alginate edible films are determined by the 
polyvalent cations, pH, temperature, and material formulation, which 
can be modified with plasticizers and emulsifiers or blended with other 
polymers. Alginate films have excellent tensile strength (TS), flexibility, 
tear resistance (TR), and stiffness (Di Donato et al., 2020). Like other 
edible polysaccharides, alginate films are tasteless, grease-resistant, 
glossy, and odorless (Theagarajan et al., 2019). Corn zein (Z) is an 
aqueous alcohol-soluble protein, except for high- and low-pH, and 
insoluble in pure alcohol (Sahraee et al., 2019). As a result, corn zein 
cast films are produced using a temperature-controlled solution of 
aqueous ethyl alcohol or isopropanol. During solvent evaporation, the 
zein chains form hydrophobic, hydrogen, and disulfide linkages, pro
ducing mechanically stable films (Mayer et al., 2021; Padua & Wang, 
2002). Developing edible coatings is one of the most prominent appli
cations for these film-forming biopolymers in food packaging. In this 
procedure, a thin layer of edible polymer coats the food’s surface, pro
tecting it from oxidation, dampness, microbial development, and 
degradation. Furthermore, edible coating materials have demonstrated 
gas, vapor, and oil barrier qualities and may be employed as carriers for 
active agents. Bioactive molecules that can function as antioxidants, 
antimicrobials, and plasticizing agents can be included in the packaging 
system to create active packaging (Moeini, 2020), increasing food 
quality and extending shelf life (Garcia et al., 2014). This technology has 
superseded traditional food preservation methods for preventing food 
degradation by surface interactions with food products or altering the 
headspace between the food and the packaging surface. This innovative 
packaging strategy employs biofunctional chemicals as active agents 
(Nguyen Van Long et al., 2016). Furthermore, there is a growing trend to 
exploit plant-derived natural compounds, such as secondary metabo
lites, which has led to applying natural, secondary compounds as ad
ditives in active packaging (Granato et al., 2017; Vinceković et al., 
2017). Secondary substances include natural metabolites and essential 
oils extracted from plants and fungi (Ioannou & Roussis, 2009; Johnson 
et al., 2018), which can be integrated into packing systems to prevent 
food and texture changes. In this regard, Mohammadi et al. demon
strated cinnamon EO antibacterial efficacy against E. coli, S. aureus, and 
S. fluorescence by incorporating it into chitosan nanofiber and whey 

protein films for active packaging (Mohammadi et al., 2020). Lindi et al. 
reported using rosemary essential oil in Fenugreek seed mucilage-based 
active edible coating films, extending apples’ shelf life by 30 days (Lindi 
et al., 2024).

Green Mustard (GM) (Brassica juncea) and Red Tango Radish (RT) 
(Raphanus sativus) Lettuce belong to the same family of edible leafy 
greens. GM belongs to the Brassica genus and originates in Central Asia 
(Szőllősi, 2020). RT is a root vegetable from the Brassicaceae family, 
which includes cabbage, broccoli, and mustard. It is extensively grown 
for its edible root and originates in Southeast Asia or the Mediterranean 
region (Goyeneche et al., 2015).

RT and GM sprouts contain important phytochemicals such as phe
nolics, flavonoids, anthocyanins, and isothiocyanates. These chemicals 
have a variety of biological properties, including anti-inflammatory, 
anticancer, and antioxidant (Goyeneche et al., 2015; Szőllősi, 2020). 
Aside from their health benefits, these compounds derived from RT and 
GM may be useful as natural antioxidants/antimicrobials for edible film 
coating or packaging (Mohan et al., 2023).

Based on these considerations, in this study, we report on developing 
a novel active edible coating film by formulating GM and RT extracts as 
antioxidant agents into alginate films. For this purpose, GM and RT are 
first encapsulated into Z/CH microparticles (MP), and then formulated 
in an alginate polymer matrix to yield composite films. The effect of the 
MPs on the films was investigated using TGA, FTIR, contact angle, and 
water vapor permeability tests. Tensile tests and SEM analysis were also 
employed to assess the films’ mechanical performance, morphology, and 
distribution of the MP. The antioxidant and antimicrobial activity of RT 
and GM were then determined and validated by performing shelf-life 
tests on coated tomato fruits.

2. Material and methods

2.1. Materials

Zein, chitosan high molecular weight (CHHMW, 310–375 kDa and 
deacetylation degree 75 %), chitosan low molecular weight (CHLMW, 
150–500 kDa, and deacetylation degree 75 %), Tween 20, polyvinyl 
alcohol (PVA) (molecular weight 2000 kDa), pectin from apples 
(10–300 kDa) with the Degree of Esterification of 50–75 % and gal
acturonic acid of 75–80 %, low viscosity Alginic acid sodium salt from 
brown algae with M/G ratio of 1.56 and Molecular weight of 30–100 
kDa, ethanol, and acetic acid were purchased from Sigma-Aldrich 
(Milan, Italy). Tomatoes were bought from the local supermarket.

2.2. Preparation of RT and GM extracts, microparticles, and edible 
coating formulation

RT and GM seeds were sprouted in vessels at 22 ◦C in the dark, and 
water was sprayed twice daily. After 5 days, RT and GM sprouts were 
harvested, immediately frozen, finely grounded, and freeze-dried. The 
extraction was performed with 120 ml of 80 % ethanol per 1 g of dry 
sample, sonicated for 30 min, and left O.N. under magnetic stirring at 
room temperature. The samples were filtered and dried under a rota
vapor. The remaining aqueous residues were freeze-dried and stored at 
− 20 ◦C until used.

RT and GM sprout extracts were encapsulated in MPs, as described in 
our previous study (Aspen, 2024). Briefly, zein (Z) (2.0 % w/v), chitosan 
(CH) (0.5 % w/v), and Tween 20 (10 % v/v) solutions were prepared. RT 
and GM (6 % w/w) were added to the Z solutions and stirred for 30 min 
based on the Z weight. After this, the appropriate amount of CH was 
added with two different proportions of Z:CH (5:1), and stirring 
continued for 30 min. Finally, T (10 % v/v) was added, and stirring 
continued for another 30 min. The formulated samples are labeled 
Z/CH/RT and Z/CH/GM.

The RT and GM encapsulated, and blank MPs dispersions were 
formulated into Alginate (A), CHHMW, and PVA matrices as a dispersing 
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phase and thickening agent to create edible films for tomato coating. For 
this purpose, PVA (1 % w/v) and A (2 % w/v) solutions were dissolved in 
distilled water, and CHHMW (1 % w/v) was dissolved in acetic acid (1 % 
v/v). Both PVA and CHHMW were vacuum-filtered. Different glycerol 
concentrations were also introduced as plasticizers. The homogenized 
solutions were then used to coat tomatoes and poured into a Petri dish to 
cast.

Glycerol (G) (10 % or 20 % w/w) was first added to A (2 %) and 
stirred for 3 h to prepare the formulated coating films. Then, the already 
prepared Z/CH/RT, Z/CH/GM, and blank MPs solution were individu
ally added to A solution with a biopolymer matrix: MP (v:v) ratios 1:1 
and homogenized using a homogenizer (the Ultra Turrax T50, Ika 
Werke) for 5 min in an ice bath and kept under stirring overnight. After 
stirring, these mixtures were used for the coating, cast into the 9 cm 
diameter plastic Petri dish, and let dry under a hood at room tempera
ture for 48 h. Then, the films were further used to study physicochemical 
characterizations. A similar protocol is followed for PVA and CHHMW. 
The coating films are Z/CH/RT or GM: A/G (10 or 20), PVA, and 
CHHMW.

2.3. Physicochemical characterizations

2.3.1. Fourier-transform infrared spectroscopy (FTIR)
Infrared analysis was conducted on the film surfaces using a Spec

trum 3 Tri-Range MIR/NIR/FIR Spectrometer (PerkinElmer, Waltham, 
MA, USA) equipped with a Universal ATR diamond crystal sampling 
accessory. Spectra were recorded as an average of 16 scans (range: 
4000–650 cm− 1, resolution: 4 cm− 1).

2.3.2. Thermal analysis
Thermogravimetric analysis (TGA) was performed under a nitrogen 

atmosphere (flow rate 100 mL min− 1) using a 7.5 ± 2.0 mg sample by 
means of a PerkinElmer Pyris Diamond TG-DTA. The thermal program 
used was 30–100 ◦C (20 ◦C min− 1), 30 min isotherm, and heating up to 
700 ◦C (10 ◦C min− 1) (Aspen, 2024).

Differential Scanning Calorimetry analyses (DSC) were performed 
with a TA DSC-Q2000 instrument under a 50 mL min− 1 nitrogen flow. 
Samples (4.0 ± 2.0 mg) were first heated from − 70 to 180 ◦C at 10 ◦C 
min− 1, then cooled down to − 70 ◦C at 10 ◦C min− 1 and reheated up to 
200 ◦C at 10 ◦C min− 1.

2.3.3. Scanning electron Microscopy (SEM)
Film samples of about 1 × 2 cm2 were frozen by immersion in liquid 

nitrogen for 5 min, then freeze-fractured. The samples were coated with 
an Au/Pd layer to increase conductivity. The fractured cross-section was 
then analyzed using an FEI Quanta 200 FEG microscope (FEI Company, 
OR, USA) SEM to examine morphological features of the cryo-fractured 
surface. An accelerating voltage of 10 kV and a secondary electron de
tector were used (Aspen, 2024).

2.3.4. Water contact angle
Contact angle (θ) was measured to assess the wettability of the sur

faces by measuring the Static contact angle measurements obtained by 
the drop shape analysis using a Micro-Drop® (First Ten Angstroms Inc., 
Italy) contact angle meter with a high-speed framing camera. Uniform 
drops of deionized water (3 μL) were placed on a horizontal film surface 
with a syringe at room temperature. The contact angle was evaluated 
using FTA1000 Manual Drop Shape Analysis Software 2.0 version (FTA 
Inc. Portsmouth, VA, USA) from the drop shape by measuring the angle 
formed between the substrate surface and the tangent drawn from the 
edge of the drop. The contact angle values are reported as an average of 
3 measurements (Agustin-Salazar et al., 2024a).

2.3.5. Water vapor barrier properties
The water vapor transmission rate (WVTR) of the films was deter

mined using the “cup method” according to ASTM ISO 7783 (ASTM, 

2014), with some modifications. A cylindrical aluminum vessel was 
filled with calcium chloride (4.5 ± 0.5 g), and the top opening was 
sealed with the studied film. The aluminum vessels were kept in a 
chamber set at 25 ◦C with a relative humidity of 50 % until reaching the 
equilibrium conditions. The weight change of the cell was measured 
every 24 h. Each sample was tested in triplicate to confirm the repeat
ability of measurements (Agustin-Salazar et al., 2024a).

2.3.6. Tensile properties
Tensile tests were performed on dog bone-shaped film cutouts (gauge 

length and width: 20 × 0.4 mm2, thickness values are reported in 
Table 2). Tests were carried out by using an Instron model 5564 dyna
mometer (U.S.A.) equipped with a 1 kN load cell at 23 ± 2 ◦C, 45 ± 5 % 
RH, with a 5 mm min− 1 clamp separation rate (Agustin-Salazar et al., 
2017). The experimental data is an average of 5 determinations. Before 
testing, the samples were conditioned at 25 ◦C, 50 % RH for 5 days.

2.3.7. Statistical analysis
FTIR peak wavenumber values for FT-IR were calculated and ob

tained through the Origin Pro software (Origin-Lab Corporation, 
Northampton, MA, USA) peak analyzer. The pH, loading efficiency, and 
contact angle values were calculated using Excel as means ± standard 
deviations (Microsoft Corporation, 2018). All the experimental data 
were evaluated using a one-way analysis of variance (ANOVA) using R 
software (version 4.3.2 for Windows) with a significance level of p <
0.05. Tukey’s Honest Significant Difference (HDS) test tested significant 
differences among the means.

2.4. Biological assay

2.4.1. Antioxidant assay of films
Antioxidant activity was performed on formulated alginate films 

uncoated and coated with unloaded and loaded RT and GM micropar
ticles. The antioxidant activity was determined through DPPH assay 
according to the method described by Moccia et al., 2020 with slight 
modification (Moccia et al., 2020). Specifically, a section of 1 cm2 film 
was cut, weighed, and immersed in a test tube containing 3 ml of 101.4 
μM ethanolic solution of 2,2-diphenyl-1-picrylhydrazyl (DPPH). The 
absorbance of the samples was read at 515 nm with a JascoV730 UV–Vis 
spectrophotometer during a time course starting after 30 min, 1, 2, 4, 6, 
24, 48, 72, 96, and 168 h (A1). A test tube containing DPPH solution 
without film was prepared and used as a Blank for each time point (A0). 
The antioxidant activity was expressed as a %inhibition of DPPH per 
cm2 of film. Each experiment was performed at least in triplicate. 

- % inhibition of DPPH = ((A0− A1)/A0)×100/cm2 film

The EC 50 was determined for RT and GM extracts by preparing 
different concentrations of the two extracts, and ascorbic acid was used 
as a positive control.

2.4.2. Antimicrobial assay
Salmonella enterica serovar Typhimurium strain 19585 and Bacillus 

cereus ATCC10987 were used to assess the biocidal activity of the 
coatings. Overnight cultures of S. Typhimurium and B. cereus were grown 
in Tryptic Soy Broth (VWR) at 37 ◦C, under constant agitation at 200 r.p. 
m. for 18 h. Following incubation, the bacterial cultures were serially 
diluted in physiological saline solution (0.8 % NaCl w/v) to achieve a 
concentration of approximately 1 × 106 CFU/mL. A 20 μL aliquot of the 
bacterial suspension was carefully applied onto circular coupons 
(radius: 1.5 cm) of various formulations films (A/G10 or G20), and films 
modified with unloaded MPs (Z/CH:A/G10 or G20) and loaded MPs (Z/ 
CH/GM:A/G10 or G20, Z/CH/RT:A/G10 or G20). Polyethylene tere
phthalate (PET) was used as a control. The coupons with the bacterial 
inoculum were incubated at 4 ◦C for 24 h to simulate contamination 
during refrigeration. After incubation, each coupon was transferred into 
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a 1.5 mL tube containing 1 mL of Phosphate Buffered Saline (PBS, VWR), 
vortexed at maximum speed for 60 s, and 50 μL of the resulting sus
pension was plated onto Xylose Lysine Deoxycholate (XLD, OXOID) agar 
plates for selective enumeration of Salmonella Colony Forming Units 
(CFUs) and on Chromatic Bacillus cereus agar (VWR). A total of six 
replicas were performed.

The antimicrobial activity of the coatings was also evaluated using 
the agar diffusion method. S. Typhimurium strain 19585, inoculated 
overnight as previously described, was diluted in Phosphate Buffered 
Saline (PBS) to match the turbidity of a 0.5 McFarland standard. A 100 
μL aliquot of the bacterial suspension was spread evenly onto Tryptic 
Soy Agar (TSA, VWR) plates to create a uniform bacterial layer. For 
control purposes, three antibiotic discs soaked with 20 μL of 5 mg/mL 
tetracycline were placed onto the surface of one bacterial layer. In the 
experimental setup, three circular discs (0.5 cm in diameter) of each 
coating were placed on the bacterial layer of separate plates. Each Petri 
dish contained a single type of coating. Plates were incubated statically 

at 37 ◦C for 18 h, after which the inhibition zones around the discs were 
measured with a ruler.

2.4.3. Application of developed Films for the durability Assessment of fresh 
cherry tomatoes

The shelf-life analysis of the coated and uncoated (control) cherry 
tomatoes was performed. The tomatoes were washed and dried. Next, 
the dip coating procedure was as follows: the fruits were submerged 
entirely in the filmogenic solutions for 1 min and then drained for 2–3 
min, using nylon screens to eliminate excess solutions. Then, the covered 
fruits were placed at RT for 60 min under the hood to dry. After drying, 
the coated tomatoes were placed in a Petri dish in the dark conditions at 
room temperature. The shelf-life analysis of the coated and uncoated 
tomatoes was carried out. The sensory quality was evaluated by color, 
damage, texture, and overall acceptability for all the samples during 
storage.

The biological weight loss of tomatoes was carried out by taking 
mass measurements every two days. The tomatoes are weighed three 
times, and the mass loss is calculated from the averages obtained with 
the following formula: 

Diff(%)=
mD0 − mDx

mD0
× 100 (2) 

mD0: mass on day 0
mDx: mass on the day of calculation.

3. Results and discussion

In previous work, a novel edible coating formulation based on RT 
and GM extracts was reported (Aspen, 2024), in which PVA and CHHMW 
were applied as dispersing and thickening agents for formulating 
Z/CH/RT and Z/CH/GM MPs with optimized concentration and pro
portion, aimed to maximize antioxidant activity. Following that, in this 
work, A, PVA, and CHHMW films were formulated by different pro
portions of the MPs containing 6 % w/v of RT and GM (3:1, 2:1, and 1:1) 
to produce active edible coating films (Fig. 1). Among them, films with a 
proportion of 1:1 showed the highest antioxidant activity and were 
considered for development in this study. For this purpose, to improve 
the film’s mechanical performance and compatibility between the Z/CH 
MPs and polymer matrices, two different concentrations of glycerol 
were added to the biocomposite films as a plasticizer and compatible 
agents. In the next step, all the biocomposites films were used for coating 
the tomato to assess their functionalities. As shown in Fig. 2, PVA and 
CHHMW-based films did not produce promising results as they could not 
extend the tomatoes’ shelf life. Therefore, the work was continued with 
alginate-based biocomposites. Further characterization included 

Table 1 
Thermal parameters obtained from TGA and DSC of the films including alginate (A) and glycerol (G), green mustard (GM), red radish (RT), and microparticles (MPs) 
based on chitosan (CH) and zein (Z). For all values with the same letter, the difference between the means is not statistically significant.

Sample code DSC TGA

H2O evaporation peak 
◦C

H2O evaporation enthalpy 
J/g

Zein Tg Moisture Tonset Tmax1 Tmax2 Char yield 
%

◦C % ◦C ◦C ◦C

A/G10 88.9 ± 1.0b 718.9 ± 5.9g – 21.2 ± 1.1b 201.0 ± 1.1c 216.2 ± 2.1a ​ 41.9 ± 4.8g ​
A/G20 112.8 ± 0.8d 686.0 ± 4.8f – 17.4 ± 1.0a 199.5 ± 2.0c 215.4 ± 0.9a ​ 35.9 ± 6.2g ​
Z/CH:A/G10 93.7 ± 1.3c 558.6 ± 4.4e 40.0 ± 2.3d 22.5 ± 1.4b 208.3 ± 1.8d 234.1 ± 0.8a 356.8 ± 1.2a 27.2 ± 3.6e, 

f
​

Z/CH:A/G20 122.3 ± 1.3e,f 401.9 ± 5.3b 35.1 ± 3.1c 30.3 ± 3.1g 200.1 ± 2.0c 236.6 ± 1.3b 379.2 ± 0.7d 10.5 ± 2.5b ​
Z/CH/GM:A/ 

G10
120.1 ± 1.0e 428.2 ± 6.1c 34.1 ± 2.0c 18.1 ± 1.7a 201.9 ± 3.1c 233.2 ± 1.5a 368.3 ± 2.3b 21.1 ±

4.1d,e
​

Z/CH/GM:A/ 
G20

123.6 ± 1.2f 417.3 ± 5.0c 24.1 ± 1.7a 18.5 ± 1.2a 195.8 ± 1.1b 235.2 ± 3.0a, 

b
373.8 ± 2.5c 19.2 ± 3.8c, 

d
​

Z/CH/RT:A/ 
G10

I)83.0 ± 0.7a 458.9 ± 4.7d 28.2 ± 2.1b 25.3 ± 2.1b 192.6 ± 1.0a 234.5 ± 1.9a, 

b
367.3 ± 2.0a, 

b
5.5 ± 2.4a ​

II)128.0 ± 1.5g

Z/CH/RT:A/ 
G20

122.8 ± 1.0f 330.4 ± 2.3a 27.4 ± 1.9a, 

b
24.1 ± 1.8b 194.0 ± 2.1a, 

b
237.5 ± 0.9b 372.1 ± 1.1c 13.8 ±

2.7b,c
​

Table 2 
Thickness, mechanical, and water vapor barrier properties of the alginate-based 
films including alginate (A) and glycerol (G), green mustard (GM), red radish 
(RT), and microparticles (MPs) based on chitosan (CH) and zein (Z). For all 
values with the same letter, the difference between the means is not statistically 
significant.

Sample Thickness Strain at 
break

Elastic 
Modulus

Ultimate 
Strength

WVP

mm % MPa MPa g m− 1 

Pa− 1 s− 1 x 
10− 10

A/G10 40.5 ±
2.3a

6.1 ±
1.1b

2018 ±
640d

30.5 ± 5.3c 1.87 ±
0.73a

A/G20 36.6 ±
1.8a

4.8 ±
2.2a,b

1005 ±
419d

13.8 ± 3.3b 1.43 ±
0.03b,

Z/CH:A/ 
G10

59.2 ±
3.0d

5.4 ±
3.0a,b

222 ±
90b,c

3.1 ± 0.5a –

Z/CH:A/ 
G20

48.4 ±
2.3b

8.5 ±
4.3b,c

195 ± 28b 3.3 ± 0.7a 1.50 ±
0.13b,c

Z/CH/ 
RT:A/ 
G10

52.1 ±
2.3b,c

3.0 ±
0.8a

237 ±
55b,c

2.9 ± 1.5a 1.63 ±
0.05c

Z/CH/ 
RT:A/ 
G20

57.6 ±
2.7d

3.9 ±
1.8a,b

320 ±
120b

4.5 ± 1.4a 1.26 ±
0.11a

Z/CH/ 
GM:A/ 
G10

54.6 ±
2.6c,d

4.6 ±
1.2a,b

290 ± 60c 3.8 ± 0.9a 1.39 ±
0.16a,b

Z/CH/ 
GM:A/ 
G20

59.4 ±
2.9d

12.8 ±
5.2c

104 ± 20a 2.7 ± 0.3a 1.67 ±
0.08c

A. Moeini et al.                                                                                                                                                                                                                                  Food Hydrocolloids 170 (2026) 111693 

4 



physicochemical analyses such as FT-IR, SEM, TGA, wettability, 
permeability, and tensile strength tests. In addition, biological assays, 
including antimicrobial and antioxidant tests, were conducted. Finally, 
the functionality of the biocomposites was validated by conducting a 
shelf-life extension test on tomatoes.

3.1. Physicochemical analysis of alginate-based edible coating films

3.1.1. Fourier-transform infrared spectroscopy (FTIR)
The FTIR characterization provides relevant information on physical 

or chemical interactions between components in polymer-based for
mulations. The FTIR spectra of the alginate films, blank MPs, and GM 
and RT encapsulated MPs formulated films are shown in Fig. 3a.

The FTIR spectra of the blank sodium alginate showed the standard 
mannuronic acid functional group at 886 cm− 1 and the uronic acid at 
936 cm− 1, -OH functional group at 3200-3400 cm− 1, and CH2 stretching 
at 2922 cm− 1 (Derkach et al., 2020). In the curves, the C-O-C stretching 
vibration appears at 1025 cm− 1. The characteristic absorption peaks of 
the curves at 1595 cm− 1, 1410 cm− 1, 1297 cm− 1, and 950 cm− 1 are 
related to asymmetric and symmetric COO− group stretching vibrations, 
-C-O- stretch vibration, and the fingerprint of alginate (Bahraminejad 
et al., 2023; Li et al., 2021). To get insight into the effect of the content of 
glycerol on the film structure, the spectra of film samples containing 10 
% glycerol were subtracted from the corresponding ones containing 20 
% glycerol, as reported in Fig. 3b. The higher concentration of G in the 
alginate films resulted in significant increases of the peaks of carbox
ylate, hydroxy, and C-O-C groups in the films containing 20 % G. This 
phenomenon has been documented in previous studies, where increased 
glycerol concentrations in alginate-based films led to intensified O–H 
stretching (3200–3600 cm− 1), and COO− stretching vibrations (1600 
cm− 1 and 1400 cm− 1) due to enhanced hydrogen bonding interactions 
(Gao et al., 2017; Jost et al., 2014). For instance, Jost et al. reported that 
higher glycerol levels amplified the O–H band intensity in alginate films, 
while Gao et al. noted changes in both O–H and COO− bands, reflecting 
glycerol’s interaction with alginate’s functional groups (Gao et al., 2017; 
Jost et al., 2014).

The incorporation of Z/CH MPs into alginate films (Fig. 3a) leads to a 
shift in hydroxyl group peaks from 3250 cm− 1 in A/Gly to 3280 cm− 1 in 
A/Gly/MPs, which confirms the hydrogen bonding interaction between 
MPs and alginate polymer matrix. Besides, the formation of the peak 
around 1730 cm− 1 is attributed to the ester bond, resulting from the 
crosslinking of zein and chitosan in MPs, and the increasing intensity of 
the peak at 1084 cm− 1 is associated with the C-O stretching vibrations of 

carbohydrates, specifically the glycosidic bond of the MPs chitosan 
(Spasojević et al., 2019).

In Z/CH/RT and GM MPs incorporated films, the hydroxyl peak even 
shifted to a higher wavelength, which could confirm that the presence of 
RT and GM can affect hydrogen bonding and improve the incorporation 
of MPs into A/G films. In addition, the aliphatic C-H stretch resulting 
from RT and GM into the A/G films was observed at 2925-2923 cm− 1 

(Agustin-Salazar et al., 2024b).

3.1.2. Thermal analysis

3.1.2.1. Differential scanning calorimetry (DSC). DSC was used to 
analyze the thermal transitions, phase behavior, and intermolecular 
interactions in the biocomposite films. During the first heating scan of 
G10 samples, a broad endothermic peak centered at 90 ◦C (25–150 ◦C 
range) was observed, corresponding to the evaporation of loosely bound 
moisture (Fig. S1). This peak disappeared in the second scan, confirming 
the removal of free water. Films containing Z/CH MPs loaded with MG 
and RT exhibited an additional endothermic peak at 122–123 ◦C, 
attributed to the evaporation of tightly bound water associated with 
polymer chains (Liu et al., 2021). When glycerol content increased to 20 
%, the broad low-temperature endotherm diminished in all 
MP-containing samples, while the high-temperature peak became 
dominant (Fig. 4a), indicating reduced moisture absorption.

This hydrophobization effect was corroborated by enthalpy mea
surements, as films with MPs and higher G content (e.g., Z/CH/RT:A/ 
G20) showed ~50 % lower enthalpy values compared to blank alginate/ 
glycerol (A/G) films, despite identical storage conditions (Table 1). This 
apparently odd result could be explained considering that higher glyc
erol levels may enhance polymer chain mobility, leading to a more 
compact or uniform film structure with reduced free volume or porosity 
(Gonçalves et al., 2019). A less porous film can limit water vapor 
penetration from the surrounding environment, contributing to lower 
moisture content. Additionally, glycerol’s –OH groups compete with 
water for hydrogen-bonding sites on alginate. In this regard, Jost et al. 
found that as glycerol concentration increased (from 0 % to 75 % w/w 
based on alginate), the moisture content of the films decreased after 
drying and conditioning at 53 % relative humidity (RH) (Jost et al., 
2014). At higher glycerol concentrations, stronger glycerol-alginate in
teractions may displace water molecules, reducing overall moisture 
retention. Additionally, MPs (Z/CH, Z/CH/RT, and GM) interact with 
the alginate matrix via hydrogen bonding (as confirmed by FTIR), 
restricting water uptake, a desirable trait for edible coatings to enhance 

Fig. 1. Scheme of the protocol adopted to coat tomatoes with green mustard (GM) or red radish (RT) formulated alginate-based edible films. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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shelf life (Paixão et al., 2019).
The second DSC scan revealed no significant thermal events, also for 

G20 film samples, confirming complete water evaporation and the 
absence of a glass transition (Tg) in neat alginate films (Fig. 4b). For the 
biocomposites, a melting transition of Tween 20 was detected near 
− 10 ◦C, while weak Tg signals for zein appeared between 24 and 40 ◦C 
(Table 1) (Rojas-Lema et al., 2024).

3.1.2.2. Thermogravimetric analysis (TGA). TGA provides valuable in
sights into materials’ thermal stability and degradation behavior. The 
thermal stability and decomposition behavior of alginate-based films 
were evaluated under a nitrogen atmosphere. The thermogravimetric 
curves are displayed in Fig. 5, and the thermal parameters calculated are 
summarized in Table 1. The films displayed distinct thermal parameters 
influenced by their composition, including moisture content, degrada
tion onset temperature (Tonset), maximum degradation temperature 
(Tmax), and char yield at 600 ◦C. As shown in Table 1, all films presented 
a moisture content above 15 %, confirming their hydrophilicity (Li et al., 

2021). As glycerol concentration increased from G10 to G20, the 
moisture content generally decreased, except for the Z/CH:A samples, 
suggesting improved water resistance. However, the determination of 
the moisture content with TGA was not fully reliable. Indeed, as DSC 
showed especially in the case of A/G10 and A/G20, moisture evapora
tion began at temperatures as low as 25 ◦C, leading to an underesti
mation of the moisture content using thermogravimetry. Increasing 
glycerol concentration from 10 to 20 % generally reduced moisture 
content across formulations, except for Z/CH:A samples, indicating 
enhanced water resistance (Table 1), However, since DSC data for 
A/G10 and A/G20 films showed premature evaporation of free water at 
low temperatures (even lower than 25 ◦C), the moisture content eval
uated by TGA in these samples was likely underestimated.

Including Z/CH MPs generally increased Tonset, as seen in Z/CH:A/ 
G10 (208.33 ◦C) compared to A/G10 films (200.99 ◦C). This improve
ment is attributed to the thermal stability of chitosan and zein, which 
delays the thermal decomposition. However, Tonset reduction in RT and 
GM-formulated biocomposite films, such as Z/CH/GM:A/G20 and Z/ 

Fig. 2. Shelf-life extension test of cherry tomato coated with PVA/G, CH/G, RT, and GM-formulated MPs. The samples include Polyvinyl alcohol (PVA) and glycerol 
(G, 10 wt% or 20 wt%), green mustard (GM), red radish (RT), and microparticles (MPs) based on chitosan (CH) and Zein (Z). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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CH/RT:A/G20, indicated the presence of a volatile fraction in the RT 
and GM biomass. In A/G films, only one Tmax was observed at about 
215 ◦C, attributed to the degradation of the alginate chains, which 
shifted to a higher temperature of 233–237 ◦C in the biocomposites, 
reflecting the stabilizing effects of Z/CH MPs. However, Z/CH/GM:A/G 
and Z/CH/RT:A/G films that contained volatile components showed 
slightly lower Tmax (I). The second Tmax (II) occurred due to the break
down of the Z/CH MPs network (Moeini et al., 2018). Biocomposite 
films containing RT and GM (Z/CH/GM:A/G and Z/CH/RT:A/G) 
showed significantly higher Tmax (II) values (367–379 ◦C), which could 
be due to the successful encapsulation of RT and GM in Z/CH MPs that 
required higher temperatures for degradation (Moeini, Mallardo, et al., 
2020; Moeini, van Reenen et al., 2020). Finally, the char yield of the 

biocomposites was lower than that of blank A/G films (41.9 % for A/G10 
vs. 27.2 % for Z/CH:A/G10). Besides, adding RT and GM MPs could 
further decrease the yield, and the lowest yield was observed at 
A/G10/RT at 5.5 %.

3.1.3. Scanning electron microscopy (SEM)
SEM was used to analyze the morphology and the microstructure of 

the cross-section surfaces of films and biocomposites. As shown in Fig. 6, 
plain alginate films showed a smooth and rather uniform surface 
without visible agglomeration (Liu et al., 2021). The biocomposites 
displayed obviously rougher cross-section surfaces due to the presence 
of MPs, with the development of a distinct porosity observed in bio
composites compared to A/G films, attributed to the inclusion of Z/CH, 

Fig. 2. (continued).
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Z/CH/RT, and GM microparticles in the alginate matrix (Moeini et al., 
2018). These additives create structural heterogeneities and disrupt the 
compactness of the alginate-glycerol matrix. As already pointed out, the 
interaction between additive and polymer matrix reduces the tight 
packing of alginate chains, as the particles interfere with the 
polymer-polymer interactions, resulting in a less compact structure; 
therefore, the number of porosities increased (Moeini, 2020). None
theless, the rather homogenous appearance of the film cross sections 
confirms that Z/CH, Z/CH/RT, and GM microparticles are well 
embedded and evenly distributed into the A polymer matrix because of 
the strong interaction between MPs and alginate, as seen from FTIR, 
TGA, and DSC results.

3.1.4. Tensile properties
Tensile tests were used to evaluate the mechanical properties of the 

alginate-based films, including their strength, flexibility, stiffness, and 
elongation capacity, which are critical for determining the suitability of 
the films for packaging or coatings. In Fig. 7, representative stress-strain 
curves of all tested samples are shown, while the averaged relevant 
values obtained from the curves are reported in Table 2. Tensile test 
results reveal significant differences in the mechanical properties of 
alginate-based films depending on the glycerol content (10 % or 20 %) 
and the inclusion of Z/CH, Z/CH/RT, and GM MPs in the biocomposites. 
As expected, the biocomposites’ thickness was higher with respect to the 
blank films, as the addition of MPs promoted the formation of voids. 
Strain at break decreased with increasing glycerol content, indicating 
that excess glycerol may weaken the film’s cohesion and reduce the 

Schematic 1. Flowchart summarizing the development of edible films, from initial formulation with different matrices to selection of plasticized alginate-based 
coating films for final physicochemical, biological, and shelf-life evaluation.
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Fig. 3. a) FTIR spectra of the alginate-based films containing alginate (A), glycerol (G). green mustard (GM), red radish (RT), and microparticles (MPs) based on 
chitosan (CH) and zein (Z). b) Subtraction spectra of film samples containing 20 wt% and 10 wt% glycerol. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)

Fig. 4. DSC curves of the alginate-based films containing 20 wt% glycerol: a) first heating, and b) second heating. The samples include alginate (A) and glycerol (G), 
green mustard (GM), red radish (RT), and microparticles (MPs) based on chitosan (CH) and zein (Z). Endothermal signals are downwards. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. TGA curves of the alginate-based films containing alginate (A) and glycerol (G), green mustard (GM), red radish (RT), and microparticles (MPs) based on 
chitosan (CH) and Zein (Z). a) 10 wt% glycerol, and b) 20 wt% glycerol. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)
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ductility by disrupting polymer-polymer interactions. However, the 
strain at break in biocomposites with 20 % of G improved, and the most 
flexible film, with the highest strain at break, was Z/CH/GM:A/G20 
(12.78 %). This could be due to the synergistic effect of glycerol and Z/ 
CH MPs and the plasticizing effect of GM and their interaction with 
glycerol, which increased the elongation capability (Moeini et al., 

2020). This observation could be seen in the SEM images, where less 
packed and high porosity morphology was observed in biocomposites. 
Despite the improvement in flexibility, less packed structure of bio
composites resulted from structural heterogeneity, and the reduced 
load-bearing capacity led to significant decrease in films stiffness from 
1005.31 MPa in A/G20 to 103.64 MPa in Z/CH/GM:A/G20, and for the 

Fig. 6. SEM images of the alginate-based films with 10 % glycerol. Film samples include alginate (A) and glycerol (G), green mustard (GM), red radish (RT), and 
microparticles (MPs) based on chitosan (CH) and zein (Z).
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same reason stress at break decreased from 21.67 MPa in A/G10 to 3.11 
MPa in Z/CH:A/G10. In conclusion, A/G films are stiffer and stronger 
but less flexible. In contrast, biocomposite films with 20 % glycerol and 
encapsulated RT and GM are more flexible but weaker, making them 
adaptable for edible coating.

3.1.5. Water vapor barrier properties and surface wettability
The water vapor barrier properties of the alginate-based films are 

shown in Table 2. Alginate films are naturally highly permeable, with 
values like those reported for other polysaccharides, including chitosan 
and cellulose films and whey protein-based films (Agustin-Salazar et al., 
2024; Arciello et al., 2021; Zhang et al., 2025). The addition of MPs and 
the natural extracts, RT and GM, did not cause the WVP values of the 
films to change dramatically. However, Z/CH/GM:A/G10 and Z/CH/ 
RT:A/G20 showed the lowest permeability values, indicating that the 
interaction between matrix and MPs could be modulated by the incor
poration of the natural extracts, leading to an increased tortuosity path 
for the water molecules diffusing within the film (Zhang et al., 2025).

Water contact angle measurements were employed to assess 
alginate-based films’ hydrophilic or hydrophobic nature, directly 
influencing their interaction with water and other hydrophilic sub
stances. Understanding these properties is critical for edible coatings, as 
surface wettability affects adhesion to food surfaces, moisture barrier 
performance, and overall coating functionality. As shown in Fig. 8, all 
alginate-based films exhibited a contact angle lower than 90◦, as to 
confirm their hydrophilic nature. This property makes these films good 
candidates for edible coating application. Generally, the surface of films 
containing 20 % glycerol were more hydrophilic. Adding Z/CH, Z/CH/ 
RT, and GM into films significantly increased the hydrophilicity, and the 
lowest contact angle was observed for Z/CH:A/G20 with 24.09◦ ± 6.94. 
Therefore, despite the more hydrophobic nature of chitosan and zein 
compared to alginate, the presence of embedded microparticles (MPs) 
caused contact angles to decrease. The main reasons for this finding are 
likely due to surface roughness of the samples. SEM analysis showed that 
films with MPs have a rougher and less homogeneous surface. Increased 
roughness can decrease the apparent contact angle, making the surface 
appear more wettable, as the roughness creates more surface area and 
micro/nano-scale voids where water can spread and penetrate, reducing 
the contact angle even if MPs are hydrophobic. Furthermore, clustering 
of MPs may favor the creation of microdomains of hydrophobicity sur
rounded by hydrophilic alginate, resulting in complex wetting behavior. 
Water droplets might preferentially wet the hydrophilic matrix areas, 
lowering the measured contact angle. Additionally, the presence of hy
drophilic functional groups, predominantly distributed on the film 

surface, and the enhanced hydrogen bonding interactions confirmed by 
FTIR analysis contribute to this effect. Similar findings have been re
ported in several studies (Ali et al., 2014; Q. Li et al., 2020; Lin et al., 
2010; Mayer et al., 2021). Besides, these results align well with the 
shelf-life test. They could confirm the effect of hydrophilicity on the 
tomato shelf-life extension, where a longer shelf life was observed in 
films with higher hydrophilicity. This can be due to the improved 
adhesion and uniform coverage on tomato surfaces in the films with a 
higher hydrophilic nature.

3.2. Biological assays and effect of alginate-based edible coating films on 
durability of tomatoes

3.2.1. Antioxidant activity (AA) of alginate films
The antioxidant properties of RT and GM extracts were estimated 

through a dose-dependent DPPH assay, resulting in a EC50 value, defined 
as the concentration of sample needed to reduce the DPPH concentration 
by 50 %, of 127,7 ± 1,6 μg/ml and 296,4 ± 5,1 μg/ml for RT and GM 
extract, respectively, which highlighted higher AA of RT compared to 
GM.

The AA of plain alginate films (A/G10 or G20), and films modified 
with unloaded MPs (Z/CH:A/G10 or G20) and loaded MPs (Z/CH/GM: 
A/G10 or G20, Z/CH/RT:A/G10 or G20) were also determined. The AA 
expressed per cm2 of film during 168 h testing was negligible for the 
pristine alginate samples (Fig. 9). The biocomposite films displayed AA 
during the time-course experiment, with the lowest activity in the case 
of unloaded MP films, reaching about 40 % DPPH inhibition at the end 
of the experiment. The AA increased when GM extract was loaded in 
microparticles, achieving about 52 % DPPH inhibition. The highest AA 
was observed on film coated with RT-loaded MP, specifically in the case 
of Z/CH/RT:A/G20. The activity reached 70 % DPPH inhibition after 
168h. This result agreed with the extended shelf life of tomatoes, up to 
30 days, coated with the Z/CH/RT:A/G20 formulation (Fig. 9). In 
particular, Fig. 9 shows that Z/CH/RT:A/G20 reached the EC50 after 36 
h, Z/CH/RT:A/G10 achieved the EC50 after 96 h, whereas the other 
films displayed the EC50 much later.

Our prior findings (data not shown) showed that red radish extract 
exhibited a higher AA than green mustard, mostly due to the higher total 
phenol content. Moreover, Park et al., 2019 reported that red radish 
showed the highest AA among 12 vegetable sprout species, which was 
highly correlated to the total phenol content (Park et al., 2019).

3.2.2. Antimicrobial assay
The survival of Bacillus cereus and Salmonella enterica was evaluated 

after 24 h of exposure to different alginate films. Antimicrobial activity 
was assessed on plain alginate films (A/G10 or A/G20), as well as films 
modified with unloaded microparticles (MPs) (Z/CH:A/G10 or A/G20) 
and MPs loaded with plant extracts (Z/CH/GM:A/G10 or A/G20; Z/CH/ 
RT:A/G10 or A/G20). Among the tested coatings, the alginate film 
embedded with microparticles containing RT and 20 % glycerol (Z/CH/ 
RT:A/G20) demonstrated the highest reduction in B. cereus survival, 
highlighting moderate antimicrobial properties (Fig. 10 A). In contrast, 
the alginate coating significantly reduced S. enterica vitality in the 
formulation containing unloaded MPs (Z/CH:A/G20) (Fig. 10 B). A 
further test was performed to assess the biocidal effect of chitosan as a 
constituent of the MPs. The antibacterial potential of pure chitosan film 
was further confirmed in S. enterica, as its survival was markedly 
reduced compared to polyvinyl alcohol (PVA) and PET (Fig. 10 C). 
Previous studies have demonstrated the ability of alginate and chitosan 
to control biofilm formation and microbial growth in Gram-positive and 
Gram-negative bacteria (Asadpoor et al., 2021; Dumont et al., 2018). 
The antimicrobial test in this study exhibited a certain degree of vari
ability in biocidal action, which may be attributed to the need for direct 
bacterial contact with the coated surface (Mirbagheri et al., 2024). 
Additionally, this variability could contribute to potential in
consistencies in film preparation and the inability of chitosan or alginate 

Fig. 7. Representative stress-strain curves of the alginate-based films.
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monomeric units to detach from the coating. We performed an agar 
diffusion assay with S. enterica and coatings containing pure chitosan to 
further investigate this. The absence of halos surrounding the 
chitosan-based biocomposite indicates that, according to this pre
liminary test, the films do not release diffusible chitosan (data not 
shown).

3.2.3. Application of developed Films for the preservation of durability of 
cherry tomatoes

A preliminary durability analysis was conducted on cherry tomatoes 
using a range of edible coatings solutions made from alginate, with 
varying concentrations of glycerol, microparticles, and encapsulated 
natural extracts (RT and GM) at room temperature (Fig. 11). The 

Fig. 8. Water Contact angle of A/G films and Z/CH, Z/CH/RT and GM:A/G biocomposites including alginate (A) and glycerol (G), green mustard (GM), red radish 
(RT), and microparticles (MPs) based on chitosan (CH) and zein (Z).
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research aimed to prolong the tomatoes’ shelf life while preserving their 
quality and visual appeal, offering a different method to minimize post- 
harvest fruit and vegetable waste.

The uncoated tomatoes (control) stayed in good condition for 12 
days. On day 8, a yellow spot emerged close to the green bud. By day 12, 
noticeable distortions and softening were visible, indicating the end of 
their suitability for sale, highlighting the quick decay of uncoated to
matoes under comparable storage conditions.

Tomatoes coated with Alginate containing 10 % glycerol (A/G10) 
exhibited visible deformation by day 12, making them unfit for sale. This 
coating formulation did not significantly extend the shelf life compared 
to the control, as the texture and firmness deteriorated at a similar pace. 
In A/G20, coated tomatoes showed a shelf life of 20 days; the visible 
deformations suggested that increasing glycerol concentration might 
have slowed the spoilage process, but did not wholly mitigate textural 
changes that could result from superior flexibility, moisture retention, 
and surface adhesion (Lindi et al., 2024). When microparticles were 
incorporated into the Alginate 10 % glycerol formulation (Z/CH: 
A/G10), the shelf life was extended to 27 days, though main issues with 
transparency and surface wrinkles were noted in the early days. Z/CH: 
A/G20 led to a shelf-life extension of 23 days; however, by day 23, 
significant wrinkles and deformations were observed, rendering the 
tomatoes unsalable. For tomatoes coated with Z/CH/GM: A/G10 and 
Z/CH/GM: A/G20, the shelf life was extended to day 23. However, 
careful optimization is crucial, as excessive glycerol could compromise 
barrier properties or encourage microbial growth. Despite the enhanced 
longevity, issues such as transparency loss, gradual softening, and sur
face texture wrinkles were observed, limiting the commercial potential 
of this formulation. These observations indicated that while GM extract 
helped extend the shelf life, it did not fully protect against surface 
deterioration in this formulation.

The Z/CH/RT: A/G10 extended the shelf life to day 20. By this point, 
the tomatoes displayed visible deformations and softening, indicating 
that while the coating delayed spoilage compared to the control, it did 
not entirely prevent the degradation of the product’s texture and 
appearance. The most promising results were obtained with Alginate 20 
% glycerol-containing encapsulated RT extract. This formulation 
extended the shelf life to 30 days, with no visible changes in appearance 
or texture until the final day of the study. This suggests that encapsu
lated RT, when combined with a higher glycerol concentration, can 
significantly improve the longevity and quality of tomatoes.

This study highlights the potential of using alginate-based edible 
films with encapsulated natural extracts for the shelf-life extension of 
tomatoes. Among the various formulations tested, Z/CH/RT:A/G20 

showed the most significant improvement, extending the shelf life to 30 
days without compromising appearance or texture. The success of this 
formulation can be attributed to its high antioxidant activity, derived 
from red radish extract (RT) properties, and the lower water vapor 
permeability. These properties work synergistically to combat moisture 
release, oxidative degradation, and microbial growth, which are key 
factors in tomato spoilage, thereby confirming the observed durability 
extension. For instance, the antioxidant activity, measured at 70 % 
DPPH inhibition, neutralizes free radicals that cause deterioration, while 
chitosan’s antimicrobial action inhibits bacterial and fungal 
proliferation.

However, further studies on sensorial tests are needed to corroborate 
the shelf life tests further.

Fig. 12 presents the weight distribution of Alginate samples 
throughout 27 days. Every sample demonstrated a consistent weight 
reduction attributed to water loss through evaporation or various 
environmental factors. The control sample, devoid of any enhance
ments, exhibits a consistent linear weight loss throughout the storage 
duration, decreasing by about 8 %. This suggests a typical drying pattern 
without strategies to preserve moisture or impede water evaporation.

The highest weight loss was observed at A/G10, with 10.37 %, by 
day 23, significantly improving to 6.42 % at A/G20. This could be due to 
glycerol as a plasticizer, influencing moisture retention capabilities. The 
enhancement in the barrier properties could be seen in the biocomposite 
after the formulation of the MPs into the A polymer matrix, where the 
weight loss decreases from 10.37 % to 6.39 % in Z/CH:A/G10.

The best moisture retention of the samples was observed in the 
samples with RT, Z/CH/RT:A/G10, and Z/CH/RT:A/G20, with 6.06 % 
and 6.01 % after 27 days. This outcome aligns with other results, where 
better interaction between ingredients was found for RT formulated 
biocomposites, which also resulted in enhanced barrier properties of 
these biocomposite films.

4. Conclusions

In this study, we successfully developed an alginate-based active 
edible coating incorporating Brassica juncea (GM) and Raphanus sativus 
(RT) sprout extracts encapsulated in zein/chitosan (Z/CH) microparti
cles (MPs) and formulated into the alginate polymer matrix to extend the 
shelf life of tomatoes. The physicochemical characterization of the films 
demonstrated that the presence of MPs enhanced hydrophobization, 
reduced water absorption, and improved thermal stability while 
ensuring good dispersion and interaction within the polymer matrix. 
Tensile testing revealed that films with encapsulated RT and GM extracts 

Fig. 9. Anti-oxidant assay of A/G films and Z/CH, Z/CH/RT and GM:A/G biocomposites for 7 days on DPPH. The samples include alginate (A) and glycerol (G), 
green mustard (GM), red radish (RT), and microparticles (MPs) based on chitosan (CH) and zein (Z). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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Fig. 10. Effect of different coating films on the survival of Bacillus cereus and Salmonella enterica after 24 h of exposure. (A) The survival of B. cereus, (B) the survival 
of S. enterica, (C) S. enterica survival on a chitosan film. Box plots represent the interquartile range, with thick lines indicating medians and whiskers showing data 
dispersion. Significant differences (p < 0.05) are indicated by numbers on the horizontal bars. Film types include polyethylene terephthalate (PET), and alginate (A) 
films containing green mustard (GM), red radish (RT), and microparticles (MP) based on chitosan (CH) and zein (Z). S. enterica was tested on chitosan (CH) and 
polyvinyl alcohol (PVA) as a control.
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were more flexible, making them ideal for use as edible coatings. The 
antioxidant activity of the films was significantly enhanced by the in
clusion of GM and RT extracts, with the RT-loaded films showing the 
highest DPPH inhibition. Tomatoes coated with the Z/CH/RT:A/G20 
formulation exhibited an extended shelf life of up to 30 days without 
visible deterioration in appearance or texture, confirming the coating’s 
effectiveness. Additionally, these films demonstrated the highest 
biocidal activity against Bacillus cereus and Salmonella enterica, high
lighting their potential for food safety applications.

Beyond the technical performance, this approach is also aligned with 
principles of sustainability and circularity. Using natural, biodegradable 
polymers such as alginate, chitosan, and plant-based extracts reduces 
the environmental impact of food packaging. The potential for utilizing 
sprout extracts in the formulation further supports a circular economy 
by adding value to these fast-growing renewable sources. This work 
highlights the potential for environmentally friendly, bioactive coatings 
that improve food preservation while reducing reliance on synthetic 
preservatives, offering an effective and sustainable solution for fresh 
produce storage. Future research can focus on scaling up the formula
tion, optimizing bioactive compound concentrations, and exploring its 
application to other fruits and vegetables, enhancing the approach’s 
scope, circularity, and sustainability.
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Tasić, N., Aidarova, S., & Sharipova, A. (2019). Edible water barrier films prepared 
from aqueous dispersions of zein nanoparticles. LWT, 109, 350–358. https://doi. 
org/10.1016/j.lwt.2019.04.038
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