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Abstract: This study explores the effect of Clove essential oil (CEO) nanoemulsion on the physical 

and physicochemical properties of potato starch edible films. Mechanical properties at puncture tests, 

film thermal stability, morphology, color CIELAB parameters, water vapor permeability, and gas 

barrier properties towards oxygen and carbon dioxide were determined. Films were characterized with 

white color and high opacity. The films' surface morphology was examined by polarized microscopy, 

and homogeneous distribution of the incorporated nanoemulsion into the edible film was observed. The 

loaded CEO improved the water and gas barrier properties of the films. In this way, the formulated new 

multicomponent films are suitable for use in the design of active food packaging. 

Keywords: multicomponent edible films; starch; clove essential oil; thermal stability; film 

morphology; permeability properties; color properties; puncture tests. 

© 2021 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

In recent years, a tendency to replace synthetic polyolefin packaging with 

environmentally friendly, edible, and biodegradable films using natural resources has been 

observed. The basic materials, which have been used in the formulation of edible film, are 

polysaccharides, proteins, and lipids [1]. All of them are safe and permitted for food purposes. 

They possess good barrier properties and can significantly decrease undesired interactions 

between the food surface and the external environment [2]. One of the advantages of edible 

packaging is including various biologically active substances, such as coloring agents, 

antimicrobial agents, and antioxidants [3]. 

Starch is a polysaccharide, which is commonly used for packaging applications because 

it is cheap and possesses some of the preferable properties of edible coatings – it is tasteless, 

odorless, flexible, and transparent [4]. Starch films have excellent gas barrier properties and 

retarded aroma and solutes transfer [5]. The main disadvantage of the starch-based edible films 

is their strong affinity for water [6]. To reduce the water vapor permeability of the films, 

different hydrophobic ingredients, like lipids, waxes, or essential oils, are incorporated into the 

packaging material [7, 8]. 

The present research describes clove essential oil-loaded starch films' 

physicomechanical, barrier, structural, thermal, and optical properties. 
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2. Materials and Methods 

2.1. Materials. 

Potato starch and Tween 20 were purchased from SIGMA Aldrich, Germany. Clove 

essential oil (CEO) and plasticizer (glycerol) were provided from the local market. 

2.2. Preparation of Clove essential oil nanoemulsion. 

The nanoemulsion was formulated using 10 % w/w Clove essential oil (CEO), 10 % 

w/w Tween 20, and 80 % w/w distilled water. The compounds were vortexed with PV-1 Vortex 

Mixer (Grant Instruments, UK) at room temperature for 5 min. Then the obtained emulsion 

was ultrasonicated for 3 min using UP100H – Compact Ultrasonic Laboratory Device, 

Germany. 

2.3. Formulation of edible films from potato starch with incorporated CEO. 

The method of Alaa G. Al-Hashimi [3] with a few modifications was used to prepare 

the edible films. Briefly, potato starch (3 % w/w) was dissolved in distilled water. The starch 

was gelatinized at 85 C using a continuous heated magnetic stirrer, after which the solution 

was cooled down to room temperature. 1 % plasticizer (glycerol) was added to the starch 

solution at 60 C and homogenized with a magnetic stirrer for 30 min. After the 

homogenization, the mixture was cooled down again to room temperature. Then the Clove 

essential oil nanoemulsion was poured under constant stirring to the starch solution at a proper 

amount to reach 0.5 %, 1.0 %, 1.5 %, 2.0 % and 2.5 % concentrations. The films were prepared 

by casting method using approximately 40 ml of the starch solution into Petri dish (ø=100 

mm). The Petri dishes were covered with aluminum foil and dried at 30 C for 7 days. 

2.4. Polarizing light microscope. 

A polarizing light microscope (Leica DM1000) equipped with Leica DFC295 Digital 

Camera was used to observe the morphologies of the films. 

2.5. Film thickness. 

The thickness was measured in ten repetitions randomly on each testing sample with a 

digital micrometer (No. 293-5, Mitutoyo, Japan). The average values were used to calculate 

the gas and water vapor permeability. 

2.6. Determination of moisture content of the potato starch edible films. 

Sartorius moisture analyzer was used for measuring the equilibrium moisture content 

of the edible films. Five replications were done for each sample. 

2.7. Determination of the potato starch edible films solubility. 

Cut film pieces (2 x 2 cm) were immersed in distilled water at room temperature for 6 

hours. Then, the film pieces were taken out and dried at 105 C for 60 min and weighted to 

calculate the solubility (%). 
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2.8. Water vapor permeability (WVP). 

The gravimetric method was used to measure the water vapor permeability and water 

vapor transmission rate by W3/031 (Labthink, China) instrument. The generated humidity 

difference was 90% between the two sides of the test film. 

2.9. Oxygen and carbon dioxide permeabilities. 

ASTM D1434 standard (2015) was applied for determining the oxygen (O2) and carbon 

dioxide (CO2) permeability of the studied films. Samples were examined by VAC-VBS Gas 

Permeability Tester, Labthink, China. 

2.10. Mechanical penetration tests. 

The slow-speed puncture test of the films was done based on the standard tests, with 

some modifications. A TA.XT2 Texture Analyser (Stable Micro Systems, Surrey, UK) was 

used for the measurements. The 40 mm diameter stretched film discs were punctured by a 5 

mm spherical probe. Five pieces of films were measured from each concentration. The 

deformation speed was 1 mm/s until the film broke. The force at break (FB [N]), the 

deformation at break ( [mm]), the elastic modulus (force/linear deformation, λ [N/mm]) and 

the deformation work (∫ 𝐹
𝐹𝑅
0

𝑑ℓ  [N.mm]) were statistically analyzed. 

2.11. Determination of color parameters of the potato starch-based films. 

The color properties of the films were examined by a portable colorimeter PCE-CSM 

5. The CIELAB color coordinates L, a, b, c, and h were measured (Measuring geometry 8°/d, 

Ø 8 mm, light source D65), and ISO whiteness and yellowness indexes were calculated by the 

Color Quality Controller System 3 software. The instrument was calibrated by a white etalon 

(L* = 94.3; a* = -0.92; b* = -0.67). The same white etalon was applied to the background of 

the experiments [9]. All films were measured at 5 places. 

2.12. Thermal analysis. 

Differential scanning calorimetry was applied for the investigation of the thermal 

properties and stability of the edible films. DSC 204F1 Phoenix (Netzsch Gerӓtebau GmbH, 

Germany) was used in this study. The temperature and the heat flow calibration were performed 

by indium standard (Tm =156.6 ℃, ΔHm =28.5 J/g). Samples from the edible films (about 15 

mg) were hermetically sealed in aluminum pans. An identical empty pan was used as a 

reference. The measurements were performed under argon atmosphere at a heating rate of 10 

℃/min. 

3. Results and Discussion 

3.1. Potato starch-based films morphology. 

The surface morphology of the control and CEO-loaded films was investigated by 

polarized microscopy – Figure 1. 

The film without CEO is characterized by a flat and homogenous surface (Figure 1). 

The CEO loading to the films lowered the uniformity of the films as the process did not depend 

on the oil concentration (Figure 1) and introduced a diphasic structure consisting of 
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hydrophobic CEO droplets suspended in a hydrophilic polymer matrix. A uniform distribution 

of the CEO in the starch matrix was observed for all samples. The droplet concentration and 

size increased with increasing the CEO concentration. 

 
Figure 1. Morphology of potato starch films. 

3.2. Potato starch-based films thickness and water affinity. 

One of the significant parameters of the films is their thickness, which directly 

determines the gas and water vapor permeation, color, and mechanical properties. Therefore, 

this parameter can influence the packaged food product's shelf life.  

The thickness of the films varied between (0.119  0.009) mm and (0.221  0.006) mm 

(Table 1). The thickness of the control sample is the smallest. The thickness of the films with 

CEO increases significantly (p < 0.05) when the amount of the oil increases. This phenomenon 

could be associated with the inclusion of CEO droplets within film bulk, which change material 

density and the amount of the dry compounds since the same volume of solution was poured 

at each Petri dish. In this way, the amount of total solids of the film increased after the drying 

process. The received results are in agreement with the reports of other authors [10]. 

The moisture content of all investigated samples is shown in Table 1. The CEO loading 

into the films lowered the moisture content regardless of the oil concentration.  

Table 1. Effect of clove essential oil concentration on physical parameters of potato starch films. 

Formulation Thickness (mm) Moisture content 

(%) 

Solubility in water (%) WVP 

(g.mm/m2.day.kPa) 

Control 0.119  0.009a 8.03 ± 0.33c 31.01  0.017 7.70  0.33 

CEO 0.5% 0.139  0.009b 6.49 ± 0.26a 34.84  0.017 5.23  0.31 

CEO 1.0% 0.149  0.007c 7.02 ± 0.28b 35.21  0.015 4.50  0.25 

CEO 1.5% 0.155  0.017c 6.22 ± 0.24a 35.48  0.016 4.17  0.17 

CEO 2.0% 0.166  0.014d 6.61 ± 0.26a 36.07  0.018 4.00  0.17 

CEO 2.5% 0.221  0.006e 7.02 ± 0.27b 38.86  0.018 3.77  0.26 

Unlike glycerol, which absorbs the maximum amount of moisture without any 

obstacles, the essential oil, due to its hydrophobic nature, prevents the high absorption of 

moisture. The presence of fatty acids in the essential oil causes interaction with the active starch 

groups, which hinders the formation of hydrogen bonds between water molecules and active 

starch groups [11]. 
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Solubility in water for edible films is a highly important parameter in wet environments 

due to water resistance. It determines the protecting properties of coating with high water 

activity like fresh and frozen food [12]. 

The films with CEO, showed higher solubility (Table 1) than the control films. The 

solubility increased with increasing the CEO concentration. At first glance, this result is 

unexpected, as the addition of a hydrophobic component is expected to reduce solubility values 

[13]. The solubility increasing is due to film defects, which favor the water inclusion to the 

polymer matrix and raise the thickness and rough surface structures of the films, raising the 

film and water contact area [14]. 

The high water-solubility is favorable in applying the films for coating of fruits and 

vegetables due to later washability of it [15] according to consumer preferences. 

WVP is a highly important parameter in the characterization of the edible coating 

materials' quality. 

One of the essential functions of edible coatings is to reduce the transport of water 

between food and its environment or between the separated components of food, which should 

have minimal water vapor permeability. [16]. 

The control film had the highest water vapor permeability with a value of (7.70  0.33) 

g.mm/m2.day.kPa – table 1. Other films had a significant difference (p < 0.05), and the WVP 

of films decreased with increasing the amount of CEO in the films. The lowest WVP is related 

to the sample with 2.5% CEO – (3.77 0.26) g.mm/m2.day.kPa. 

There are various data in the literature on the influence of the incorporated essential oil 

on the vapor permeability of edible films. In some cases, the authors report increased WVP 

when essential oils are incorporated [14, 17, 18]. The increasing of films WVP was influenced 

by the generation of the holes that caused structural changes in the polymer network and 

forwarded the water vapor transfer. 

The decrease of the WVP in the present research could be attributed to two reasons. 

First, glycerol, acting as a plasticizer, decreases the intermolecular hydrogen bonds and 

increases the free volume between starch molecules. In this way, facilitates the diffusion of the 

water vapor molecules through the film. Second, the newly created hydrogen bindings between 

starch network and CEO compete the hydrophilic relationship between hydrogen group and 

water, and in this way lowering the film's water affinity [10]. 

3.3. Potato starch films gas permeability. 

There is a significant increase in the permeability of both gases - O2 and CO2, compared 

to the control film – Figure 2. An important factor for barrier efficiency is the impact of lipid 

integration on the microstructure of the coating films. The molecular mobility is enhanced by 

the liquid state of the CEO, which assists the transfer of gas molecules. In addition, the 

hydrophobic nature of the CEO causes it to interact with the polymer matrix and disrupt the 

hydrogen bonds [19]. In this way, additional sites for the dissolution of gases may be created, 

and the mobility of molecules can be increased through film structure.  

3.4. Puncture properties. 

The puncture properties of edible films are highly important for processing 

requirements [20]. Puncture characteristics of the films and coatings are influenced by the 
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interactions of additive matrix and are highly determined by the environment, which controls 

the stability and flexibility of the film. 

 
Figure 2. Gas permeability of potato starch films containing different concentrations of Clove essential oil 

(CEO). 

The elastic parameters of the examined films are presented in Table 2. Based on our 

results, a significant difference was found in rupture force (p < 0.05). 

Table 2. Elastic properties of potato starch films containing different concentrations of Clove essential oil 

(CEO). 

Formulation Rupture force (N) Rupture distance (mm) Rupture work 

(N.m) 

Deformation modulus (N/m) 

Control 23.039±3.123a 3.421±0.446a 36.702±6.330a 9.287±0.912a 

CEO 0.5% 22.900±3.635a 3.368±0.234a 34.387±5.074a 9.019±0.916a 

CEO 1.0% 14.059±1.335b 3.419±0.274a 20.374±2.389b 8.664±0.981a 

CEO 1.5% 16.304±3.085b 2.707±0.186b 20.640±3.138b 5.168±0.586b 

CEO 2.0% 5.577±0.360c 2.504±0.270b 11.397±1.645c 3.329±0.354c 

CEO 2.5% 4.481±0.378c 1.588±0.252c 5.465±0.572d 2.409±0.364c 

Thus, the control sample had the highest rupture force (23.039 N), and the sample with 

2.5 % CEO had the least resistance to stretching (4.481 N). In the investigated systems, due to 

the plasticizing effect of the essential oil, the intra- and intermediate molecular hydrogen bonds 

between the amylose and the amylopectin chain are partially destroyed, and the film strength 

decreases. As a result, the molecular movement and the polymer's flexibility increase [21].  

The maximum value for the rupture distance is observed for the control sample (3.421 

mm. The lowest value of the rupture distance with a significant difference from the other 

samples is for the film with 2.5 % CEO (1.588 mm).  

The limited interactions between the polymer chains provoke a decrease in the elasticity 

resistance (rupture work) and deformation modulus and increase in the elasticity. Similar 

results were received for the mechanical characteristics of edible starch films loaded with 

essential oil, which were studied by tensile test [22].  

3.5. Color properties. 

The main function of formulating starch films is to prevent the packaged product's taste, color, 

flavor, and appearance changes [23]. Table 3 shows the colorimetric parameters of the films. 
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Table 3. Colorimetric parameters of potato starch films containing different concentrations of Clove essential 

oil (CEO). 

Formulation L* a* b* c* h* WI YI 

Control 93.12±0.19a -0.99±0.07a -0.89±0.12a 1.31±0.13B 221.86±2.96a 84.99±0.28a -2.26±0.29a 

CEO 0.5% 92.51±0.42a -0.90±0.01b -0.34±0.01ab 0.96±0.02AB 200.45±0.47b 82.87±0.94b -1.09±0.03ab 

CEO 1.0% 92.38±0.34a -0.88±0.01b 0.39±0.05b 0.96±0.04AB 156.16±2.65c 82.07±0.32c 0.36±0.10b 

CEO 1.5% 92.52±0.04a -0.86±0.05b 0.45±0.03b 0.94±0.02A 151.61±1.73d 81.64±0.79c 0.53±0.06b 

CEO 2.0% 89.42±0.30b -0.19±0.01c 3.45±0.11c 3.46±0.11C 92.63±0.99e 71.51±0.48cd 7.06±0.19c 

CEO 2.5% 86.78±1.01c 0.37±0.03d 6.53±1.47d 7.22±0.51D 86.57±2.80f 62.90±3.46d 13.81±3.29d 

The control film was almost colorless. The potato starch is light color material, and the 

developed film is translucent [24]; the values of color parameters were close to the values of 

the white etalon plate, which was used as a background. Due to the dyeing effect of the COE, 

by adding CEO in a different amount to the films, their color changed. The CEO reduced the 

whiteness and increased the yellowness values. Similar data were reported for HPMC edible 

films with incorporated CEO [25]. 

3.6. Thermal properties and stability of potato starch edible films. 

Thermal properties and the stability of the potato starch edible films were characterized 

by DSC – Figure 3.  

 

Figure 3. DSC thermograms of potato starch films containing different concentrations of Clove essential oil 

(CEO). 

Table 4. DSC thermograms of potato starch films containing different concentrations of Clove essential oil 

(CEO). 

Formulation Ton (C) Tm (C) Hm (J/g) 

Control 43.4   92.4 157.0 

CEO 0.5% 42.1   92.3 189.3 

CEO 1.0% 59.3 111.9 223.3 

CEO 1.5% 59.3 112.9 212.8 

CEO 2.0% 56.2 106.7 181.7 

CEO 2.5% 63.5 115.9 155.3 

The obtained thermograms presented one predominating broad endothermal peak in the 

temperature range between 20 C and 190 C. Most likely, it is due to two processes: 

incomplete starch gelatinization during film preparation and water evaporation [26]. A second 

endothermal phenomenon is realized at temperatures above 170°C, which could be related to 
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the thermal destruction of the film [27]. Incorporating a different amount of essential oil led to 

a shift of the peak's temperatures and a change in the enthalpy of the endothermic process 

(Table 4).  

At CEO concentration up to 1.0%, there is a trend in the values of ΔHm, Ton, and Tm to 

increase. Therefore, the hydrogen bonding interaction between the starch network and CEO 

may hinder the processes of gelatinization and water evaporation and stabilize the film. At 

higher levels of CEO, the values of ΔHm, Ton, and Tm tend to decrease. In this case, it could be 

assumed that the incorporated to the edible films essential oils act as a plasticizer, i.e., it 

facilitates chain mobility [28], and the films become thermally less stable. 

4. Conclusions 

The physicochemical properties of casted potato starch films, with incorporated 

different concentrations of Clove essential oil (CEO) (0.5 %, 1.0 %, 1.5%, 2 %, and 2.5 %) 

were investigated in the present research. With the CEO loading to the films, the film's 

thickness increased, which affected the opacity of the films and increased the film turbidity and 

yellowness. Тhe increase in the concentration of the incorporated essential oil led to a decrease 

in the moisture content and the WVP of the films. These improved the water resistance of the 

starch films and made them desirable for food packaging. The addition of essential oil caused 

a significant lowering in the rupture force and rupture distance of the films compared to the 

control sample. Based on the thermal analysis, the incorporation of CEO up to 1% stabilized 

the films. The prepared multicomponent films with improved physical properties could be a 

promising material for fabricating functional food packaging.  
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