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Abstract

:

Human skin has protective functions and it is a barrier that protects the interior of the body from harmful environmental factors and pathogen penetration. An important role of the skin is also to prevent the loss of water from the body and if the skin barrier is damaged, the amount of water emitted from the internal environment is increased. Therefore, it is crucial to recovery and maintenance of epidermal barrier integrity. The aim of the current work was to encapsulate Calendula officinalis flower extract in gelatin microspheres and then incorporation microspheres into thin polymeric films made from sodium alginate or mixture of sodium alginate and starch. Such materials may find applications in the cosmetic field for example in the preparation of masks for skin, according to the Calendula officinalis flower extract wide influence on skin condition. Thus, the release profile of this extract from the materials was tested under conditions corresponding to the skin (pH 5.4, 37 °C). The mechanical properties, surface free energy, and moisture content of obtained films were measured. To determine the barrier quality of the stratum corneum, transepidermal water loss (TEWL) and skin color measurements were performed. The loaded microspheres were successfully incorporated into polymeric films without affecting its useful properties. Although the values of Young’s modulus and the moisture content were decreased after film modification by microspheres addition, the skin parameters were much better after application of films with microspheres. The results confirmed that obtained materials can be potentially used in cosmetics to improve the skin barrier quality.
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1. Introduction


The skin is the body’s largest organ and it is a barrier between the internal physiological environment and the external environment. The barrier function of the skin is very important for our health to prevent invasion of pathogenic microorganisms. Moreover, the human skin has a major function to limit water evaporation from the body. The barrier properties are assured by the stratum corneum, which controls the transepidermal water loss (TEWL). The level of TEWL is used as an indicator of permeability of the skin and therefore it indicates skin barrier function. Low-humidity weather conditions, skin injuries and abrasions, as well as topically applied products that dry out the skin, such as soap and detergents, can affect TEWL. As it is known, in the case of weakened barrier function higher values of TEWL are observed, whereas decreased TEWL proves an unimpaired skin barrier or its repair. Dry skin shows increased TEWL and the use of moisturizing products is recommended to improve skin hydration [1,2,3,4].



Natural hydrophilic polysaccharides and proteins such as sodium alginate, starch, and gelatin are widely used in cosmetics. These polymers are considered to be a promising and beneficial substances in the production of useful materials due to their thickening, gelling and film-forming properties, relatively low price, and abundance [5,6,7].



Sodium alginate is a linear copolymer consisting blocks of (1–4)-linked β-D-mannuronate and α-L-guluronate residues. This anionic polysaccharide is distributed in the cell walls of brown algae (Phaeophyceae) [7,8]. Another popular polysaccharide is starch obtained mainly from potato tubers. Starch is used in most green plants as energy storage. Its structure is composed of two glucans—linear amylose and branched amylopectin, and is stabilized by hydrogen bonds between hydroxyl groups [9,10,11]. Gelatin is a denatured, biodegradable protein obtained by processing of collagen extracted from animal tissue such as skin, muscle, and bone. Gelatin used commercially is predominantly obtained from bovine or porcine skin and bones, which are subjected to partial acid hydrolysis (giving gelatin type A) or partial alkaline hydrolysis (leading to gelatin type B) [12,13].



Biopolymers are also used in many encapsulation techniques. Microencapsulation technology is crucial in the field of food industry in order to protect and stabilize oxidizable substrates such as fats and oils. This technology was recognized a long time ago in medicine and pharmaceutical industry for drug delivery. Its cosmetic and agriculture applications are also more common. Microencapsulation is employed to enclose in polymeric or inorganic structures various types of solid and liquid materials such as drugs, extracts, vitamins, perfumes, proteins, dyes, bacterial cells, etc. [14,15,16].



Calendula officinalis L. is a medical plant and the main constituents of its flower extract include carotenoids, terpenoids, steroids, phenolic acids, and flavonoids like quercetin, rutin, narcissi, isorhamnetin, and kaempferol [17]. Calendula officinalis flower extract (pot marigold flower extract) has been determined to exhibit beneficial effects on humans such as antioxidant [18,19], anti-inflammatory [20], antimicrobial [21], anti-cancer, and anti-viral activity [22]. For that reason, it is used in treatment of burns, ulcers, skin inflammations, eczema, bruises, cuts, rashes, skin wounds, and other conditions [19,23,24]. The beneficial effects of Calendula officinalis extract on human health can be enhanced by controlling its release from polymeric microspheres.



The aim of our study is to prepare materials in the form of biopolymer films with the addition of microspheres containing plant extract. We would like to obtain new advanced composite materials for cosmetic applications to improve the barrier function of stratum corneum by combining microspheres, which are the carriers of the active ingredients, and the polymeric matrix made from hydrophilic polymers with the addition of glycerol. The biopolymers used in this work were gelatin—to obtain microspheres, as well as sodium alginate and starch—to obtain the polymer matrices. We have prepared the gelatin microspheres tested in our laboratory previously, which were at first incorporated into porous three-dimensional matrices made from collagen, gelatin, and hydroxyethyl cellulose [25,26,27]. This time, we decided to investigate how these types of microspheres will work after incorporation into polymer thin films. We expected an improvement in the penetration of the active substance into the skin. For this purpose, besides mechanical properties, moisture content, contact angles, and in vitro release study, the preliminary tests with the usage of a tewameter and a colorimeter were carried out. Such films could be used on the skin, for example as cosmetic masks.




2. Materials and Methods


2.1. Materials


Starch from potato (S), gelatin type A from porcine skin, 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), Span 85, Folin–Ciocalteu reagent, and gallic acid were purchased from Sigma-Aldrich (Poznan, Poland). Sodium alginate (ALG) was supplied from BÜCHI Labortechnik AG (Flawil, Switzerland). Glycerol (G) was supplied by the Stanlab (Lublin, Poland). All the other reagents were obtained from Avantor Performance Materials Poland S.A. (Gliwice, Poland). All used chemicals were of analytical grade. The hydroglycolic Calendula officinalis flower extract (propylene glycol/water (80:20)) was acquired from Provital S.A. (Barcelona, Spain). The total polyphenol content of Calendula officinalis flower extract was determined using the Folin–Ciocalteu method [28] with gallic acid as a standard. The absorbance measurements were performed at 725 nm using a UV–VIS spectrophotometer. The results were calculated as gallic acid equivalents (mgGAE/mL). The total polyphenolic content of the extract was 206.6 ± 3.6 mgGAE/mL.




2.2. Preparation of Gelatin Microspheres


The gelatin microspheres were obtained using the method detailed in our previous paper with some modifications [25]. Briefly, microspheres were produced from 20% (w/w) aqueous gelatin solution. Firstly, gelatin solution was heated at 40 °C for 30 min and then 40 mL of paraffin oil with the addition of 1% Span 85 was appended. The mixture was homogenized for 20 min (T25 digital ULTRA-TURRAX disperser, IKA Werke, Staufen, Germany) and the obtained water-in-oil emulsion was magnetically stirred for 2 h. To improve physical properties of the gelatin microspheres, EDC/NHS mixture was used as a crosslinking agent. After centrifugation and washing with ethanol, the microspheres were frozen and lyophilized (ALPHA 1-2 LD plus lyophilizator, Martin Christ, Osterode am Harz, Germany).



The Calendula officinalis flower extract was loaded into the microspheres by immersion in 2% v/v commercial hydroglycolic extract for 24 h and incubation at 37 °C for 24 h. Then, any remaining extract was removed, and the microspheres were washed with deionized water, frozen, and lyophilized. The scheme of microspheres production by a water-in-oil emulsion method is shown in Figure 1.




2.3. Production of Polymeric Films


The polymer films were produced from sodium alginate and glycerol or sodium alginate, starch, and glycerol (Table 1). Firstly, sodium alginate and starch were dissolved in deionized water, to prepare 2% (w/w) of sodium alginate solution and 0.5% (w/w) of starch solution. After that, polymer blends were prepared by mixing these solutions in different weight ratios and various amounts of glycerol were added to the mixtures (Figure 2). The films were also fabricated from sodium alginate solution without the addition of starch. Thin films were obtained by solution casting on glass plates and the samples were dried at room temperature. Moreover, this method was repeated for obtaining samples containing 0.6% of gelatin microspheres loaded with pot marigold flower extract. The prepared mixtures were homogenized before casting.




2.4. The Samples Characterization


2.4.1. Mechanical Properties


The mechanical tests were carried out using a mechanical testing machine (Z.05, Zwick/Roell, Ulm, Germany) fitted with a 1 kN load cell. The samples were inserted into the machine clamps and stretched until break with the velocity of 5 mm/min. The Young’s modulus was calculated from the slope of the stress–strain curve in the linear region (strain from 0.25% to 0.45%) using the testXpert program. The tests were carried out in accordance with ASTM D638 standard (ASTM—American Society for Testing and Materials). Five measurements for each type of films were made and average values were calculated.




2.4.2. Moisture Content


The samples (2 × 2 cm) were weighed and dried (110 °C, 24 h) to a constant weight. All samples were weighed again, and the weight loss of each sample was determined. The moisture content was calculated as the percentage of water removed from system. The measurements were performed in triplicate [29].




2.4.3. Contact Angles and Surface Free Energy


T he contact angles of two liquids, diiodomethane (D) and glycerol (G), on the polymeric films were measured at constant temperature (22 °C) using goniometer equipped with a system of drop shape analysis (DSA 10 produced by Krüss, Hamburg, Germany). The surface free energy was calculated by Owens–Wendt method. The values as average of 10 measurements of each sample were calculated. Due to the significant surface roughness of the films containing microspheres, only films without the addition of microspheres were subjected to contact angle measurements.




2.4.4. Loading Capacity of Matrices with Microspheres


The films with extract-loaded gelatin microspheres (1 × 1 cm) were weighed and put into 2 mL of 1M NaOH for 1h. After that, the samples were centrifuged (10,000 rpm, 5 min) and the supernatant solution was collected. The polyphenolic compounds were examined by using the Folin–Ciocalteu method [28]. Therefore, 20 µL of sample with extract was mixed with 100 µL of Folin–Ciocalteu’s reagent and 1.58 µL of H2O. After 4 min, 300 µL of saturated Na2CO3 solution was added to the mixture. The samples were kept in the incubator at 40 °C for 30 min. Then, the absorbance was measured at 725 nm using a UV-VIS spectrophotometer (UV-1800, Shimadzu, Kyoto, Japan). The results are the average of three samples. The presented data of polyphenol content in the matrices with microspheres were calculated based on gallic acid solution using standard curve equation in the concentration range 0–0.50 mg/mL. The coefficient of linear correlation was R = 0.9992.




2.4.5. In Vitro Release Study


The obtained polymer films with extract-loaded microspheres were placed in a polystyrene 12-well plate and 2 mL acetate buffer (pH 5.4) was added. Then, samples were incubated at 37 °C and the solution was collected after 30, 60, 90, 120, 180, and 300 min of incubation. The content of polyphenolic compounds was determined by the Folin–Ciocalteu test [28]. The procedure of preparing samples for in vitro release study was the same as for the loading capacity described above. The absorbance was measured at 725 nm using a UV-VIS spectrophotometer. The obtained results are the average of measurements taken for three samples of a given type. The experimental calibration curve for the standard solution (gallic acid), prepared previously for loading capacity was used. The release from matrices containing microspheres with the extract was calculated on the basis of the results of loading capacity.




2.4.6. Skin Examination


The skin color and TEWL after application of the sodium alginate and sodium alginate/starch films were examined using the colorimeter (Skin-Colorimeter CL 400, Courage + Khazaka, Köln, Germany) and tewameter (Tewameter TM 300, Courage + Khazaka, Köln, Germany) with the use of MPA-software. The films were immersed in water, applied on the skin, and removed after 10 min. The influence of the obtained films on the biophysical skin parameters was determined before application, immediately after application and 15, 30, 60, and 120 min after application of the samples. The skin parameters measurements were conducted on the volar forearm skin with participation of five probants with normal skin (women, aged 23–25) after informed oral and written consent, in the laboratory in controlled temperature (20–22 °C) and humidity (relative humidity 40–60%).






3. Results and Discussion


3.1. Mechanical Properties


The results of the Young’s modulus measurements are presented in Table 2. The film thickness was measured before testing. The thickness of the prepared polymer films was from 96 to 120 µm (data not shown). The alginate-based films with starch were slightly thicker than films without it. It is known that the mechanical properties of biopolymer films can be improved by the addition of plasticizers, which can bestow flexibility of films due to increase of the free volume or molecular mobility of polymers and decrease the intermolecular forces [30]. The glycerol is the plasticizersamples containing a greater addition of glycerol were more flexible and consequently, their values of Young’s modulus were lower, so they broke up later. The values of Young’s modulus with the increase in the amount of glycerin decreased from 79.3 to 10.0 MPa and 67.6 to 14.8 MPa for alginate and alginate/starch films, respectively. Gao et al. produced films from sodium alginate and they also observed that the lower values of Young’s modulus were due to greater content of glycerol in the materials [31].



The differences between the stiffness of samples without microspheres and films containing microspheres were also noticed. The incorporation of gelatin microspheres into sodium alginate and sodium alginate/starch films led to decrease in values of Young’s modulus. Thus, the samples without the microspheres were stiffer than those with the addition of microspheres.



If we compare the composition of the prepared polymer films, we can see that the materials based on sodium alginate and starch were more flexible than those with sodium alginate. These results suggest that the addition of the starch to the composites greatly affected mechanical properties.




3.2. Moisture Content


The results of moisture content after drying the samples at 110 °C during 24 h are shown in the Table 3. The moisture content strongly depends on the content of the glycerol in the polymeric films. The moisture content of sodium alginate-based films increased with increasing glycerol concentration. This is due to the presence of the glycerol, which acts as a water holding agent [32]. These results show that the films with greater amount of plasticizer had less compact structure and allowed water to get inside. Several investigations reported that the moisture content of polymer films increased by adding more plasticizer to them [33,34,35].



The addition of starch to the films reduced the moisture content of both matrices, with and without microparticles. Another important observation is that the polymer films containing microspheres showed less moisture content than matrices without them. The highest value of humidity was observed for the film composed of sodium alginate with the addition of 2.5% glycerol (≈65%). In turn, the sample containing starch and sodium alginate with 1.5% of glycerol and microspheres had the lowest water uptake capacity (≈32%).




3.3. Contact Angles and Surface Free Energy


The results of the contact angles, the surface free energy, and its dispersive and polar components calculated using Owens–Wendt method for sodium alginate-based films are shown in Table 4. The contact angle is a measure of non-covalent forces between first monolayer of material and liquid [36]. The contact angle values for diiodomethane (D) and glycerol (G) of the prepared polymer films were measured. After adding starch to the sodium alginate-based films, we observed decrease in contact angle values for diiodomethane and increase for glycerol compared to the films produced from sodium alginate. In the case of the matrices containing 1.5%, 2.0%, and 2.5% of glycerol, the systematic increase in the contact angle for both glycerol and diiodomethane was noticed.



The values of the contact angle were used to calculate the surface free energy and its polar and dispersive components. Based on the obtained results (Table 4), one can see that the surface free energy of sodium alginate films decreased slightly by adding the starch to the films. The dispersive component increased significantly and simultaneously the polar component of the surface free energy decreased with the starch addition in the films. We can also conclude that the films prepared from sodium alginate were more hydrophilic than the matrices based on sodium alginate and starch as the polar component values were higher for the former. It indicates an intermolecular interaction between functional groups in sodium alginate and groups in starch, which led to the existence of a lower number of polar groups on the blend surfaces. However, no significant differences were observed between the dispersive and polar components values of the samples containing different amounts of glycerol.




3.4. Loading Capacity and In Vitro Release


The extract-loaded gelatin microspheres were incorporated into the polymer films. Next, the loading capacity of active substance was studied using the Folin–Ciocalteu test by examining the content of polyphenolic compounds in the collected samples.



Based on the obtained results (Figure 3), we noted that the Calendula officinalis flower extract was successfully entrapped in the polymer films containing the gelatin microspheres. An important observation is that the alginate films had the greater loading capacity than the matrices made from alginate and starch. What is more, the higher content of glycerin in the films was associated with a reduced loading of the extract. The amount of polyphenols ranges from 3 to 7 mg/g depending on the composition of the obtained polymer films. In our previous study [25], we determined the loading capacity of the extract-loaded gelatin microspheres. The results revealed that the pot marigold extract was entrapped in the gelatin microspheres and it was 33 mg/g based on gallic acid. After immersion, the Calendula officinalis flower extract was absorbed on the surface and inside the pores of the freeze-dried gelatin microspheres. This can be explained by the features of the gelatin, which has a high swelling ability.



The in vitro release profile of pot marigold flower extract from the obtained materials was studied for 5 h (Figure 4). We can observe the sustained release of the plant extract. A biphasic pattern of active substance release was noticed for the prepared samples. The prolonged period was followed by a burst effect, during which release of extract significantly accelerated. The first step of releasing the active substance may be associated with the extract diffusion, which was entrapped in the polymer films. In the next phase, the fast release rate was probably caused by swelling of the gelatin microspheres and diffusion of the extract to the release medium [37]. Within the first 180 min, max 15% of the loaded extract was released. During this time, the active substance was released slowly from microspheres loaded into alginate matrix with 2.5% glycerol content. In the beginning of the test, the release followed slower from matrices made of alginate than films prepared from alginate and starch. After 300 min, the extract was completely released from all samples. This time is sufficient in the case of the application of the prepared materials on the skin.




3.5. Skin Examination


The results of the analysis of skin parameters after application of polymer films with and without microspheres are shown in Figure 5 and Figure 6. The permeability barrier function was assessed as transepidermal water loss (TEWL). It was observed that the application of materials improved skin’s barrier quality manifesting itself in the decrease in TEWL (Figure 5). The use of sodium alginate/starch films caused higher decrease in TEWL in comparison with those composed of sodium alginate. The application of films without microspheres in the structure led to reduction in TEWL immediately and 15 min after materials application, after that time TEWL values remained at stable, lower than the initial level until the end of the study. However, we noticed slight increase in TEWL value immediately after the application of sodium alginate films with the addition of 1.5% and 2.0% glycerol, nevertheless, the TEWL values decreased 15 min after application of these matrices. Based on obtained results, we can also conclude that the addition of microspheres into polymer films led to significant decrease in TEWL, which indicates improvement in stratum corneum barrier function. The obtained materials contain glycerol, which acts not only as a moisturizing agent, but also as a promoter of penetration of active substances through the stratum corneum [38,39]. Therefore, it was expected that TEWL would decrease due to the presence of glycerol in the materials, which changed the structure of the stratum corneum to allow the Calendula officinalis flower extract to penetrate into deeper skin layers. ALG: S + 2.5 G sample had the greatest effectiveness in improving the integrity of the epidermal barrier. A total of 120 min after applying this sample on the skin, the TEWL was 0.7 g/h/m2.



The measured skin color is expressed as an XYZ-value and was calculated into L*a*b related value. L* gives information about the black-white axis and skin brightness, while a* and b* are the coordinates in the color space—a* locates the values on the red-green axis, whereas b* shows the color position on the blue-yellow axis. Therefore, the a* values were considered in this research due to their correlation to skin redness, erythema, and microcirculation. Skin color results suggest that the application of sodium alginate-based films did not damage, irritate skin, or cause erythema (skin redness) (Figure 6). However, slight differences in skin color was initially noticed on skin areas after application of microspheres-loaded films. Graziola et al. produced gelatin-based microspheres and demonstrated that aqueous dispersions of microspheres had good skin compatibility—they did not observe an increase in TEWL, which would indicate neither damage to the skin nor break of the barrier function [40].



The beneficial effect of materials based on sodium alginate or sodium alginate and starch on biophysical skin parameters is caused by the whole structure of these materials. Moist polymer matrices loosens the skin structure and increases its permeability owing to occlusion and hydrophilicity of polymers. Materials are also modified by the addition of glycerin which act as a penetration promoter—it supports transepidermal penetration, and thus reduces the skin barrier functions. It contributes to the more effective penetration to the deeper skin layers of Calendula officinalis flower extract released from the microparticles. Calendula officinalis flower extract has been well known for a long time for its strong healing effects on the skin. Therefore, treatment efficiency of many skin conditions is increased.





4. Conclusions


The results of the current work demonstrated that the modification of polymer films by the addition of microspheres with encapsulated Calendula officinalis flower extract has contributed to obtaining materials that have a positive effect on the quality of the skin barrier. The active substance was released slowly from obtained films. The addition of microspheres to the films led to changes in their physicochemical properties, e.g., the values of Young’s modulus and the moisture content were decreased. However, deterioration of the functional features of the films was not observed and swollen films could be easily applied on the skin. The most important, the application of obtained materials allows increased protection against transepidermal water loss. Sodium alginate/starch-based film containing 2.5% of glycerol and microspheres was the most effective in limiting TEWL.
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Figure 1. The scheme of production of gelatin microspheres loaded with Calendula officinalis flower extract. 
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Figure 2. The scheme of production of sodium alginate/starch films with and without microspheres. 
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Figure 3. Loading capacity of sodium alginate-based films with loaded gelatin microspheres: ALG + 1.5 G, ALG + 2.0 G, ALG + 2.5 G—samples based on sodium alginate containing 1.5%, 2%, and 2.5% of glycerin, respectively. ALG: S + 1.5 G, ALG: S+2.0 G, ALG: S + 2.5 G samples based on sodium alginate and starch containing 1.5%, 2%, and 2.5% of glycerin, respectively. 
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Figure 4. In vitro release assays of sodium alginate-based films modified by the addition of microspheres with encapsulated Calendula officinalis flower extract. ALG + 1.5 G, ALG + 2.0 G, ALG + 2.5 G—samples based on sodium alginate containing 1.5%, 2%, and 2.5% of glycerin, respectively. ALG: S + 1.5 G, ALG: S + 2.0 G, ALG: S + 2.5 G samples based on sodium alginate and starch containing 1.5%, 2%, and 2.5% of glycerin, respectively. 
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Figure 5. Skin barrier quality (transepidermal water loss—TEWL) after application of sodium alginate-based films (A) without and (B) with microspheres containing encapsulated Calendula officinalis flower extract: ALG + 1.5 G, ALG + 2.0 G, ALG + 2.5 G—samples based on sodium alginate containing 1.5%, 2%, and 2.5% of glycerin, respectively. ALG: S + 1.5 G, ALG: S + 2.0 G, ALG: S + 2.5 G samples based on sodium alginate and starch containing 1.5%, 2%, and 2.5% of glycerin, respectively. 
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Figure 6. Skin color after application of sodium alginate and sodium alginate/starch films (A) without and (B) with microspheres in the structure: ALG + 1.5 G, ALG + 2.0 G, ALG + 2.5 G—samples based on sodium alginate containing 1.5%, 2%, and 2.5% of glycerin, respectively. ALG: S + 1.5 G, ALG: S + 2.0 G, ALG: S + 2.5 G samples based on sodium alginate and starch containing 1.5%, 2%, and 2.5% of glycerin, respectively. 
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Table 1. The composition of the prepared films (ALG—sodium alginate, S—starch, G—glycerol).
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Weight Ratio (%)

	
Addition (%)




	

	
Sample

	
ALG

	
S

	
G






	
1.

	
ALG + 1.5 G

	
100

	
-

	
1.5




	
2.

	
ALG + 2.0 G

	
100

	
-

	
2.0




	
3.

	
ALG + 2.5 G

	
100

	
-

	
2.5




	
4.

	
ALG: S + 1.5 G

	
80

	
20

	
1.5




	
5.

	
ALG: S + 2.0 G

	
80

	
20

	
2.0




	
6.

	
ALG: S + 2.5 G

	
80

	
20

	
2.5
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Table 2. The values of Young’s modulus (E) of sodium alginate-based films modified by the addition of microspheres and unmodified: ALG + 1.5 G, ALG + 2.0 G, ALG + 2.5 G—samples based on sodium alginate containing 1.5%, 2%, and 2.5% of glycerin, respectively. ALG: S + 1.5 G, ALG: S + 2.0 G, ALG: S + 2.5 G samples based on sodium alginate and starch containing 1.5%, 2%, and 2.5% of glycerin, respectively.
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E (MPa)




	

	
Without Microspheres

	
With Microspheres






	
ALG + 1.5 G

	
79.3 ± 2.1

	
50.6 ± 0.9




	
ALG + 2.0 G

	
18.1 ± 1.1

	
10.4 ± 1.8




	
ALG + 2.5 G

	
10.0 ± 1.0

	
2.7 ± 0.2




	
ALG: S + 1.5 G

	
67.6 ± 3.6

	
31.7 ± 2.1




	
ALG: S + 2.0 G

	
25.6 ± 1.9

	
12.1 ± 0.7




	
ALG: S + 2.5 G

	
14.8 ± 0.7

	
4.4 ± 0.3
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Table 3. The moisture content results of the prepared films based on sodium alginate, starch and glycerol: ALG + 1.5 G, ALG + 2.0 G, ALG + 2.5 G—samples based on sodium alginate containing 1.5%, 2%, and 2.5% of glycerin, respectively. ALG: S + 1.5 G, ALG: S + 2.0 G, ALG: S + 2.5 G samples based on sodium alginate and starch containing 1.5%, 2%, and 2.5% of glycerin, respectively.
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Moisture Content (%)




	

	
Without Microspheres

	
With Microspheres






	
ALG + 1.5 G

	
39.6 ± 2.7

	
34.9 ± 1.2




	
ALG + 2.0 G

	
50.6 ± 3.1

	
42.8 ± 1.9




	
ALG + 2.5 G

	
64.8 ± 4.2

	
52.6 ± 0.7




	
ALG: S + 1.5 G

	
34.4 ± 3.1

	
32.5 ± 1.2




	
ALG: S + 2.0 G

	
44.4 ± 1.1

	
43.2 ± 2.7




	
ALG: S + 2.5 G

	
52.4 ± 3.7

	
46.9 ± 2.2
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Table 4. The contact angles (°) of diiodomethane (D) and glycerol (G), the surface free energy (γ), and dispersive (γd) and polar components (γp) values for sodium alginate-based films (calculated by Owens–Wendt method): ALG + 1.5 G, ALG + 2.0 G, ALG + 2.5 G—samples based on sodium alginate containing 1.5%, 2%, and 2.5% of glycerin, respectively. ALG: S + 1.5G, ALG: S + 2.0 G, ALG: S + 2.5 G samples based on sodium alginate and starch containing 1.5%, 2%, and 2.5% of glycerin, respectively.
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Contact Angle (°)

	
Surface Free Energy (γ) (mN/m)

	
Dispersive (γd) and Polar (γp) Components (mN/m)




	
D

	
G

	
γd

	
γp






	
ALG + 1.5 G

	
82.4

	
46.6

	
47.0

	
6.91

	
40.09




	
ALG + 2.0 G

	
79.0

	
54.0

	
40.1

	
9.12

	
31.01




	
ALG + 2.5 G

	
85.1

	
54.2

	
41.2

	
6.57

	
34.58




	
ALG: S + 1.5 G

	
63.1

	
57.5

	
37.8

	
17.89

	
19.87




	
ALG: S + 2.0 G

	
61.6

	
61.2

	
35.9

	
19.42

	
16.49




	
ALG: S + 2.5 G

	
68.9

	
62.1

	
34.2

	
15.49

	
18.75
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